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Chapter 1
INTRODUCTION

Water quality is one of the fundamental determinants of public health and it greatly enhances
or complements economic progress and sustainable development of a country. Water is an
essential substance for living systems as it allows the transport of nutrients and waste products
in living systems. Research shows a clear correlation between diseases and the amount and

types of pollutants found in water [5].

There are many types of pollutants in groundwater, but complex mixtures of hazardous
chemicals such as volatile organic chemicals (VOCs) and emerging contaminants like
endocrine disrupting compounds (ECDs) and pharmaceuticals and personal care products

(PPCPs) can have severe effects on animal and human health as well as environmental quality

[6].

Organic compounds in water derive from three major sources: the breakdown of naturally
occurring organic materials, domestic and economic activities, and reactions that occur during
water treatment and distribution. Most of the organic contaminants are called VOCs (volatile
organic chemicals). Volatile organic compounds (VOCs) are defined by the US EPA (the
United States Environmental Protection Agency) as stable products exhibiting a vapour
pressure above 0.1 mmHg at ambient conditions. VOCs can be toxic, carcinogenic, irritating,
and/or flammable, and thus may pose serious health problems if allowed to enter the human
environment. Three broad groups of VOCs have been found in water. One group includes
compounds found in petroleum products, especially aromatics like benzene, toluene and
xylenes. Major sources of these compounds are leaks in fuel and gasoline tanks and piping
due to deficient installation or corrosion especially in old underground storage tanks. Another
group is the halogenated VOCs, which are used as solvents and degreasers. Their former use
as septic tank cleaners also accounts for many instances of private well contamination. The
third group includes some of the chlorinated volatile organic compounds (CVOCs) which
contain some chlorine in the compounds, and most, if not all, are made by humans. Among
the least desired CVOCs are the trihalomethanes, since they are known as suspected

carcinogens [7-8].



EDCs and PPCPs have been continuously discOharged into the aquatic environment for more
than a century without any restrictions. Some compounds such as ibuprofen and salicylic acid
are generally removed with high efficiency by conventional wastewater treatment plants, but
others, such as carbamazepine and clofibric acid, are not efficiently removed. Many studies
have indicated trace level (ng/L to pg/L) occurrence of EDCs and PPCPs causing adverse
impacts on human and ecosystem. Therefore the occurrence of detection of EDCs and PPCPs
in the aquatic environment has been receiving increasing attention in recent times, notably in
industrialised countries. EDCs are a diverse group of natural or synthetic chemicals that
interfere with the functioning of hormone systems resulting in unnatural responses in the
receiving organism. The US EPA defines endocrine disrupting compounds like exogenous
agents that interfere with the synthesis, secretion, transport, binding, action or elimination of
natural hormones in the body that are responsible for the maintenance of homeostasis,
reproduction, development and/or behaviour [9]. EDCs are certain natural and synthetic
hormones, alkilphenols, pesticides, herbicides, organochlorines, polyaromatic hydrocarbons
(PAHs), dioxins. Pharmaceuticals and personal care products (PPCPs) such as cosmetics,
sunscreens, detergents, shampoos can also act as ECDs. EDCs and PPCPs found in the

aquatic environment are structurally diverse [10-11].

It has been proven that most of these compounds undergo both incomplete removal in
wastewater treatment plants and slow natural degradation, consequently they are found in

surface waters receiving effluent from treated plants.

Since many pollutants resist to conventional treatments, other strategies are needed. Several
methods have been reported for degrading emerging organic contaminants. In addition to
nanofiltration and reverse osmosis, other techniques, including ozonation and chemical
oxidation, have been identified in successfully treatments of organic contaminants in water.
The latter processes can lead to the formation of oxidation intermediates which are, to date,
mostly unknown. In adsorption technology, inorganic adsorbents are often employed since
they offer advantages due to their stability towards the radioactive and thermal treatments
which are necessary to induce the complete degradation of adsorbates and, therefore, the
regeneration of exhausted adsorbents. Among inorganic adsorbents, it has been proven that
zeolites are efficient in removing small organic compounds from the environmental matrix, as
has surfactant-modified zeolite (SMZ) in removing volatile organic compounds like benzene,
toluene, ethylbenzene, and xylenes (BTEX) [3-4]. Likewise, mesoporous silica materials, and

their surface modifications were also studied as adsorbents/supports in contaminant removal



processes. To date, studies and applications on organic pollutant adsorption in microporous
zeolitic materials from aqueous media have been relatively scarce. Zeolites are
environmentally compatible crystalline alumino-silicates, which have well defined micropore
dimensions and composition in a rigid crystal lattice. Zeolite frameworks consist in
tetrahedral units of SiO4 and AlO4, and their silica alumina ratio (SAR) determines zeolite
polarity. Their three-dimensional framework, generating nanometre-sized channels and cages,
imparts high porosity and a large surface area onto these materials. One of their defining
features is that the shape of their internal pore structure can strongly affect their adsorption
selectivity toward host molecules. It has been shown that zeolites are more effective in
removing certain organic molecules from water than activated carbon and are less sensitive
than GAC to the presence of dissolved natural organic matter in the water stream being

treated.

We focused on the volatile organic chemicals (VOCs) and in particular three different
substances (toluene, tert-butyl methyl ether, 1,2-diclhoroethane) belonging to four class of
compounds found in the wastewater were considered. This study, therefore, has a dual
purpose: i) to measure the sorption capacity of hydrophobic commercial zeolite materials
weighed against contaminants dissolved in water and to quantify aspects of their removal
efficiency for potential use in wastewater and groundwater remediation, and ii) to understand
zeolite structural features for the adsorption of contaminants from aqueous solutions.
Coupling the information gathered from these approaches can help in selecting adsorbent
materials for water treatment. In the present work, three organophilic synthetic zeolites (ZSM-
5, MOR and Y), which are cheap and available on the market, differing in topology, channel
systems and free window apertures, and various organic contaminants differing in chemical
properties and molecular dimensions, were tested. These zeolites are hydrophobic, they have
a high Si/Al ratio and therefore they are able to remove pollutants from aqueous solution and

widely used in adsorption-related applications.



1.1 POROUS MATERIALS

Porous materials can be classified on the basis of pore dimensions in: microporous (pore
diameter, dyore < 20A), mesoporous (dpore ~ 20-500A) and macroporous (dpere>500A)
materials. The aluminosilicate materials employed in the present work belong to the first two
categories. In particular, microporous materials belonging to various member of the large
family of aluminosilicates known as zeolites, and mesoporous silica or aluminosilicate
materials, with a regular structure, such as Mobil Composite of Matter (MCM) and
Hexagonal Mesoporous Silica (HMS), were studied.

In the following these materials are described in detail.

1.1.1 MICROPOROUS MATERIALS

The history of zeolites began in 1756 when the Swedish mineralogist Cronstedt discovered
the first zeolite mineral, stilbite. He recognized zeolites as a new class of minerals consisting
of hydrated aluminosilicates of the alkali and alkaline earths. Since the crystals exhibited
intumescence when heated in a blowpipe flame, Cronstedt called the mineral a “zeolite”
derived from two Greek words, “zeo” and “lithos” meaning “to boil” and “stone”. Only in
1930 the first structure of zeolites were determined by Taylor and Pauling and in 1932
McBain established the term “molecular sieve” to define porous materials that act as sieves on
a molecular scale. In 1948, Barrer reported the first definite synthesis of zeolites including the
synthetic analogue of the zeolite mineral mordenite and then many progresses have been done
in the synthesis of zeolites. A large number of zeolites with new framework topologies,
compositions, and properties have been successfully prepared through continued synthetic
efforts. Nowadays, zeolites are available on a large scale and in a variety of applications,
since they have a lot of properties: ion-exchange properties, good sorption capacity, shape
selectivity, high catalytic activity, very high thermal stability and can be used at high
temperatures [12-13].



Zeolites are crystalline aluminosilicate from group IA and group IIA elements such as
sodium, potassium, magnesium, and calcium. Chemically, they are represented by the
empirical formula:

M40 * AlLO3 * ySiO; * wH,0
Where y is 2 to 10, n is the cation valence, and w represents the number of water molecules
contained in the voids of the zeolite. Structurally, zeolites are crystalline, based on an infinity
extending three-dimensionally, four-connected framework of Al1O4 and SiO4 tetrahedra linked
to each other by the sharing of oxygen ions. Each AlO4 tetrahedron in the framework bears a
net negative charge which is balanced by an extra-framework cation. The framework structure
contains channels or interconnected voids that are occupied by the cations and water
molecules. The cations are mobile and ordinarily undergo ion exchange. Water may be
removed reversibly, generally by heating.
The structural formula of a zeolite is based on the crystallographic unit cell, the smallest unit
of structure, represented by:

My [(AlO2)4(S10,)y] * wH,O
Where n is the valence of cation M, w is the number of water molecules per unit cell, x and y
are the total number of the tetrahedra per unit cell, and y/x usually has a value of 1-5. In the
case of high zeolites, y/x is 10 to 100. There are two types of structures: one provides a
system of uniform channels which, in some instances, are one-dimensional channel system.
The preferred type has two- or three-dimensional channels to provide rapid intracrystalline
diffusion in adsorption and catalytic applications. In most structures the primary structural
units, the AlO4 or SiO4 tetrahedra, are assembled into secondary building units which may be
simple polyhedral such as cubes, hexagonal prism, or cubi-octahedra (see Figure 1.1). The
final framework structure consists of assemblages of secondary units. Some of the more
important zeolite types, most of which have been used in commercial applications, include the
zeolite minerals mordenite, chabazite, erionite and clinoptilolite, and the synthetic zeolites

type A, X, Y, L, “Zeolon” mordenite, ZSM-5, beta and zeolites F and W [14].
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Figure 1.1: Some subunits and cage/cavities and one example of chains which recur in

several framework types.

1.1.1a Aluminosilicate zeolites and silica molecular sieves

The evolution of aluminosilicate zeolites is based on an increasing framework Si/Al
composition. This class is divided into four categories: low Si/Al zeolites (1 to 1.5),
intermediate Si/Al zeolites (2 to 5), high Si/Al zeolites (10 to 100) and silica molecular sieves
(silicalite).

The thermal stability increases from about 700°C in the low silica zeolites to 1300°C in the
silica molecular sieves. The surface selectivity, which is highly hydrophilic in the low silica
zeolites, is hydrophobic in the high silica zeolites and the silica molecular sieves. The acidity
tends to increase in strength with an increasing Si/Al ratio. As the Si/Al ratio increases, the
cation concentration and ion exchange capacity (proportional to the aluminum content)
decreases. The structures of the low silica zeolites are predominantly formed with 4-, 6-, and
8-rings of tetrahedra. In the intermediate silica zeolites, the onset of 5-rings in mordenite and
omega zeolite can be seen. In the high silica zeolite structures and the silica molecular sieves,
a predominance of 5-rings of tetrahedral can be found.

The low silica zeolites represented by zeolites A and X are aluminum-saturated, have the
highest cation concentration, and give optimum properties in terms of capacity, pore size and
three-dimensional channel systems. They represent highly heterogeneous surfaces with a

strongly hydrophilic surface selectivity. The intermediate Si/Al zeolites (Si/Al of 2-5) consist



of the natural zeolites erionite, chabazite, clinoptilolite and mordenite, and the synthetic
zeolites Y, mordenite, omega and L. These materials are still hydrophilic in this Si/Al range.
The high silica zeolites with a Si/Al of 10-100 can be generated by either thermochemical
framework modification of hydrophilic zeolites or by direct synthesis. These materials are
reported to be hydrophobic and organophilic and represent a range of pore sizes from 0.4-0.8
nm. A very large number of high silica zeolites, prepared by direct synthesis, have now been
reported, including beta, ZSM-5, ferrisilicate and borosilicate analogs of the aluminosilicate
structures. Silicalite and fluorite silicalite are typical of the reported silica molecular sieves.

In summary, if we compare the properties of the low and intermediate zeolites with those of
the high silica zeolites and silica molecular sieves, we find that their resulting properties allow
the low and intermediate zeolites to remove water from organics and to carry out separations
and catalysis on dry streams. In contrast, the hydrophobic high silica zeolites and silica
molecular sieves can remove and recover organics from water streams and carry out

separations and catalysis in the presence of water [ 14].

1.1.1b Characterisation techniques

The basic characterisation techniques for zeolites and molecular sieves developed in the 1950,
particularly by the Union Carbide workers, were X-ray powder diffraction (XRD),
gravimetric adsorption measurements on multi-tube McBain-Bakr balances different

molecular-sized adsorbates, and various tests to screen applications.

The X-ray powder diffraction pattern is a method which is still used and is a typical
“fingerprint” which allows one to determine sample impurity, degree of crystallinity, or the
size of a unit cell of a zeolite. Furthermore, by sampling synthesis mixtures at regular time
intervals, it is possible to monitor the progress of a reaction very closely. The determination
of the degree of crystallinity is only possible by sample comparison with a standard material.
Adsorption measurements give pore size and pore volume, in earlier times McBain-Bakr
balances were used, now modern and automated volumetric methods are used and produce
isotherms. The gas is introduced into the sample in incremental steps, and the pressure
difference is measured and the isotherm can be calculated. Thermal gravimetric analyses can
provide useful information regarding the thermal treatment of zeolites. Graphs of weight loss
vs. temperature often give clear indications as to the temperature required to burn off organic
templates or the temperature required for a complete or optimum regeneration in TSA

processes. Nowadays, to better understand the structure and chemistry of molecular sieves



other techniques are used, for instance computer modelling, the application of solid state
nuclear magnetic resonance (NMR), infrared (IR) and Raman spectroscopies and scanning
electron microscopy (SEM) techniques. This latter technique has become a versatile technique
in product development and quality control during zeolite production. With a resolution of a
few nanometres, SEM produces high quality images of single zeolite crystals and of
agglomerates and may show extra-zeolite phases or amorphous compounds. The morphology
is influenced by conditions used during synthesis. Infrared and Raman spectroscopies provide
information on bonds between atoms. These may be atoms constituting the zeolite or
molecules sorbed into the pores or the outer surface. NMR can help facilitate structure
solution, for example, in good cases the number of crystallographically independent atoms of
a particular type in the structure can be ascertained from the number of resonance in an NMR
spectrum. Theoretical calculations and modelling can also play an important part in structure
solution and there is a great deal to be said for using chemical experience and intuition in
building possible model structures which may match the size of a measured unit cell or the

structure as seen in electron micrographs [12-13-14].

1.1.1c Applications

Applications of zeolite and molecular sieves in the 80’s and 90’s showed a growth in
petroleum refining applications with an emphasis on resid cracking and octane enhancement,
this is due to the zeolites surface acidity. ZSM-5 was commercialized as an octane
enhancement additive in fluid catalytic cracking (FCC) where Si-enriched Y zeolites serve as
the major catalytic component in high-octane FCC catalysts. The use of zeolite catalysts in
the production of organic (fine) chemicals appeared as a major new direction, because if
zeolite has high silica content in the framework, it resists at the high temperature that occur
during catalytic and regeneration cycles.

Zeolites have maximum cation exchange properties when the framework contains an equal
number of aluminium and silicon atoms, each oxygen atom is linked to one aluminium and to
one silicon atom. Zeolites with maximum cation exchange capacity are of interest as
detergents in removing calcium and magnesium water that hinders washing efficiency. This
function has been performed mainly by phosphates which are now discouraged by
environmental pressures. Zeolite ion exchange products, both synthetic and natural (especially
clinoptilolite), were used extensively to purify waters and to remove toxic metal cations, such
as Fe, Mn, Cu, Co, Pb and Ni. This property also allowed Sr, Cs and other radioisotopes to be

scavenged from nuclear waste [3-4-13].



Zeolites and related nanoporous materials are widely used in adsorption applications due to
their properties, which are reported in the following:

Stability. Zeolite is expected to remain active for long periods of time. Operational life is
expected to be 10 to 20 years. However, experience over such period is not yet available.
Therefore, its replacement or regeneration is easily achieved. After adsorption, the exhausted
zeolites are normally subjected to a regeneration process by operating at temperatures ranging
from 250° to 350°C, for a time ranging from 30 minutes to 1.5 hours, and in the presence of
an air flow (ranging from 1.5 to 2.5 m’/hr). Under these particularly mild conditions zeolite
materials maintain their structural integrity, so that they can be regenerated several times
without substantially modifying their adsorbing properties

Availability and cost. Remediation costs using PRB systems are reported to be up to 50%
lower than those of the pump-and-treat method used so far. Considerable quantities of both
natural or synthetic zeolites can be purchased at low prices.

Environmental compatibility. 1t is important that the reactive media does not form any by
products when reacting with contaminants and that it is not a source of contamination itself by
solubilisation or other mobilization mechanisms.

High Efficiency. Zeolites have recently been used to irreversibly remove high amounts of
drugs from water, such as sulfonamide antibiotics, erythromycine (ERY), carbamazepine
(CBZ) and levofloxacin (FLX). The adsorption kinetics of the isolated drugs in zeolite Y were
very favourable, and their removal from water was complete in less than Imin. Therefore, it
has been proved that the adsorption efficiency of zeolite is not modified in the presence of
dissolved natural organic matter in the water stream being treated. In all cases the embedding
of drugs into zeolite cages was revealed by unit cell parameter variation and structural
deformation of the framework obtained by X-ray structure analysis. The efficiency of other
zeolites with different framework topologies such as mordenite, ZSM-5 and beta zeolites,
respectively, was also tested. These excellent results suggest the development of this type of
investigation on other pollutants classes.

Shape selectivity. One of the most important features of zeolite is their ability to adsorb
selectively and separate organic molecules. The shape of their internal pore structure can
strongly affect their adsorption selectivity towards host molecules. In particular, zeolites are
versatile adsorbents for VOC monitoring; in fact they can adsorb a wide array of VOCs even
at low concentrations in indoor environment. Recently Vignola et al. [3-4] have demonstrated
that hydrophobic zeolites are able to effectively adsorb molecules against which ZVI or GAC

are totally ineffective. In particular, ZSM-5 zeolite turned out to be suitable for mono-



aromatic molecules, such as BTEX (Benzene, Toluene, Ethyl benzene and Xylenes), and
halogen-benzene derivatives.

Adsorption phenomena are found in many domains including catalysis, pollution control, gas
separation and storage. Recent environmentally driven applications have arisen using the
hydrophobic molecular sieves as adsorbent, highly siliceous Y zeolite and silicalite, for the
removal and recovery of volatile organic compounds (VOCs) which offer the promise of
significant market growth. An exciting new scientific direction has emerged over the last few
years for exploring molecular sieves as advanced solid state materials, this research includes

zeolite electrodes; batteries and chemical sensors [13-14].

1.1.2 MESOPOROUS MATERIALS

A major advance in molecular sieve materials was reported in 1992 by researchers at Mobil.
Kresge et al. and Beck et al. describe a new family of mesoporous silicate and aluminosilicate
materials (Micelle-Templated Silicas, MTS), designated M41S. The most important members
of the family include: MCM-41, with a unidimensional hexagonal arrangement of uniform
open channels 0.2-10 nm in diameter and MCM-48, with a 3-dimensional channel system
with pore sizes of 0.3 nm. The order in the structure is derived from the channel arrangement.
The silica or aluminosilicate wall outlining the channel is disordered and exhibits properties
much like amorphous silica or silica-alumina [14].

The properties of mesoporous materials have been explored in view of applications in fields
as diverse as catalysis, biocatalysis, chromatography, sensing, photonics, optics, drug

delivery, etc [15].

MCM-41 (Mesoporous Mobil catalytic materials) synthesis is possible due to unique self-
assembly processes between surfactants and inorganic matter (see Figure 1.2). The formation
of the hexagonal MCM-41 are consistent with the aggregation of CnH2n+1(CH3)N+ surfactant
micelles into rods. These structures are known to exist in a hexagonal arrangement in
solution. Inorganic silicate present in the reaction mixtures could then form around these
arrays to produce an inorganic structure, reflecting the hexagonal micellar array (pathway 1 of
Fig. 1.2). Another possible mechanism in which the silicate influences the formation of this
liquid crystal phase (pathway 2 of Fig. 1.2). The carbon chain length of the quaternary

ammonium surfactant plays a role in determining the dimensions of CnH2n+1(CH3)N+ micelles

10



and in the dimensions of the pores of MCM-41. MCM-41 usually have very high surface area
of about 700 m?/g and high hydrocarbon sorption capacity [16].
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Figure 1.2: Possible mechanism pathways for the formation of MCM-41 (1) liquid crystal

Sillicats

phase initiated and (2) silicate anion initiated [16].

In 2002 Galarneau and co-workers have developed a new method to transform amorphous
mesoporous silicas into ordered materials maintaining the spherical morphology of the parent
silica. It is based on the concept of pseudomorphic synthesis and allows a control of
morphology from the nano to the microscale. The concept of pseudomorphic transformation
has been applied to amorphous preshaped silica particles (5 to 800 pm) to produce Micelle-
Templated Silicas (MTS) with the same morphology, using a mild alkaline solution to
dissolve silica progressively and locally, and reprecipitate it at the same rate without
modifying the global morphology of the grain. In particular the MTS material was
synthesized by reacting the pre-shaped amorphous porous silica in alkaline solution
(NaOH+H,0O) containing the surfactant and in the presence of swelling agent (1,3,5-
trimethylbenzene, TMB) if necessary. The reaction mixture was stirred at 50°C and then
placed in oven in stainless-steel reactor at 115°C for different days. The mesoporous obtained
was filtrated and washed with water, dried overnight and calcinated at 550°C in air for 8h [15-

17].

Another material belong to the MCM-41 class of molecular sieves is called HMS and it was
described by Tanev and Pinnavaia for the first time. Hexagonal mesoporous materials are
based on hydrogen bonding and self-assembly between neutral primary amine surfactants and
neutral inorganic precursors. This neutral templating route has physical and catalytic
properties substantially different from MCM-41 material prepared by electrostatic assembly.
Indeed HMS has smaller domain size with shorter channels and larger textual mesoporosity

than MCM-41 and these properties provide for the best access to the framework-confined
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mesopores in adsorption and catalysis by guest molecules [18-19]. HMS molecular sieves
were prepared by assembly pathways in water: ethanol solvent mixtures of differing
composition and polarity. In both reactions media tetraethyl orthosilicate (TEOS) served as
the neutral silica precursor and dodecylamine and tetradecylamine were the neutral structure
directors. In a typical synthesis the surfactant was dissolved in ethanol, and then the desired
amount of water was added under vigorous stirring to obtain a homogeneous solution. TEOS
was added to the surfactant solution and the mixture was allowed to react under stirring at
ambient temperature for about 18 h. When mesitylene was used as an auxiliary structure
director, it was added to the surfactant solution and stirred for 15 min before the addition of
TEOS. All of the HMS reaction products were filtered and dried in air. The surfactant can be
readily removed from HMS mesostructures by solvent extraction or by calcination at 630°C

in air for 4 h [19-20].

1.1.2a Characterisation techniques

The same technique described for the microporous materials was used to characterise the
mesoporous materials, but it was possible to collect different information. In particular it has
been used the scanning electron microscopy (SEM) techniques to obtain the particle
morphology; the X-ray diffraction (XRD) pattern showed the specific peaks of all
mesoporous materials; through Fourier transform infrared (FTIR) it was possible to observe
the band characteristic of the silanol group, moreover this technique provided a rapid and
effective method of following transformations occurring during the synthesis and allows a
kinetic analysis, being indicative of the mechanical stability of the samples. Nitrogen sorption
isotherms at 77K, determined with an apparatus from Micromeritics Instrument, were useful

to measure the specific surface area, pore volume and pore size distribution [21-22-23].
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1.2 ADSORPTION

Sorption phenomena play an important role in many fields of the natural sciences and underlie
a number of extremely important processes. Applications of adsorption for chemical
processing, air pollution control, and water treatment are well known. Adsorption is viewed as
a superior method for wastewater treatment indeed. It has been demonstrated that adsorption
is widely effective for removing dissolved organic substances from wastewaters. In such
cases, the phenomena involved is the adsorption at different interfaces. This phenomenon
causes a change in the concentration of the components at the interface with respect to their
concentration in the bulk phase. Two adsorption processes may be distinguished: physical
adsorption and chemical adsorption (chemisorption). Physical adsorption occurs when non-
balanced physical forces appear at the boundary of the phases; and chemisorption occurs
when atoms and molecules from adjacent phases form chemical bonds at the interface. The
term “adsorption” is used most adequately with respect to sorption from gaseous and liquid
phases on nonporous solids and on solids with large pores. A fluid (gas or liquid) in contact
with the boundary surface of such solids may be divided into two regions with different
physical properties; therefore, in a fluid-solid system, we distinguish three phase: the solid
phase (inert adsorbent), the adsorbed (surface) phase formed on the surface of a solid, and the
bulk (volume) phase (adsorbate) [24]. Theory underlying adsorption has been developed,
however it is still unknown in many cases the mechanisms of interaction of pollutants with
the solid sorbents. Consequently, many experiments are performed to compare the
experimental data. For what concerns wastewater treatments, adsorption results in the
removal of solutes from solution and their concentrations at a surface, until the amount of
solute remaining in solution is in equilibrium with that at the surface. This equilibrium is
described by expressing the amount of solute adsorbed per unit weight of adsorbent, ¢, as a
function of C,, the concentration of solute remaining in solution. An expression of this type is

termed an adsorption isotherm.

1.2.1 STATIC AND FLOW METHODS

To determine adsorption isotherm is possible to use static methods (batch) or flow methods.
The most common flow method is frontal analysis (FA). In many respects, the static method
is comparable to FA, except that it is slower and usually requires larger amounts of material.
The equilibrium adsorption isotherm is basically important in the design of adsorption system
[25].

13



Batch method consists of immersing a known weight of adsorbent in a solution of known
concentration in a closed vessel and waiting until equilibrium is reached. After a time, usually
between in a few hours or in a few days, which depends on the size of the vessel and of the
amount of adsorbent, a state close enough to equilibrium is reached. The solution at
equilibrium is then analysed and the amount of solute adsorbed per unit weight of adsorbent

(g) 1s calculated by

_ V(-G
w

(1.1)

where V is the volume of solution (L), w is the mass of adsorbent (g), Cy and C, are the initial

and equilibrium concentration of adsorbate in solution, respectively (mg L™ [26-27].

Frontal Analysis (FA) was originally proposed by James and Phillips and by Schay and
Székely for the determination of adsorption isotherms. Its principle consists in replacing
abruptly the mobile phase pumped into the column with a solution of the compound studied at
a known concentration in the same mobile phase and in recording the composition of the
column eluate. The profile recorded is called the breakthrough curve (see Figure 1.3). Frontal
analysis (FA) of aqueous solution of contaminants on columns packed with zeolites particles
allows directly data (adsorption isotherm) regarding the interactions between the microporous
adsorbent materials and contaminants dissolved in the aqueous phase. FA permits the direct
measurement of the equilibrium constant and the determination of the adsorbate-adsorbent
interaction energy. The most important advantage of FA over other techniques is that, in a
very wide concentration range, the precision of the data measured, the retention time of a
breakthrough curve, are independent from the substrate concentration. Furthermore, FA
measurements provide information on both the thermodynamic and the kinetic of the
interactions studied (through the retention time and the shape of the breakthrough curve,
respectively). The fundamental equation of FA stems from an integral mass balance
throughout a column in equilibrium with a given mobile phase composition. The attainment
of equilibrium is evidenced by an abrupt change in the concentration profile (breakthrough

curve).
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From the breakthrough volume, ¥}, the amount adsorbed g*(mol/g), corresponding to the

mobile phase concentration C (mol/L), is calculated by:

g = E0b = Vo)
Wpack

(1.2)

where w pack 18 the weight (g) of packing inside the column and V) the hold-up volume [25].
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Figure 1.3: Frontal analysis method for determination of the equilibrium concentrations in

the stationary phase. The breakthrough curve is represented by the thick solid line [28].

1.2.2 ADSORPTION MODELS

In this thesis adsorption phenomena of pollutants onto zeolites in aqueous phase was studied
using both batch and flow method and the data were fitted with different equations describing
diverse adsorption models. A considerable number of adsorption isotherm models have been
suggested in order to account for extremely varied adsorption behaviour, depending on the
nature of the adsorbent and of the adsorbate. These isotherm models can be divided into the

following categories [25].
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1- Isotherm models for ideal adsorption on homogeneous surfaces. The assumptions
underlying that model are: 1) absence of adsorbate - adsorbate interactions, the adsorbed
phase consists in a monolayer of adsorbate molecules and 2) the sorbent surface is
homogenous, or in other worlds, there is solely one kind of interaction between the solid
adsorbent and the contaminant in solution.

Surfaces are characterised by an adsorption energy distribution (AED) function, F(¢), that
may be broader or narrower, or that may have several more or less well resolved modes, each
mode having a finite width. The experimental isotherm on such a surface is the sum of the
isotherm contributions of each one of the different types of homogeneous sites that are
covering the surface. Under the condition of a continuous adsorption energy distribution and
assuming a Langmuir local isotherm model on each homogeneous patch of the surface, the

experimental isotherm can be written:

b(e)C
‘©=| Fe de
© = [ POyt
(13)
&
b(e) = boexp (%)
(1.4)

where q*(C) is the total amount of a solute adsorbed on the surface at equilibrium with a
concentration C of this solute, ¢ is the binding energy between an adsorbed solute molecule
and the surface of the adsorbent (the energy of adsorption), and b(¢) is the associated binding
constant related to €. by is a pre-exponential factor that can be derived from the molecular
partition functions in both the bulk and the adsorbed phase [29].

The two important isotherms based on this model are the Langmuir and the Jovanovié¢
equations respectively. Jovanovi¢ model differs from Langmuir in the fact that the adsorption

and the desorption processes are not supposed to be instantaneous.
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The Langmuir isotherm is an isotherm model for ideal adsorption on homogeneous surfaces,
the system can be described by a simple adsorbed monolayer. The expression of the isotherm
is:
qsK1.Ce
1= 11K,
(1.5)

where ¢ is defined in Eq. 1.1, C, is the equilibrium concentration in solution (mg L), K is
the Langmuir coefficient and g, is the saturation capacity (is the monolayer capacity of the
adsorbent, mg g). The ratio 6 = ¢/g; is called the fractional surface coverage. The Langmuir
model appears the first-choice empirical equation to fit experimental results regarding the
adsorption of single components. The Langmuir isotherm can be linearized in several ways,

for example:

c, 1 G,

q Kqs qs
(1.6)

Although these plots are convenient for checking the validity of the model in a particular case,
nonlinear regression should be preferred for the determination of the best values of the

parameters K; and g;.

The Jovanovi¢ isotherm was derived to account for the adsorption of a gas onto an
homogeneous surface, with no adsorbate-adsorbate interactions. It is similar to the Langmuir
model but it corrects for the error made in the derivation of this latter model when assuming
that the adsorption and the desorption of the molecules of the solute considered are

instantaneous. The isotherm equation becomes:

o=-T =1-¢Ke

ds

(1.7)

This equation has rarely been reported as accounting well for a set of experimental data [25].

17



2- Isotherm models for ideal adsorption on heterogeneous surfaces. In this models adsorbate -
adsorbate interactions are assumed to be negligible, but they take into account for surface
heterogeneity by considering adsorption sites characterised by various interaction energies
between the sorbent and the contaminants. The most employed models belonging to this
group are the bi-Langmuir, the Toth, the Freundlich and the Langmuir-Freundlich isotherms.
When different sites are considered the normalization condition for the adsorption energy

distribution, F(e), can be considered:

qs = j F(e)de
0
(1.8)
where ¢, is the overall saturation capacity [25-29].

The bi-Langmuir isotherm was first suggested by Graham to account for adsorption behaviour
on certain inhomogeneous surfaces. The surface is covered with two different kinds of sites
that behave independently (and on each of which the two basic principles of the Langmuir
model, local adsorption and lack of adsorbate - adsorbate interaction, apply), the equilibrium
isotherm results from the addition of the two independent contributions of the two types of

sites. The isotherm is:

— QSKLCe + qs,lKL,lce
17 THKC T T+Ki.C,

(1.9)

where the subscript refers to the type of adsorption sites. It usually used when the

experimental data are acquired in a wide concentration range.

The Toth Isotherm accounts for adsorption on a heterogeneous surface, with no adsorbate -
adsorbate interactions. It has three parameters. The heterogeneous surface has a unimodal
adsorption energy distribution with a width related to the value of the parameter n. The

equation is:

q KC
g [1+ KO

(1.10)

This isotherm is similar to the Langmuir model, to which it becomes identical for »=1. The

parameters ¢g; and K have the same meaning as in the Langmuir isotherm model and # is the
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heterogeneity parameter. The parameter K and » permit independent adjustment of the initial
slope and curvature of the isotherm. It is frequently used because it is possible the

determination of the adsorption energy distribution.

Boedeker proposed the following empirical isotherm equation:

q=Kc,"
(1.11)

where K and n are the Freundlich constants characteristic of the system, indicators of
adsorption capacity and adsorption intensity, respectively. The exponent //n is smaller than
unity (it was 0.5 in Boedeker’s results). This isotherm is known as the Freundlich isotherm
and it accounts for the adsorption of strongly polar compounds on polar or strongly polar
adsorbents (inhomogeneous surface) in low- or medium polarity solvents, but it isn’t
restricted to the formation of monolayers [25]. If # is equal to unity the adsorption is linear.
This means that the adsorption sites are homogeneous (as in the Langmuir model) in energy
and no interaction take place between the adsorbed species. If the value of //n is smaller than
1, reflecting favourable adsorption, then the sorption capacity increases and new adsorption
sites occur. When the value of //n is larger than 1, I/n>>1, the adsorption bond becomes
weak; unfavourable adsorption take place, as a result of the decreasing adsorption capacities

[26].

The Langmuir-Freundlich isotherm is an empirical isotherm and it is a combination of two

classical models, the Langmuir and the Freundlich models discussed earlier:

q _  (KC)Y

a5 1+ (KC.)
(1.12)

where v i1s the heterogeneity parameter. This model, at low concentration, reduces to the
Freundlich isotherm, but it reduces to the Langmuir model for the case of a homogeneous
surface. This model has been used in simple studies of the adsorption behaviour on

heterogeneous surfaces.

There exists a great variety of adsorption isotherm models for heterogeneous surfaces without
lateral interactions. Another important isotherm very useful for the characterisation of porous
solids, and in particular microporous solids, is the Polanyi-Dubinin-Manes (PDM) model. The

Dubinin—Astakhov (DA) or Dubinin—Radushkevich (DR) equation was derived from
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Polanyi’s potential theory for a vapour phase system and extended from Manes to aqueous
systems by defining the Polanyi adsorption potential &,= RTIn(S/C.), where R is the ideal gas
constant (8.314 J mol™ K™, 7 the temperature (K), and S is the water solubility (mg LY.
Polanyi adsorption potential describes heterogeneous adsorption phenomena. This equation is

given by:

RTlnS/Ce]b

=V
q 0Po€XP [ E

(1.13)

where Vjand p, are the maximum volume of adsorbed compound for unit mass of adsorbent
(cm’ g™) and compound density (mg cm™), respectively. E (kJ mol™) is the free energy of the
adsorption process compared to that of a reference compound. b is an exponent which can be
obtained by fitting or set to a given (integer) value, when »=2 it becomes the Dubinin—
Radushkevich equation. From literature, the exponent values proposed are b>4 for zeolites,
b=2-3 for homogeneous carbons, and h<2 for heterogeneous active carbons. But these values
depend on both the adsorbate and the adsorbent and it is very difficult to have a universal
exponent. As the zeolites and the activated carbons don’t present comparable values of the
characteristic energy, it isn’t possible to compare the structure of the samples on the basic of

the b exponent [30-31-32-33-34].

3- Isotherm models for nonideal adsorption on a heterogeneous surface. Besides the
heterogeneity of the adsorbent surface above described, the second major reason for the
adsorption of a compound to deviate from Langmuir isotherm behaviour is that the adsorbed
molecules interact, we find the Fowler isotherm, the anti-Langmuirian isotherm, and several
S-shaped isotherm models, including the BET isotherm models and the Moreau model [25].
The solution of the equations describing energy distribution, F(¢), with the Fowler, the BET
and the Moreau isotherms can be difficult due to the presence of a parameter (the adsorbate—
adsorbate interaction coefficient, in addition to the equilibrium constant).

The Fowler-Guggenheim model isotherm model was introduced to correct for the first-order
deviations from the Langmuir isotherm. It assumes ideal adsorption on a set of localized sites
on a homogeneous surface, with weak interactions between molecules adsorbed on
neighbouring sites. It assumes also that the interaction energy between two sorbate molecules

is small enough that the random character of the sorbate molecule distribution on the
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adsorbent surface is not significantly altered. Under these assumptions, the following liquid-

solid isotherm is obtained:

KpcCe =

0 (29W>
1—9 P\ rr
(1.14)

where Krg is the equilibrium constant for adsorption of the adsorbate on an active site
(L mol™), C, is the concentration at equilibrium adsorption (mol L), © is the degree of
surface coverage and is the ratio g/gs, W is the empirical interaction energy between two
molecules adsorbed on nearest neighbouring sites (J mol™), 2 is the number of nearest-
neighbour sites, R is the ideal gas constant and 7 is the thermodynamic temperature (K). The
term (20W/RT) is a measure of the average force field acting on an adsorbed molecule and
created by the surrounding molecules on the nearest sites. Fowler-Guggenheir equation is one

of the simplest equations taking into account the lateral interactions [25-35].

S-Shaped isotherms are sometimes referred to as anti-Langmuir isotherms because their initial
curvature is convex down. The true anti-Langmuir isotherm, however, would have a vertical
asymptote for some finite value of mobile phase concentration. The S-shaped isotherms
belong to class V and are often called S-shaped isotherms. The curvature of these isotherms at
the origin and at low concentrations is concave upward, which indicates that the amount
adsorbed at equilibrium increases more rapidly than the concentration in the mobile phase

[25].

BET isotherm developed by Brunauer et al. (1938) is one of the most successful isotherm
models to express adsorption phenomena [36]. The BET isotherm describes well the
adsorption behaviour corresponding to types II or III isotherms of the [UPAC classification of
isotherms. It assumes that the solute molecules can be adsorbed from the solution onto either
the bare surface of the adsorbent or a layer of solute already adsorbed. The expression after a

rather lengthy derivation is:

K,C,
T =K,C)A - K,C, +KsC,)

q:

(1.15)

where Kg and K; are the equilibrium constants of adsorption of the compound on the bare

surface and on a layer of adsorbate previously adsorbed, respectively. However, both
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constants are related to the strength of the solute-solute interactions. If K;C<<1, the system

can be described by a simple adsorbed monolayer, that is the Langmuir isotherm.

The so-called Moreau isotherm is the simplest model for a homogeneous adsorbent surface

with lateral interactions (i.e. adsorbate-adsorbate). The equation is:

q  K.C.+I(K.C.)
qs 1+ 2K,.C,+I(K,.C,)?

(1.16)

where ¢,, K, and [ are the monolayer saturation capacity, the equilibrium constant at infinite
dilution and the adsorbate-adsorbate interaction parameters, respectively. The equilibrium
constant at infinite dilution K is associated with the adsorption energy ¢ through the following

equation:

£
Ky = Koexp(%r)
(1.17)

where R is the universal gas constant, 7 is the absolute temperature and K, is a pre-exponent
factor that could be derived from the molecular partition functions in the bulk and the
adsorbed phase. K, is often considered to be independent of the adsorption energy ¢. The
adsorbate-adsorbate parameter / can be written as:

I =exp (Z‘—;)

(1.18)

Where ¢44 is the interaction energy (by convention €44 > 0) between two neighbour molecules

of adsorbate A [25-37].
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The Ruthven model was suggested to account for single-component adsorption in zeolitic
system. In this system, each cage in the zeolite can contain a finite number of adsorbate
molecules. For a cage which may accommodate up to two molecules of the adsorbate, the

model gives for single-component adsorption:

q _  KCo+R(K.Ce)?

qs 1+K,C, +R/2(K,C,)?

(1.19)

where R is the parameter accounting for adsorbate-adsorbate interactions in a cage and

represent the corresponding configuration integral [37].

Adsorption isotherms are also classified according to their shape and in particular to the
nature of slope of the initial portion of the curve, and thereafter into sub- groups depending on
the slope of the isotherm in the high concentration range (see Figure 1.4). Briefly, the main
classes are: S Curves, indicative of interactions between adsorbed molecules at the surface; L
Curves, the normal or Langmuir isotherms, usually indicative of monolayers of molecules
adsorbed on the surface; H Curves (high affinity), often given by solutes adsorbed as ionic
micelles, and by high affinity ions exchanging with low affinity ions; C Curves (constant
partition), linear curves, given by solutes which penetrate into the solid more readily than

does the solvent [38].

: _I__f’ ,j -
a’
—

/;_‘.i_a
v

VL ™

:s'eqwb.concn. of selwte (p subytrate
Sub-grove

— —

cpt quilmconcn. of sefute in bath

Figure 1.4: System of isotherm classification [38].
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The isotherms, describe as far as here, can readily be extended to an n-component mixture.
The equilibrium of multicomponent are more complex that single-component, this is due to
the competition between the different components for interaction with the adsorbent, indeed
molecules compete for access to the adsorption sites, and those of the more strongly adsorbed
compounds tend to exclude the others. The amount of any component adsorbed at equilibrium
depends on the concentration of all the other components present in the solution, for this
reason multicomponents isotherms are often called competitive isotherms. The most common
isotherms whose parameters can be determined directly from single-components data include
the competitive Langmuir and the competitive Langmuir-Freundlich.

The competitive Langmuir isotherm is derived from the traditional Langmuir model (Eq. 1.5).
However, when several components are simultaneously present in the solution, these
compounds interfere. The amount of each of them that is adsorbed at equilibrium is smaller
than if this compound were alone.

The amount, ¢;, of the component i that is adsorbed at equilibrium is proportional to the
surface area covered by its molecules so the competitive isotherm is written:

a;C;

R Y

(1.20)

where 7 is the number of components in the system. The coefficients a; and b; are the
coefficients of the single-component Langmuir equilibrium isotherm for component i. In a
binary mixture it is possible to write the formula in:

_ qs,i K1, Ci
1+ KL'1C1 + KL,ZCZ

qi

(1.21)

The single-component isotherm is represented by a curve in the (¢, C) plane. Binary
competitive isotherms are represented by two surfaces, one in the three-dimensional space (g,

Cj, C5), the other one in the (g2, C;, C5) space.
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Also, the Langmuir-Freundlich equation (Eq. 1.12) can be extended to an n-component

mixture:

Pi,0

- n Pi,j
1+ Zj:l ai_jCj

qi
(1.22)

This model, as for the description of single component, is based on heterogeneous surfaces

[30].

1.3 KINETIC

Adsorption and desorption reactions are known to be important in many systems and were
investigated recently for various adsorption systems. Adsorption and desorption are time-
dependent processes. Therefore, it is necessary to evaluate the rate of these processes to
compare adsorbents performances and to optimize adsorption and regeneration processes
design. For these reasons, it is of interest to recognize the adsorption and desorption kinetics
and determine their phenomenological coefficients characterising the transport of sorbate

within sorbents [39].

To determine adsorption kinetic is possible to use static methods (batch) or flow methods

(frontal analysis, FA).

1.3.1 KINETIC FOR STATIC METHOD

Many attempts have been made to formulate general mathematical expressions, which would
be able to adequately describe the kinetics of sorption processes. The progress in this field
appears to be limited by the fact that the description of sorption kinetics is a much more
complicated problem than the theoretical description of sorption equilibrium. This is because
the expressions describing the thermodynamic quantities at equilibrium are only limiting
forms of those describing the time evolution of these quantities under non-equilibrium
conditions. According to the present state of knowledge, the sorption process can be described
by the following consecutive steps (i) transport of solute in the bulk of the solution; (ii)

diffusion of solute across the so-called liquid film surrounding sorbent particles; (ii1) diffusion
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of solute in the liquid contained in the pores of sorbate particle and along the pore walls
(intraparticle diffusion); (iv) adsorption and desorption of solute molecules on/from the
sorbent surface. The overall sorption rate may mainly be controlled by any of these steps; a
combined effect of a few steps is also possible. In many experimental sorption systems the
effect of transport in the solution is eliminated by rapid mechanical mixing, thus, it is not
assumed to be involved in controlling of the overall sorption rate and can be ignored, as a
rule. In order to determine the contribution of the remaining steps, numerous kinetic models
have been compared to predict the behaviour of the experimental data. The most widely used
are those assuming that step (iv) makes a significant contribution in the kinetics of a process.
Here, this step is referred to as the “surface reaction”. The “surface reaction” term may not
necessarily mean the actual chemical reaction occurring on the adsorbent surface involving
the formation of chemical bonds. Interactions of physical nature (van der Waals forces, for
instance) may also play a role. The crucial assumption behind this model is that the rate of the
transfer of solute molecules from the solution (located in the direct vicinity of the surface) to
the adsorbed phase either governs the overall rate of sorption process or at least is partially
involved in it. The development of an appropriate model can be based on accepting a certain
fundamental approach to interfacial kinetics, such as the Langmuir model, for instance, and its
further modification in order to adopt it for a given sorption system. This method has led to
propose many expressions related to the concept of a chemical reaction occurring on the
surface and its order. These include Langmuir kinetics, first order and second-order
reversible, and first-order and second-order irreversible reactions based on the solute
concentrations. Simultaneously, many simple, compact formulas, such as the pseudo-first
(Lagergren) and pseudo-second order equations or Elovich equations have been applied for
correlating kinetic data measured in many different systems [40]. These formulas have
usually been associated with the surface-reaction kinetic step as controlling the sorption rate
and were done in equilibrium conditions; therefore the amount of solution adsorbed calculated

in equilibrium (g,) with batch method is determined as:
V(G- )

qt W

(1.23)

where Cy and C; are the initial and liquid-phase concentration of the solution at time ¢,

respectively, V is the volume of the solution, and w is the mass of the adsorbent.
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The first model for description of the kinetics of gases adsorption onto solid surfaces and
adopted later for the solid/solution system was described by Langmuir and it is:

- KoC(qm — qt) — Kqq¢

(1.24)

in which C is the solute concentration in the bulk solution, ¢, is the amount adsorbed at time ¢
(Eq. 1.23). Further, K, and K, are some temperature-dependent constants and g, is the
monolayer capacity. This model is rather rarely used in its form given, however, when some
assumptions are made, it can be reduced to other expressions, pseudo-second and pseudo-first
order equations, commonly applied for the analysis of kinetic data. Langmuir kinetic model is
related to the simple case of an ideal, energetically homogeneous solid surface and one-site
occupancy adsorption model. The problem of incorporating the surface heterogeneity into the
classical Langmuir kinetics is due to the existence of a two-dimensional different distribution
of the K, and K, constants. In the early 1980s a new family of theoretical approaches
appeared, among them the most important is the Statistical Rate Theory (SRT) approach that
can further be generalized to describe the kinetics of adsorption in the gas/solid and
solution/solid system with energetically heterogeneous solid surfaces, but one essential
assumption of this model is that of a quasi- equilibrium on the solid surface. Besides SRT
method has represented by complicated mathematical form. At present, the most popular
expressions that describe the sorption of solutes from a liquid solution are the pseudo-second
and pseudo-first order equations. Their main advantage is simplicity and easiness when
applying to correlate the data without necessity of using advanced computational procedures.
Most often many different rate equations are tested in parallel and the appropriate best-fit
procedures are used to verify whether one is better than another. The linear least-squares

method, applied to the transformed kinetic data is usually adopted for this purpose.

The pseudo-second order kinetics is usually associated with the situation when the rate of
direct adsorption/desorption process (seen as a kind of chemical reaction) controls the overall
sorption kinetics. In fact, the mathematical expression corresponding to this model was
proposed by Blanchard et al. to describe the kinetics of heavy metal removal by natural
zeolites. There was accepted the assumption that the rate of the ion exchange reaction
occurring on the surface is responsible for the removal kinetic and that the kinetic order of

this reaction is two with respect to the number of adsorption sites available for the exchange.
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The most commonly-applied form of the pseudo-second order equation is that presented by
Ho[41]. It can be written in its differential form as:

dq;

- ky(qe — qe)?

(1.25)

or, after integrating the above expression with the boundary condition q(t=0)=0 and then

rearranging to obtain a linear form:

t 1 t

= +
q: kg2 qe

(1.26)

where £, is the pseudo-second-order rate constant of sorption. The procedure of applying the
above expression for the analysis of the monitored kinetic data is usually based on plotting of
t/q, against ¢ which should give a linear relationship. In this way the gram of solute sorbed per
gram of sorbent at equilibrium (g.) and sorption rate constant (k,) can be determined directly
from the slope and the intercept, respectively, of the linear plot [42-43] Many experimental
studies and the extensive use of the pseudo-second order model have revealed that the value
of k, strongly depends on the applied operating conditions, such as initial solute
concentration, pH of solution, temperature and agitation rate. The k, constant value is usually
strongly dependent on the applied initial solute concentration. It decreases with the increasing
Cin as a rule, which is a commonly known fact related to the interpretation of 4, as a time-
scaling factor. The influence of pH and temperature on the k, value has not yet been
theoretically studied, due to the complexity of the problem and numerous factors, importance
of which can vary from one system to another, nevertheless both pH and temperature
influence equilibrium system and therefore play an important role in the course of kinetic
processes. It is important to know the agitation rate because it is possible the change of the
transport of sorbate in the surface region of adsorbent when there is different rate. Another
parameter present in Eq. 1.26 represents the amount of solute sorbed at equilibrium (g.).
Generally, its value should be equal to those determined from the measurements of the

equilibrium adsorption isotherm, which can accompany the recording of the kinetic data.
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At the end of 19th century, Lagergren presented the empirical rate equation for the adsorption
of ocalic and malonic acids onto charcoal. This equation, called the pseudo-first order
equation or the Lagergren equation, is probably the earliest known one describing the rate of
sorption in the liquid-phase systems. Moreover, it has been one of the most widely used

kinetic equations until now. Its differential form has the following formulation:

dq
— =ki(@e— a0
(1.27)
when solving Eq. 1.27 with the boundary condition ¢(#=0)=0, one obtains:
In(qe — q) = Inqe — kqt
(1.28)

where ¢; and ¢, are the grams of solute sorbed per gram of sorbent at any time and at
equilibrium, respectively, and k; is the rate constant of first-order sorption [39]. The values of
g. and k; parameters are usually determined by applying the commonly accepted linear
regression procedure, based on the above representation. The k; parameter is the time-scaling
factor, the value of which decides how fast the equilibrium in the system can be reached (the
tendency of the increasing k; value which results in shorter times required for a system to
reach an equilibrium is maintained). As the similar observation has been made regarding the
k, constant, it is worth noting that these resemblances are due to the mathematical differential
forms of both the pseudo-first and the pseudo-second order equations. The experimental
studies have confirmed that the value of k; parameter can be both dependent and independent
of the applied operating conditions. The pseudo-first order equation is usually not able to
describe the kinetic data equally well as the pseudo-second order equation. Examples of an
opposite trend are rather sparse. The dependence of the k; constant value on the applied initial
solute concentration varies from a system to another. It usually decreases with the increasing
initial solute concentration in the bulk phase. This is understandable as k; can be treated as a
time-scaling factor. Nevertheless, there are also systems whose behaviour can be predicted
well by Eq. 1.28 and the obtained &; value is independent of ¢;,. However, as pseudo-second,
the pseudo-first order equation is usually associated with the situation when the overall rate of
sorption is determined by the rate of direct solute transfer from the solution to the adsorbed

phase.
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In conclusion, the pseudo-first order Eq. 1.28 can be treated as the expression corresponding
to many different models when considering the range of high times, when the investigated
system is close to equilibrium. Independently, several of narrower interpretations have been
proposed. Many of them are connected with the assumption of time-independent solute
concentration or linear equilibrium adsorption isotherm. There also exist some other
approaches for which the pseudo-first equation is only a special case of more general kinetic
expressions. The pseudo-second order equation Eq. 1.26 is able to simulate the behaviour
characteristic of many different kinetic models very well and, one of the major advantages of
the pseudo-second order equation over the pseudo-first order is its ability for “smoothing” the

experimental data [39-40].

However, recent studies show that the pseudo-second order and the Elovich equation exhibit
very similar behaviour under the assumption that the system is not close to equilibrium. The
Elovich equation is the rate equation, proposed by Roginsky and Zeldovich in 1934 to
describe the kinetics of adsorption of carbon monoxide on manganese dioxide. Its integral

form reads:

1
qr = Eln(l + ABt)

(1.29)

where 4 and B are the constants. The applicability of the Elovich equation is restricted to the
initial times of sorption process, when the system is relatively far from equilibrium. There
exist many different theoretical interpretations of that equation, most of them are directly

connected with the assumption of strong heterogeneity of the sorbent surface [40].
1.3.2 KINETIC FOR FLOW METHOD

To determine the kinetic for flow methods several approach can be used, in our study it was
utilized breakthrough curves (frontal analysis) and the zero length column method.

Kinetic studies of mass transfer in columns provide essential information on the separation
mechanisms in chromatography. The most convenient approach for the kinetic study on
column is obtained by analysing the dependence of the height equivalent to a theoretical plate
(HETP, H) on the mobile phase flow velocity (u). It is generally assumed that mass transfer in
chromatographic columns consists of several processes and the contributions of these

processes to the total HETP are additive. The following four main processes are usually
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considered, (1) axial dispersion, (i1) fluid-to-particle mass transfer, (ii1) intraparticle diffusion,

and (iv) adsorption/desorption.
The mass balance and the kinetic equations of the lumped kinetic model are:

oc, oc  0q_ 0%
ot " Yez T ot T Lo

(1.30)
Frie km(@" —q)
(1.31)

where q* is the concentration of the solute in the stationary phase at equilibrium with C, # is
the time, z the longitudinal distance along the column, and F the phase ratio [F=(1-¢)/e whit €
is the total column porosity]. The overall mass transfer rate in a column is represented by two
kinetic parameters, D; and k,. The rate constant k,, accounts for the contributions of all the
mass transfer processes contributing to peak broadening, except for axial dispersion (Dy).
These include  fluid-to-particle  mass  transfer, intraparticle  diffusion, and
adsorption/desorption. This model assumes that the driving force of the mass transfer between
stationary and mobile phases is g*-¢, i.e., the deviation from equilibrium, and that the mass
transfer rate is proportional to the driving force. Lapidus and Amundson derived an analytical
solution for the set of Eqgs. (1.30-1.31). On the basis of this result, Van Deemter et al.

proposed the following plate height H equation which is valid for linear chromatography:

D Ky \
H=2—2+2(—%
u 1+k,

ud, N ud} ki, 2w
6Fk; ' 60FD, ' \1+ky,) Flags

(1.32)

where k,’ 1s the retention factor at infinite dilution, d, is the average particle diameter, k; the
external mass transfer coefficient, D, the intraparticle diffusivity, k.4 the adsorption rate
constant. The coefficient k), is useful to simplify the formalist but it has no special physical
meaning. In the general rate model of chromatography, the rate of adsorption or desorption
are assumed to depend on the deviation of the local concentration from its equilibrium value.
The mass transfer rate coefficient in the solid film linear driving force model (k) is related to
three kinetic parameters, the external mass transfer coefficient, the intraparticle diffusivity,
and the adsorption rate constant. The contributions of the corresponding three mass transfer

processes are additive.
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In the equilibrium-dispersive model, the contributions to band broadening of all the mass
transfer processes active in the column are accounted for by one parameter only, D, called
apparent axial dispersion coefficient: the parameter D; in Eq. 1.30 is replaced by D,. It is
assumed that the mass transfer kinetics between stationary and mobile phases is infinitely fast,
therefore k,=0c. D, was estimated from the breakthrough curve experimentally measured in

the FA method (see the next paragraph). The HETP in the equilibrium-dispersive model

becomes:
_ 2L
Pe — P_eL
(1.33)
where Pe; is the column Peclet number, and &, is correlated with D, as follows
b u> K
" =D, (T K7
(1.34)

where K is the partition coefficient in nonlinear chromatography [44].

It is possible to have kinetic information, also, through the desorption curve of the zero length
column method (see the next paragraph). In this model the overall mass transfer resistance

(1/k) includes both external film and internal diffusional resistance:

R R?

1
k ~ 3k; ' 15KD
(1.35)

where R is the equivalent radius of adsorbent, &, the fluid film mass transfer coefficient, K the
dimensionless equilibrium constant and D intracrystalline diffusivity. For a liquid system, K is
generally of order of unity, and the micropore diffusivity is always substantially smaller than

the bulk diffusivity, it is reasonable to neglect the external resistance and assume:

k ~ 15D /R?
(1.36)

Therefore, for different value of D/R’, it is possible to have similar general form of the
desorption curves but with some quantitative differences. For small values of D/R’ the

desorption occurs in two distinct steps: an initially rapid step during which most of the sorbate
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is removed, followed by a much slower final approach to equilibrium. As a result, the time for

95% completion passes through a maximum at an intermediate value of D/R [45-46].

C/Co

0.1

time (s)

Figure 1.5: Typical time dependence of average adsorbed phase concentration calculated by

integration of the desorption curve obtained with ZLC method.

1.4 DIFFUSION

Diffusion has been widely studied over the past 50 years to develop experimental methods for
measurement of intracrystalline diffusion and to increase our basic understanding of the
transport mechanism. Intracrystalline diffusion plays an important role in most of the practical
applications of zeolites as adsorbents and catalysts. Indeed there are many examples, some of
which have been commercialized to large processes, in which the catalyst selectivity depends
on differences in diffusion rates between different species. The majority of adsorption
separation processes depend on differences in equilibrium but some such processes depend on
molecular sieving (size exclusion) or differences in sorption rates. These issues are especially
important in zeolite membranes which are likely to see increasing commercialization over the

next decade.
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Diffusion is the macroscopic result of the sum of all molecular motions involved in the
sample studied. Molecular motions are described by the general equation of dynamics. The
classical Fick’s first law explains the diffusional flux, J, in relation with the diffusivity or

diffusion coefficient, D4 p through this equation:

__p ac
] = AB I,

(1.37)

where dC/dz is the concentration gradient along the column, D4 5 the diffusivity of solute A in
solvent B and C is the concentration of the component considered. As it is difficult to measure

J, the Fick’s second law is most widely used:

dc d2C
dt ~ AP qz2

(1.38)

There are several methods for obtaining an approximate value of the diffusion coefficient, one

of which can be calculated with:

D _RT  RT
AB f  6mnaN

(1.39)

where f'is the friction factor estimated by the Stokes-Einstein law of friction, N is Avogadro’s
number, # is the mobile phase viscosity, and a is the molecular radius, R the ideal gas constant

and 7 the absolute column temperature [13-25].

The methods for measuring the diffusion coefficient value are divided into two broad
categories; microscopic (sub-crystal scale) and macroscopic (many crystals) techniques
depending on whether the technique measures a bulk flux or attempts to track and average the
movement of individual molecules. The most used in this thesis are macroscopic techniques
and in particular breakthrough curves and the zero length column (ZLC) method. The
separation power of a column, under a given set of experimental conditions, is directly a
function of the rate of the mass transfer kinetic and of the axial dispersion coefficient (D, in

the Eq. 1.32 HETP) [13].

Even if the ZLC method shows several advantages (i.e. small quantities, dilute aqueous

solution), it is possible to determine diffusion coefficient by means of breakthrough curves.
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Various mathematical models have been developed to describe the chromatographic process.
The most important of these models are the equilibrium-dispersive (ED) model, the lumped
kinetic model, and the general rate model (GRM) of chromatography. In the equilibrium-
dispersive model, we assume that the mobile and the stationary phases are constantly in
equilibrium. The model assumes an apparent axial dispersion coefficient, D,, accounting for
all the dispersive phenomena (molecular and eddy diffusion and non-equilibrium effects) that

take place in a chromatographic column.

The apparent dispersion coefficient is:

D _ Hpeu ul  ul
@7 2 2N Pe

(1.40)

where Hp, is the column height equivalent to a theoretical plate (HETP) in this model, u is the
mobile phase linear velocity, L the column length, and N the number of theoretical plates or
apparent efficiency of the column. In this model, the mass balance equation for a single

component is expressed as follows:

oc  oC %4 _ ) 9°C
ot "9z "ot T Ta 922

(1.41)
where ¢ is the concentration of the solute in the stationary phase at equilibrium with C, ¢ is the
time, z the distance along the column and F=(1-¢)/€ is the column phase ratio. ¢ is related to C

through the isotherm equation, g=f{C). € is the total column porosity or void volume fraction

of the column packing [28].

The zero length column (ZLC) method is a chromatographic technique that eliminates the
uncertainty due to axial dispersion. It depends on following the desorption of sorbate from a
previously equilibrated (small) sample of adsorbent into a solution. The ZLC method was
introduced, for gas phase adsorption systems, in the late 1970s, and then has been extended to
the measurement of counter-diffusion in liquid phase adsorption systems by Ruthven and
Stapleton. The actual ZLC column (see Figure 1.6) consists of a thin layer of adsorbent
material placed into a small column. The individual particles (or crystals) are dispersed
approximately as a monolayer across the area of the column. This minimizes the external
resistances to heat and mass transfer, so that the adsorption cell can be considered as a

perfectly mixed isothermal, continuous flow cell. Brandani and Ruthven have derived the
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solution for the general mathematical model for such a system, including the capacity of the
fluid phase as well as that of the adsorbent [47-48]. The mathematical description of the ZLC
technique is also relatively simple and starts from an adsorbate mass balance across the

column together with the diffusion equation written for a spherical crystal:

Vaq+V aC+FC—0
Sat  F ot B
(1.42)
aq 0%q 20dq
FTi (a_ tor
(1.43)
The boundary and initial conditions are
q(r,0) =q(0) = qo = KCy €(0) = Co
aq
a(o, t)=0
The solution to this set of equation is given by
c Z 2Lexp(—piT)
Co &fa+(A—L+yp2+L—1+yp;
(1.44)
Where the S, are the positive roots of:
IBnCOtﬁn +L-1- Vﬂrzl
And the model parameters are:
1 FR? 1 Ve D
= — VY= o5, T = —t
3KV,D 3KV, R?
(1.406)

where Cy and C are the initial concentration and the concentration of adsorbate, respectively; ¢
is time, r the radial coordinate in crystal, ¢ the adsorbed phase concentration of adsorbate, D
the diffusion coefficient, F' the volumetric fluid flow rate, K the equilibrium constant, R the
radius of adsorbent crystal, V' the volume of fluid and V the volume of adsorbent in column.
The key parameter is L which, from its definition (see Eq. 1.46), can be considered as the

ratio of the diffusional and washout time constants, R’/D and KV,/F. This parameter is also
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equal to the dimensionless adsorbed phase concentration gradient at the surface of the solid at
the time zero. From either of these definitions it is evident that L gives an indication of how
far removed the system is from equilibrium control. This parameter is proportional to the flow
rate, so it can be easily varied and, in order to extract a reliable time constant, it is necessary
to run the experiment with at least two different flow rates. The three model parameters (L, ),
7) can be extracted from the experimental curves in two different ways. The simple analysis of
the asymptotic behaviour shows two different possibilities depending on the time (short or
long time), alternatively direct numerical fit of the experimental curves can be carried out
using a non-linear regression algorithm [47-48-49]. A major advantage of the ZLC method is
that, for any particular system, the validity of basic assumptions, under the experimental
conditions, can be verified directly by a series of simple experimental tests. To establish the
validity of the zero length limits, measurements are repeated with columns containing

different amounts of adsorbent [13].
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Figure 1.6: Schematic representation of the liquid ZLC [50].
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Chapter 2
RESULTS AND DISCUSSION

Case I: Theory of reaction chromatography

One of the main industrial applications of synthetic zeolites is as catalysts in the
petrochemical industry, such as in fluid catalytic cracking and hydrocracking. Zeolites
confine molecules in small spaces, and, thanks to their acidic properties can facilitate a host of
acid-catalyzed reactions, such as isomerisation, alkylation, and cracking. The specific
activation modality of most zeolitic catalysts involves Lewis acid site reactions. Therefore,
organic molecule reactions could, in some experimental conditions, take place during
adsorption processes. In particular, since the main objective of the present work was to
investigate adsorption of organic contaminants in zeolite, it could be possible that reaction
occurs during adsorption processes. In such cases, different methods can be adopted to
evaluate adsorption-reaction data and a comprehensive review of this topic can be found
elsewhere [51].

One of these techniques is dynamic chromatography [52], which offers several advantages
over other methodologies. Indeed, chromatography makes it possible to obtain mass transfer,
adsorption and kinetics data and can be employed in non-linear conditions [53]. However, a
prerequisite for employing this technique is that reactions must take place within the
separation timescale (on-column reaction chromatography) [54-55].

This work, focuses on a description of dynamic chromatography from a microscopic point of
view in order to provide a new method for determining the kinetic constant by dynamic
chromatography experiments. In particular, the on-column reaction chromatography process
is described by using the stochastic model of chromatography [56].

The main reason for this is that, when coupled with the so-called characteristic function (CF)
approach, the solution found using this model can be expressed in the closed form in the
frequency domain even when complex chromatographic cases are considered. The present

work deals with isomerization reactions.
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The system under consideration involves four different molecules, which are indicated as:

1) A4,, lowest retained conformer in the mobile phase;
2) B,, highest retained conformer in the mobile phase;
3) A, lowest retained conformer in the chiral stationary phase;
4) B highest retained conformer in the chiral stationary phase.

A standard reduction of the kinetic scheme from four states to two states (i.e. 4, B) was

followed.

(a) Model: four-state system
Mobile phase

@ L’e kM =k
M

allwe el

T

o=@ | k¥

1

Chiral Stationary phase

l Reduction of the kinetics scheme

(b) Model: two-state system

k, 1-+8 B
g =N gy J11 [
«—
Ky 0+ A . A
xort

Figure 2.1: a) Kinetics scheme of a four states system and b) Kinetics scheme of a two states

system.
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1. REACTION MODEL

The main difference between a batch system and the corresponding chromatographic system
is that, in the latter, it is important to evaluate the time evolution of a single molecule and its
statistical properties instead of the molecular averaged chemical composition of the batch
system at a given time. The batch results can be applied to the dynamic chromatographic
process thanks to the ergodic hypothesis which states that the averages obtained from a large
molecular population and over a long period of observation time are equivalent. In order to

simplify the system, a new variable x was defined:

(1) 1) =i,

- (tR,B _tR,A) - AtR ) (I;Q,B _tR,A)

(2.1
where 7,, and ¢, are the retention times and the corrected retention times, respectively

referred to the species in the conformation state i with: i=A4 and B.

The x wvariable represents the normalized time of the interconversion reaction within the

limited interval of the chromatographic experiment, defined as the difference in the retention

times of the two pure enantiomers, Af,, which is herein referred to as “observational time”.
Thus x represents the fraction of observational time Af, spent in the B state (in the stationary
phase). It can be observed that x also represents the fraction of molecules which are in the B

state at any given time (i.e. P,/ (PA + P, )). One can thus set the two following expressions:
a,(x)=01-xk,
(2.2a)
a,(x)=xk,
(2.2b)

where a,(x) and a,(x) are the transition frequencies for the univariate processes 4 — B or
B — A, respectively. a,(x) and a,(x) are the so called “propensity functions”. At

equilibrium (i.e. x=x, ), the process becomes stationary and has to satisfy the detailed
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balance condition [57] - that is, the frequency transitions are the same in each direction for

every pair of states (see Figure 2.2):

(1—xeq)kA =x, k,

(2.3a)

By rearranging Eq. 2.3a one has:

(2.3b)

which is the equilibrium condition of the B state occupancy in the system.

TN ab=l-ak,

a,(x) ay(x)

X

Figure 2.2: Scheme of the propensity functions of the process.

By assuming that the time spent in the mobile phase is constant for any eluted substance and

that the forward and backward reaction rate constants in the mobile phase are equal, and by

considering the relationships between the concentrations ¢, and c,, and the respective

population P, and P, a set of equations describing chromatographic peaks were obtained.

To take the reaction into account, we should consider that in the most general case, the
reaction time scale may be similar to the separation time scale: each molecule spends part of
the time in both conformations. Consequently, the average molecule migration velocity is

expressed as a weighted sum of the migration velocity of the two pure components. The

41



weights are related to the fraction of time spent in each of the two states. To determine the

latter quantities, a two-states jump model was employed. Such a two-states jump process is

characterised by a single relaxation rate constant k =k, +k,, and by p=4k,/k, where the

probability of finding the molecule in state B is equal to x,, .

The solution to this problem (see Appendix D of paper I) can be obtained by following the
method known as the Kubo and Anderson formalism [58-59], which has been extensively
employed in developing the line shape theory of interconverting chromophores. The two-
states enantiomeric interconversion and two-states dynamics processes of a chromophore
molecule under stationary conditions [60] are, in fact, closely related from the stochastic-
kinetic point of view because: 1) they follow the same first order kinetic scheme (see Figs. 2.1
and 2.2); i1) they can be represented stochastically through two-states single molecule random
trajectories; iii) the statistics of these random trajectories are the same; and iv) the probability
density of trajectories at x7 can be obtained as a sum of the two contributions. As mentioned
above, the present approach can be applied to describe a macroscopic system which is made
up of a large number of molecules or is observed for a long period of time vs. the reaction

time scale. This description is mainly concerned with the derivation of the B state population

at a given time x7, resulting from the isomerization reaction: 4,,,; < B,,,; under stationary

conditions. The concept of the ‘‘random trajectory’” of a single molecule f(t) (see Fig. 2.1b)
constitutes the starting point for calculating the fraction of average time spent in each state.
f(t) is the stochastic occupation variable which is set to 0 when the molecule is in state 4,
and / when the molecule is in state B. The time spent in state 4 or B is assumed to be
exponentially distributed (corresponding to a first order kinetics). Consequently, the

previously introduced quantity x (see Eq. 2.1) can now be expressed as:

(t_tR,A)

1
T (lR,B _tR,A) - At

Irg

[ £(e)de = %Té(r)dz

Rty 7y

(2.4)

where Az, =t,,—t, ,=T - sake of notation simplicity equal to 7 - and x is the fractional

time spent in B state and is now a stochastic variable characterised by its distribution, since

the “histories” of a molecule, d_‘f(t), giving an equal value to (#—7, ,) as the integral in Eq.

2.4, can be more or less probable.
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By following the above mentioned formalism the following equations were obtained (see

Appendix D, paper I):

f)(a)|T, A) == exp(— kT_—la)T) (¢ cosh¢2T + (k +iw)sinh ¢2Tj/¢

2
(2.52)
]3(Q)|T,B): exp(—”%mj[¢coshf+(k —ia))sinthJ/¢
(2.5b)
where:
_ E ’ . _l (o :
S ORE=E)
(2.5¢)

@=2r/T is the frequency. ¢=T+1,, since the time windows in the considered

chromatographic experiment is, as specified above, 7, +7, +T .

The chromatographic process superimposes the reaction as a process of exchange between the

mobile and stationary phases - 4,, < 4, and B,, < B, - and it contributes to broadening the

elution band both because of the random nature of the stay of site 4 or B in the stationary
phase and the random character of the interval between two subsequent adsorption processes
from the mobile phase. The general solution of the problem was obtained by coupling the
chromatographic band broadening process with the reaction process and was based on the
assumption that the unitary band broadening contribution was constant within the domain

trp St <1, ;. The general treatment of the stochastic theory of chromatography can be found

RB =

elsewhere. In the following a brief description is recalled.
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2. CHROMATOGRAPHY MODEL

Let us describe briefly the dynamics of the chromatographic technique in one of its versions:
the fundamental device is the so called “COLUMN” which is in practice a tube filled with

granules (bed) here assumed as non-porous.
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Figure 2.3: The chromatographic “COLUMN”.

A fluid is continuously flowing in the tube. Thus there are two types of zones:
1. the moving zone (fluid)
2. the stationary zone which is the active surface of the granules
The separation process consists in injecting a small volume containing one or more analytes

into a fluid stream flowing through the bed.
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Figure 2.4: “INJECTION”: the Chromatographic experiment begins with the introduction of

a pulse volume containing the analyte into the stream.

Let us consider firstly the case of injecting solely one analyte. This analyte volume contains a
high number of identical molecules (several million). The analyte molecules can be captured
by the active surface and can stay there for a random amount of time. After this time period
they are released into the mobile zone. During their stay on the active surface, the analyte
molecules are delayed in comparison with the main stream of the flowing mobile zone: their
sojourn time undergoes random jumps. As a consequence, the analyte volume travels along
the column with an average velocity which is lower than that of the main stream (blue
streams). Moreover, the volume occupied by the analyte molecule (= band) will be enlarged
because of the random nature of the capturing and releasing of the different analyte molecule

by the surface:
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Figure 2.5: The chromatographic experiment is running.

If the injection volume contains two types of molecules:
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Figure 2.6: Injection of a volume containing two types of analytes.

These will travel at different velocities because the time spent during each single capturing

step is different. The two species are thus separated.

Figure 2.7: Separation of two types of analytes as a consequence of the different affinity of

the two components for the stationary zone (surface).

The entire process of chromatographic migration is the result of a series of exchange
processes regarding the analyte molecule between the moving zone and the stationary (or

static zone).

Single analyte molecule in the
stationary state

Figure 2.8: Exchange process of the analyte molecule between the moving zone and the

stationary zone.
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The essence of these exchange processes is stochastic: the time spent between the zone
changes are random variables:

7, 1s the time spent in the mobile zone between a desorption and the consecutive adsorption;
7, is the time spent in the stationary site zone between the adsorption and the desorption;

The process is thus in essence the sum of random variables.

In the following we will focus on the behaviour of a single analyte chromatography.
Moreover, a case where the number of identical species of the analyte is very high will be
considering: by injecting a single component, in practice the same process is repeated millions

of times and a posteriori behaviour is equal to the a priory probability.

A first approximation was made to consider that there is no dispersion in the fluid streams of

T

Figure 2.9: Constant mobile zone velocity model of chromatography.

the mobile phase:

The model hypothesis is:

1* hypothesis: The velocity of molecules moving in the mobile phase is a unique constant

value which is equal to v, (mobile phase velocity).

2" hypothesis: The number of sites visited by a molecule (adsorption states) is a random

variable (r.v.).

3 hypothesis: The number of capturing steps experienced by a molecule is distributed

according to a Poisson distribution.

4™ hypothesis: The sorption sites of the column are equivalent i.e. the stationary zone is

homogeneous.

5™ hypothesis: The time spent in a given site is also a r.v. which is independent from the

number of adsorption steps r.v.

6" hypothesis: The random variable sojourn time is assumed to be exponentially distributed.
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Under these hypotheses the chromatographic process from a statistical point of view can be
mathematically described as a random sum (i.e. the number of adsorption steps n is a r.v.) of
random variables (i.e. the time spent in each adsorption step) equally distributed 4"

hypothesis).

Under hypotheses 1 to 6, it can be demonstrated that the following relationships hold true for

the II Characteristic Function (c.f.) of the r.v. 7, is:

‘Ptr(§)=2{ L —l}+i(x)tm

1-ioT
(2.6)

where 1, is the shift [“the inert tracer” retention time of the column = L/v, a, (see
comments at Fig. 2.8 and Eq. 2.7)], n and 7T, are the expectation of the random variables n

and T, respectively.

It should be recalled that according to our system of hypotheses, » and T, are Poissonian and

Exponentially distributed random variables, respectively. Eq. 2.6 is the well know 1II c.f. of

the Poissonian mixture of the Gamma functions, plus the ¢, shift.

When multiple-site chromatographic columns are employed the relationship is given by:

0 ()= exp(tmi(o+2( g L_—IJ]

2.7)

where p; is the relative abundance of the i-#4 pore type and m the number of different types of
pores. Finally, when continuous distributions of pore types are considered, the sum should be
replaced by an integral and the relative abundances of pore types by the correspondent
frequency distribution function. To take into account of the mobile zone, the new stochastic
process describing the process Y(T(t)) is obtained by the subordination of the stationary zone

jumps model Y(t), with the mobile phase process T(t) as a directing process.
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In particular the general solution of Y(T(t)) is given by:

o) = or( L8]

1
(2.8)

where @, (&) and @7 (&) are the c.f of the whole and of the mobile zone stochastic processes

respectively. The variance of this distribution can be expressed as a functions of the diffusion

coefficient [61-62].

3. REACTION CHROMATOGRAPHY MODEL

The fundamental quantity x defined in Eq. 2.4 can be redefined as follows:

(2.92)

(2.9b)

In Eq. 2.9a, one can see that for x=x, one has n(x, )=r. By rearranging Eq. 2.9a one

obtains:

(2.9¢)

According to this equation, n(x) is rescaled with respect to x and, since in Eq. 2.9¢c the
averages terms (7, and 7 ) are constants, P(x) (orits CF ﬁ(x)) can be directly transformed
into a probability distribution of n(x) (i.e. P[n(x)]) [63-64]. Note also that, according to Eq.

2.9¢, n(x) is a continuous variable as are x or 7.
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The retention profile for each ¢ value is generated by the corresponding number of jumps, and

the sorption time value given by 7, is assumed to be common. The above assumption can

be qualitatively explained by considering that the change in the probably of state occupation
due to the system reaction can be viewed as a change in the number of jumps or, equivalently,
in the corresponding change in permanence time, following the same approach proposed in
the stochastic description of the chemical kinetics processes. In fact, in the chromatographic
two-sites model, on one side it can be seen that the sorption time distributions do not change
over time since the site adsorption properties are considered constant. Moreover, the number
of type 4 and B sites in the stationary phase is also constant. On the other hand, the number of
molecules which can specifically interact with sites 4 or B (see Fig. 2.1) evolves during the
course of separation due to the interconversion reaction: the jump number is accordingly

modulated (Eq. 2.9¢).

The assumed hypothesis that expresses the 7 quantity as the product of two sole random

quantities, n and 7, , allows us to obtain a solution for the coupled interconversion-phase

exchange processes of dynamical chromatography by applying the mathematical formalism
employed in handling the so-called stochastic dispersive model of chromatography [61]. In
fact, in both cases, the band broadening due to reaction or inhomogeneous flow velocity is
translated into a probability distribution for the jump number. The jump process acts as a

process that directs the sorption process.

The presented approach can be applied only to systems containing a large number of

molecules. In terms of CF, the solution is expressed as follows:

(ol )

(otot (w) = ¢dis

(2.10)

where ¢, 1s the CF of the chromatographic retention process referred to either to n or ¢,
unit values and ¢, is the CF of the probability dispersion function of either #(x) or ¢,,(x)

(equal to=n(x)7,,, see Eq. 2.9b).
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In the present case, by assuming the initial condition corresponding to the condition of

equilibrium, under conditions of » =1, one obtains:

1 ky k,
7@ exp[(kA + kg)((l - ian—'s,A)-i- (l - iwz_’S,B) (kA " )]}

(2.11)

The final expression can obtained from the combination of the peak shape and number of

jumps.

The previously described coupling of the chromatographic band broadening process with the
reaction process was based on the assumption that the unitary band broadening contribution

was constant within the domain 7, , <7 <7, ;, The consequent approximation degree is here

estimated as follows: peak variance and the number of theoretical plates in standard stochastic

theory of chromatography [56-53] are given by:
o’ =2nT

(2.12a)

(2.12b)

In the present case from Eq. 2.9c one obtains, for x equal to 0, x, and I,

n(0)=nx(7; ,/75,,), n(xeq): n and n(l)=nX(7,, /7, ), respectively. Consequently,

since 7 =7, , one has, by using Eq. 2.12a, 0'2(0):21755'/12_'&6(1, O'Z(xeq)=2ﬁfsyeq2 and

o’(1)= 2nT,7;,, - By considering equations, the exact values should be o’ (0)= 2nT, Az,

o’ (xeq)=217fs,eq2 and o’ (l):2ﬁfs,32. Consequently, one can see that chromatographic
band broadening calculated by using Eq. 2.10 is exact in the case of x=x,, and

overestimated and underestimated in the domains 0<x<x, and x, <x<I, respectively.

However, one should remember that, beside the chromatographic band broadening there is, in
addition, the contribution due to the reaction and they are additive in variance. In most cases,

the variance contribution due to reaction is the most important one. Consequently, the bias
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should be of minor relevance. Alternatively, the whole process can be split into its two
components labelled 4 and B and the solution is then given as a sum of the respective

contributions, i.e.:

0o (@) =0, (@)+0, (@)
2.13)

The importance of this last equation is that it represents the correct expression for the peak
shape in Fourier domain. The advantage of employing Eq. 2.13, expressed as separate
components, is that it allows one to consider cases where the initial concentration of the two

reacting species differ from one another (i.e. on-column reaction chromatography).

Several approximate or limit solutions were in addition obtained to describe the effect of
moderately fast kinetics producing a unique Gaussian-like central peak. In comparison with
the previously reported handlings, the present stochastic approach was able to obtain general
and specific solutions in closed form under frequency domain, fully describing the dynamical
chromatography (Egs. 2.10 and 2.13). In Fig. 2.10 the time domain solution for the peak
profile of two separated reacting species is plotted. Each profile represents the
chromatographic peak corresponding to the elution of an injected solution containing only one
component which reacts during the chromatographic run. They were obtained by numerical
inversion of the function generated by summing the chromatographic peak profile in the
Fourier domain for the pure enantiomers 4 and B with the corresponding peaks resulting from
first order reaction chromatography (Eqs. 2.5a and 2.5b), i.e. the description of reaction

chromatography, where only one of the species is present at the beginning of the separation
process. One can see that the first enantiomer A appears as a peak at 7, = 23min (which is
product obtained by multiplying 7 (=9045) by the sum of 7,, +7,, according to Egs. 2.2a and
2.2b). A decaying tail, corresponding to the transformation, follows this peak 4 — B . In the
same figure, the B peak appears with an increasing front followed by the peak located at 7,

(= 34min). The reported example refers to a slow interconverting enantiomeric mixture
(k,=0.00042 s, k, = 0.00037 s"). If the injected solution contains both the species 4 and

B, the resulting peak profile can be obtained by summing the contribution of each.
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Figure 2.10: Simulated peak: a) n=9045, 7, , =0.1331's, 7, , = 0.2032 s, k, = 0.00042 s'l,

T =33.66 min; b) k, = 0.00037 s [all other parameters have been kept constant and equal to
a)l.

The developed model allows for both general and specific solutions in frequency domain,
fully describing the dynamic chromatography process. The general equation can be simplified
in the limit cases: a) for slow reaction rate (compared to the adsorption kinetics) the
chromatographic response is a sum of two separated peaks; b) very fast reaction rates generate
just one peak having a retention related to the kinetic constants of the reaction (p); c¢) for
intermediate rates, a peak cluster is generated. The model was able to describe both
interconversion and reaction during separation. Some basic features of the process - such as
interconversion kinetics constants - and/or operative variables - such as column length (or

flow velocity) - and their influence on the chromatographic output have been exploited.
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Case 1I: Adsorption of DCE in mordenite

In this work diffractometric, thermogravimetric and gas chromatographic techniques have
been employed to investigate the adsorption process of 1,2-dichloroethane into mordenite
(MOR), which is an organophilic zeolite, in order to quantitatively evaluate the adsorption
and to elucidate its adsorption mechanism.

1,2-Dichloroethene (1,2-DCE) is a synthetic chemical with no known natural sources. It
occurs in two forms known as cis- and frans- isomers that have similar properties. 1,2-DCE is
a colourless, flammable liquid with a harsh odour. It is used as a chemical intermediate in the
production of other chlorinated solvents. 1,2-DCE has also been used as a solvent in the
extraction of rubber.

1,2-DCE may be released to the environment from manufacturing plants or from landfills
where it had been disposed of. It can be released into the air from the burning of vinyl.
Because the 1,2-DCE isomers are environmental breakdown products deriving from widely
used chlorinated solvents trichloroethene (TCE) and tetrachloroethene (PCE), 1,2-DCE's
detection in groundwater may often be due to the release of its parent compounds into the
environment. Mordenite (MOR) (see Fig. 2.11) is a natural or synthetic zeolite, with an
idealized chemical composition of NagAlgSisOs * 24H,0, whose units of four 5-rings [54],
of the framework type, are joined to one another via common edges to form chains. Mirror
images of these chains are connected via oxygen bridges to form corrugated sheets (lying
horizontally in Fig. 1.1 chapterl). These sheets, displaced by half a translation in ¢, are then
connected to one another to form oval 12- and 8-rings along the corrugations. The lining of
the 12-ring channels contains 8-rings, but the 8-ring openings of adjacent 12-ring channels are
displaced in comparison with one another, so only very limited access from one channel to the
next is possible. Consequently, the channel system is effectively one dimensional [13]. The
experimental data have reported that the MOR particles are characterised by a lamellar or
plated morphology. This morphology enables easy access to the large 12-membered ring
channels, thus indicating that the sample has properties which are characteristic of Large Port

mordenite.
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MORDENITE (MOR)

Surface Area | Mean Particle | SiO,/Al,O,
(BET, m2/g) Size (um)

420 5-7 200

Channels (Atlas)33
[001] 12-ring 6.5 x 7.0A<-> [001]8 2.6 x 5.7A

Figure 2.11: Structure and characteristics of zeolite mordenite.

Adsorption data were obtained using the batch method. Batch experiments were carried out in
duplicate in 25 mL crimp top reaction glass flasks sealed with PTFE septa. The flasks were
filled in order to have minimum headspace, a solid/solution ratio (mg mL™") of 1:4 was
employed. After equilibration (24h) at a temperature of 25°C under stirring, the solids were
separated from aqueous solution by centrifugation and analysed by headspace- solid phase
microextraction- gas chromatography (HS-SPME-GC). The experimental details are reported

in 'Experimental’ of the Paper II.

The mathematic models used to fit the experimental data of the adsorption isotherm, obtained
by HS-SPME-GC, are the Langmuir isotherm, the Freundlich equation and the Polanyi-
Dubinin-Manes (PDM) model (please see Chapter 1)[25].

In Fig. 2.12 it can be seen that the experimental data are well fitted using the traditional
Langmuir isotherm as well as the PDM model. From the data in Table 2.1, it is possible to
infer some adsorption process properties. It can be noted that the saturation capacity evaluated
from Langmuir equation is 71 mg g and that this value is in agreement with the pore volume

(Vy) obtained from fitting the PDM model, but that it is smaller than the mordenite pore
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volume. The b value obtained for the zeolite is about 4. This result is indicative of relatively
homogeneous adsorbents with narrow site energy distribution, and is in agreement with the
literature. The exponent parameter of the Freundlich equation () is in agreement with those
found in another works. In Table 2.1 it is notable that the goodness of fit (coefficient of
determination, R°) is similar for the three models employed. Therefore, the choice of a model
based solely on statistical parameters of fitting seems to be arbitrary, for this reasons a

structural investigation was performed to highlight the adsorption mechanism in order to

select the appropriate isotherm model.

O Experimental Data
— Fitting Langmuir eq.
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Figure 2.12: Adsorption isotherm of DCE on MOR: circle symbols: measured equilibrium

concentration; (a) solid line: fitted Langmuir equation; (b) solid line: fitted PMD equation.
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Table 2.1: Fitting isotherm parameters obtained by fitting the experimental data in Fig.2.12
The confidence limits at 95% of probability are reported in parentheses.

! q is the sorbed concentration, C, is the concentration in the solution at equilibrium, K, is the Langmuir
coefficient, g, is the saturation capacity; K and » are the Freundlich constants characteristic of the system; V,and
pPo are the maximum volume of adsorbed compound for unit mass of adsorbent and compound density,

respectively. E is the free energy of the adsorption process compared to that of a reference compound.

ISOTHERM Equation’ Parameters
Langmuir C 1 Ce K; (L mg™") gs(mgg™h) R’
q Kqs gs
0.09 (0.065, 0.12) | 71 (59, 84) 0.9942
Freundlich q=Kc, /" K(mggH@Lgh" |[n R’
7.9 (6.0, 9.7) 1.6(1.3,1.8) 0.9832
PMD RTInS/C,1° | Vo(em’Kg™) EKImol™) [ b | R
q = Vopoexp [T]

62.5(49.4,74.0) | 18(11,26) |4 | 0.9914

Thermogravimetric analysis (TG) was used to determine the amount of DCE molecules
embedded in the mordenite framework, and to monitor the decomposition process of organic
molecules during the heating procedure. TG analysis was carried out on saturated MOR-DCE
system.

Thermogravimetric analysis (TG, see Fig. 2.13) curve of the MOR-DCE shows a sudden
change in its slope at about 90°C, thus indicating the presence of molecules which are weakly
bonded to the surface (water and/or DCE). The weight loss which occurred at higher
temperatures (200-700°C), could indicate the decomposition and elimination of the organic
molecules embedded in the mordenite channel system. Weight loss at 1000°C is about 10% in

comparison to 7 % of the as-synthesized material at the same temperature.

56




100

98 |

96,

94|

Weight loss (%)

92

100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 2.13: Thermogravimetric (TG), differential thermogravimetric (DTA) and differential

thermal (DTA) curves in mordenite after DCE-dry air atmosphere adsorption.

A powder diffraction pattern (see Figure 2.14) can be used as a “fingerprint” to identify
materials with, to determine unit cell parameters, to estimate the quality of the sample, to
monitor phase transitions, to evaluate structural changes, to establish whether or not

impurities are present, or to recognize the presence of faulting [13].
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Figure 2.14: The relevant features of a power diffraction pattern and their origin [13].
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Rietveld refinement revealed a remarkable increase in the dimensions of the 12-membered
ring after adsorption, thus it is evident that DCE can penetrate micropores. Moreover, from
the data of relative occupancy of the site it was possible to calculate an amount equating to
2.5 DCE molecules (which corresponds to about 7.7% in weight) and approximately 4 water
molecules (which correspond to approximately 2.3% in weight) which were localised inside
the mordenite channel system. Therefore, the structure refinement gave an extraframework
content of about 10% in weight, which was in very good agreement with the weight loss
given by the TG analysis and with the saturation capacity determined by the adsorption
isotherm.

However, structure refinements have not allowed us to demonstrate whether only frans- or
gauche-configurations are present or if both are present but in different frequencies, and
consequently, the X-ray diffraction did not give a clear indication of the most well-favoured
DCE configuration in mordenite structural confinement. The occupancy of Cl and C atoms is
only 30%, and consequently, DCE molecules, whatever their configuration, alternate
randomly with non-occupied positions. The Figure 2.15 shows that DCE molecules run
parallel to the ¢ direction, i.e. along the 12-ring channel. Nonetheless, this structural
investigation can also explain the fact that the PDM model underestimates the adsorption
capacity in comparison with that calculated from the solute density and adsorbent pore
volume, especially as this finding has already been found in other studies. Indeed, from the
structural investigation, it appears that DCE cannot completely displace water from the

micropores.

cr cr cr2
2 cr
gauche1l
cr cn cr cH
gauche2
ci Ci cn cr

Figure 2.15: MOR-DCE projections along [001] shows DCE (CI represented with red, C with

green spheres) and water molecules (with blue spheres) which run parallel to the ¢ direction.
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Case 3: Role of water in the adsorption of organic

contaminants in hydrophobic zeolites

In the previous work it was found that water is present inside the zeolite structures, indeed, in
the MOR-DCE system, the water molecule oxygen atom distances from the organic molecule
chlorine atoms (W — Cl1 =2.34 A, W — CI2 = 2.53 A) suggest that different DCE molecules
could be connected by means of hydrogen bonds, to form a complex of DCE and water
molecules independently by gauche or trans DCE sequencing. The fact that DCE cannot
completely displace water from the micropores was also confirmed from the adsorption
isotherm model. In this study, research was continued in order 1) to examine if the
phenomena observed for DCE-MOR system can be generalised to other zeolite types and 2)
to establish the role of water in the adsorption process. To accomplish this task, two different
zeolites were employed: ZSM-5 and Y.

ZSM-5. ZSM-5 zeolite is the most important member of the MFI family. It is probably one of
the most widely studied zeolite in the world. The ZSM-5 framework type (see Fig. 2.16) can
be described in terms of [5'] units, but it is easier to use pentasil units (Fig. 1.1 chapter 1).
These [5°] units are linked to form pentasil chains, and mirror images of these chains are
connected via oxygen bridges to form corrugated sheets with 10-ring holes. Each sheet is
linked by oxygen bridges to the next to form the 3-dimensional structure. Adjacent sheets are
related to one another by an inversion centre. This produces straight 10-ring channels parallel
to the corrugations (along y), and sinusoidal 10-ring channels perpendicular to the sheets
(along x). The latter channels link the straight channels to one another to form a 3-
dimensional 10-ring channel system. Because the pore openings are 10-rings rather than 12-
rings, the shape selectivity for sorption and catalysis is distinctly different from other types of
zeolites, and this fact is exploited in catalysis application. ZSM-5 has found many

applications in refinery and petrochemical processes [13].

The Si/Al ratio of this zeolite type ranges from 20 to infinity for the pure silica form silicalite.
When adsorbed on HZSM-5 zeolites (H denoting the hydrogen cation as the exchangeable
cation in the structure), linear and branched hydrocarbons behave as condensed liquids, which
are capable of filling the entire pore structure. Centi et al. (2002) found that the exchangeable
cation of ZSM-5 zeolites plays a critical role in MTBE adsorption and hydrolysis. Centi et al.
(2002) also found that a hydrogen-form ZSM-5 zeolite with a Si/Al ratio of 80 had an

increased catalytic activity and adsorption capacity compared with the zeolite with a Si/Al
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ratio of 25. Water adsorption studies have shown that the 3-dimensional array of hydrogen-
bonded water molecules cannot easily penetrate the pores of ZSM-5 zeolites without
considerable distortion of the hydrogen bonds, and that the quantity of adsorbed water in

ZSM-5 zeolites 1s dependent on the zeolite hydrophobicity [12].

56 Ax54A

C

Figure 2.16: Structure of zeolite ZSM-5.

Y. In the Y (Faujasite, FAU) framework type there are sodalite cages (Fig. 2.17). In this case,
they are arranged in the same way as the carbon atoms in a diamond, and are joined to one
another via double 6-rings. This creates the so-called supercage with four, tetrahedrally
oriented, 12-ring pore opening, and a 3-dimensional channel system along <110>. There is a
centre of inversion in each of the double 6-rings, so the puckered layers of solidate cages are
related to one another by inversion. The framework type can also be described as an
ABCABC stacking of such layers. The combination of large void volume (Ca. 50%), 12-ring
pore openings and 3-dimensional channel system makes the thermally stable silicate materials

with the FAU framework type ideal for many catalytic applications [13].
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Figure 2.17: The FAU framework type and its supercage.

DCE uptake onto ZSM-5 as a function of time is plotted in Fig. 2.18a-b. It can be seen that for
the studied zeolite the adsorption process is fast: equilibrium concentration is reached in just a
few minutes. The data were fitted by a pseudo second order model, given by:

t 1 t

E - k2qé i a

(2.14)

where ¢, and ¢, are the milligrams of solute sorbed per gram of sorbent at time 7 and at
equilibrium, respectively, and k; is the second-order sorption rate constant. The equilibrium
uptake and the adsorption rate constant, obtained by the slope and intercept of the linear fit of
the data g/ vs. t, respectively, are reported in Table 2.2. Both pseudo first and second order
equations are two extreme cases of a general rate equation when the initial adsorbate
concentration is very high or very low, respectively. The pseudo second order model has been
applied in order to analyse sorption kinetics from the liquid solutions of many adsorption
systems [40]. However, it should be mentioned that the pseudo second order equation, like
other commonly employed relationships (e.g. the pseudo-first order, the pseudo-second order
and the Elovich equations) does not correspond only to one kinetic model, but is a more or
less flexible mathematical formula, which is able to simulate the behaviour characteristic of
physical kinetic processes of various kinds only adequately well. Moreover, the rate constant

estimated from the fitting is a complex function of the initial concentration of solute [40].
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In fact, it can be noted in Table 2.2 that the &, estimation depends on the initial concentration

value. An approximate estimation of the general rate constant

ks = k,Cq
(2.15)
was evaluated by fitting. Similar results were also obtained using DCE onto Y adsorption
kinetics (see Table 2.2 and Fig. 2.18c-d). Then, the adsorption isotherms for DCE-ZSM-5 and
DCE-Y were analysed (see Fig. 2.19).
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Figure 2.18: DCE uptake onto ZSM-5 (a-b) and Y (c-d) as a fuction of time a different

concentrations.
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Table 2.2: Uptake kinetics of DCE on ZSM-5 and Y (see Eq. 2.14).

't 1, is calculated as the reciprocal of the product of &, and g..

— Langmuir fit

@ DCE-ZSM5

DCE-Y

Pred. bnds

Ruthven fit
Pred. bnds

20

3 30

Ce (mg L")

Organic- | Cy k> qe e tp' |k N
Zeolite (kinetics) | (equilibrium)
mg L! g mg'1 min™! mg g'1 mg g'1 min g mgn'1
L™ min"
1.1 1.33 1.9 2.3 0.40
DCE- 3.5 0.32 6.2 6.3 0.51 1.45 1.14
ZSM-5
5.1 0.24 8.3 9.3 0.53
2.2 0.86 1.5 1.9 0.77
DCE-Y 3.2 0.72 2.3 2.8 0.72 |2.55 1.24
6 0.26 3.8 4.2 1.09
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Figure 2.19a: Adsorption isotherms (at 298 K) of DCE on ZSM-5 (circle) and Y (square).
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Figure 2.19b: Enlarged detail of data, in Fig. 2.19a above, in the low concentration range.
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Different models of isotherms for these two pairs of organic-zeolite were considered. Besides
the Langmuir isotherm, the bi-Langmuir isotherm, the Ruthven and the Fowler-Guggenheim
models were used to fit the data obtained with batch method and analysed with HS-SPME-GC
previously described in Case 2 (please see Table 2.3 and Chapter 1).

The bi-Langmuir isotherm was first suggested by Graham and is one of the isotherm models
for ideal adsorption on heterogeneous surfaces, in this models adsorbate-adsorbate
interactions are assumed to be negligible. The surface is covered with two different kinds of
sites that behave independently and the equilibrium isotherm results from the addition of the
two independent contributions of the two types of sites [25]. The Fowler-Guggenheim
isotherm model was introduced to correct for the first-order deviations from the Langmuir
isotherm. It assumes ideal adsorption on a set of localized sites on a homogeneous surface,
with weak interactions between molecules adsorbed on neighbouring sites. It assumes also
that the interaction energy between two sorbate molecules is small enough that the random
character of the sorbate molecule distribution on the adsorbent surface is not significantly
altered [35]. The Ruthven model was suggested to account for single-component adsorption
in zeolitic system. In this system, each cage in the zeolite can contain a finite number of

adsorbate molecules [37].

In Fig 2.19b it can be seen that, in the low concentration range, Y is less efficient in DCE
removal from water solutions. The data in the low concentration range follow a linear trend
(@ = KC,), but in a wide concentration range a different trend was observed for DCE on
ZSM-5 and Y. In Fig. 2.19a, it can be seen that the adsorption data on ZSM-5 follows an L-
class adsorption isotherm, whereas, the zeolite Y data follow an S-class isotherm. L-class data
are typical for zeolite adsorption and can be fitted by different equations such as Langmuir
(used in this case) or heterogeneous extended Langmuir models (e.g. Freundlich equation).
These data were also fitted using a bi-Langmuir isotherm type and the fitting goodness is
higher than that observed for Langmuir model, but it is due to the increase in the number of
parameters in the isotherm equation. S-class data were fitted by Fowler-Guggenheim and
Ruthven isotherms; these models have recently been employed to fit the adsorption of
aromatics onto Y zeolite [35]. These types of isotherm are uncommon for hydrophobic
zeolites, but recently different opinions have been expressed and it can be argued that the
interaction mechanism is still a matter of debate. For a general adsorbent material, sigmoid
isotherms have previously been observed as a result of lattice expansion and polymorph
switching in porous materials, guest rearrangements in rigid hosts, and in the cooperative

binding of substrates to protein [65].
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Table 2.3: Fitting results of the adsorption data of DCE on ZSM-5 and Y.

"¢ (mg g is the sorbed concentration, C, (mg L™) is the concentration in the solution at equilibrium, K; ; (L mg"

") the Langmuir coefficient (binding constant), and ¢,; (mg g™') the saturation capacity of site i. 0 is the ratio ¢ /

qs, R the parameter accounting for adsorbate-adsorbate interactions in a cage and I the interaction energy (kJ

mol™).
Organic - Equation’ Parameters R’
Zeolite
DCE- Langmuir K qs
ZSM-5 = 4sKiCe (Lmg") (mgg")
1+K1Ce
0.19 120 0.9927
(0.16,0.21) (113,127)
DCE- Bi-Langmuir K; qs K qs.1
ZSM-5 Ki C Ki <C -1 -1 -1 -1
= d7lze 4 dsaThize (Lmg™) |(mgg™) |(Lmg’) |(mgg)
1+K;,Ce 1+KL,1Ce
0.23 82 0.11 37 0.9987
(0.18,0.28) | (73,91) (0.02,0.2) | (33,42)
DCE- Linear K
PN g = ke, (Lmg")
13 0.9929
(12,14)
DCE-Y Ruthven K, qs R
4 _ _KiCetR (KrCe)® (Lmg") (mg g™
qs  1+KCe+R/2(KyCe)?
0.014 175 4.3 0.9911
(0.009,0.019) | (136,214) (2.7,5.0)
DCE-Y Fowler-Guggenheim Krg qs w
__9 20w L mg’ mg g’ kJ mol
KFGCe_l—BeXp(RT) (Lmg™) (mgg) ( )
0.0923 178 5.2 0.9920
DCE-Y Linear K
q=KC, (L mg")
2.0 0.9892
(1.3,2.8)
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The saturation capacity obtained by fitting was is in good agreement with the TG data. The
TG curves (see Fig. 2.20) of the zeolite sample after adsorption of DCE for both ZSM-5 and
Y, showed that apart from the elimination of residual humidity, (T<100°C), a sudden change
in its slope occurs at higher temperatures, which is probably due to the elimination of DCE
and/or H,O molecules trapped within the zeolite pores. Total weight loss of ZSM-5-DCE at
900°C is about 12% in comparison with 2.8% in the as-synthesised sample, for Y-DCE the
weight loss at 900°C was higher than for ZSM-5, confirming the higher saturation capacity of

this zeolite.
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Figure 2.20: Thermogravimetric (TG) curves in ZSM5 and Y respectively, before and after
DCE adsorption.

To further investigate the adsorption mechanism of DCE onto ZSM-5 and Y, structural
analyses were carried out. Rietveld structure revealed that DCE adsorption caused a lowering
in real Fd-3m symmetry in the Y zeolite to Fd-3 and a remarkable increase in unit cell volume
in comparison to those of untreated materials. These remarkable deformations can be
explained on the basis of the presence of DCE- water complexes which strongly interact with
framework oxygen via hydrogen bonding. The location of DCE molecules and symmetry
elements for the Fd-3 space group imposes the presence of both frans- and gauche-
configurations (Fig. 2.21). As already mentioned, 1-2dichloroethane is present in a trams-
gauche- conformational equilibrium. The DCE frans- conformer is generally preferred in the
gas phase due to its steric effect, which is basically one of exchange and Coulombic

repulsion. However, in the liquid or polar solvent phase, such as in water, the gauche-
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conformer is stabilized when compared to the trams- conformer due to dipole-dipole

interactions with neighbouring gauche- species or polar solvent molecules [66-67].

As far as concerns ZSM-5 (Fig. 2.22), it was found that all DCE molecules assume a trans-
configuration, this is probably due to an energy landscape which has been defined by DCE
low energy torsional motion in the zeolite channels. Even in this case, DCE-water complex
were present, and adsorption occurred with a significant increase in the cell parameters
without a simultaneous change in symmetry. All of these findings are important features in
the adsorption process and suggest: a) flexibility in the framework should be included in
modelling adsorption to correctly interpret the experimental findings; b) water molecules
inside the porous framework lead to a multicomponent system being considered instead of a
single component adsorption mechanism. Water effects cannot be neglected, especially when
hydrogen bonds are involved; c) conformational selection in DCE on ZSM-5 has been
observed and is probably due to an energy landscape which has been defined by DCE low

energy torsional motion in the zeolite channels.

In conclusion, for DCE adsorption onto hydrophobic zeolites regardless of the framework
type, isotherm modelling and/or simulation algorithms should be implemented to take system

complexity into account.

Figure 2.21: Projection along [001] showing DCE molecules in Y along the 12-ring channels.

Chlorine (red circle), carbon (green circle) and water molecules (light blue) are reported.
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Figure 2.22: Projection along (a) [001] and (b) [010] showing DCE molecules in ZSM-5
along the 10-ring channels. Chlorine (red circle), carbon (green circle) and water molecules

(light blue) are reported.
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Case 4a: MTBE and TOL adsorption onto hydrophobic

zeolites

The studies reported above showed that DCE adsorption from aqueous solutions onto
hydrophobic zeolites leads to zeolite framework distortions and that both organic contaminant
and water molecules are present inside the pore structure. To further generalize the obtained
results, the adsorption of different organic contaminants onto zeolites, and in particular
methyl tert-butyl ether (MTBE) and toluene (TOL), was investigated. Organic contaminants
(i.e. MTBE and TOL) were chosen as representative of different classes, oxygenate
compound and BTEX (benzene, toluene, ethylbenzene and xylene) respectively, both of them
are often found in contaminated sites. To follow, a summary of the characteristics of the
zeolites and properties of the pollutants considered in this study is represented. Zeolites
materials were also characterized by Nitrogen adsorption isotherms at 77 K for what

concerned pore diameter, pore size and surface area (see Fig. 2.23).
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Figure 2.23: Particle size distribution of ZSM-5 and Y.
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ZEOLITES

SAMPLE ZSM-5 Mordenite (MOR) Y
SUPPLIER AND CBV 28014 HSZ-690HOA HSZ-390HUA
SUPPLIER NAME | Zeolyst Tosoh Corporation Tosoh Corporation
SiO0,/AL O3 280 200 200
CHANNELS [100] 5.1x5.5A<> | [001]12-ring 6.5x7.0A<-> | <111>12-ring
(ATLAS) (3-dimensional) [001]8-ring 2.6x5.7A 7.4x7.4A
(1-dimensional) (3-dimensional)
SURFACE AREA 400 420 750
(BET m%/g)
MEAN PARTICLE |3 5-7 6-8
SIZE (pm)
POLLUTANTS
Name 1,2-Dichloroethane Toluene (TOL) Methyl tert-butyl
(DCE) Ether (MTBE)
Supplier and 03522 Fluka - Sigma 0713716 Carlo 0923716 Carlo Erba
supplier name Aldrich Erba Reagents Reagents
Molecular formula | C,H4Cl, C,Hg CsH,O
Molar mass (g 98.96 92.14 88.15
mol'l)
Density (g cm™) 1.253 0.87 0.74
Solubility in water | 8.7 0.47 42
(g L") at 20°C
Boiling point 83°C 110-111°C 55.2°C
Appearance Colorless liquid with Colorless liquid Colorless liquid

characteristic odor

Main hazards

Toxic, flammable

Harmful, highly

flammable

Irritant, highly

flammable
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MTBE is the most common oxygenate which is added to gasoline, is used extensively and has
been the subject of frequent studies. It is used as a gasoline additive to reduce the levels of
pollutants caused by automobile combustion emission and it is found in groundwater and
surface water. MTBE is a potential carcinogen, currently listed on EPA’s Drinking Water
Contaminant Candidate List, it can adversely affect the taste and odour quality of water and it
is difficult to remove from water because it has high water solubility and low volatility. In
addition, MTBE is fairly resistant to biodegradation and chemical oxidation. Toluene belongs
to the BTEX group since it is a typical organic compound that appears very often in chemical
and petrochemical wastewaters due to its ready solubility, indeed toluene is usually used as a

solvent and as an octane booster in gasoline fuels [68-69-70].

The contaminants differ from each other in structure and chemical properties, in particular
toluene does not contain heteroatom, and doesn’t form hydrogen bonds. These characteristics

could be important for comparison DCE and MTBE in terms of adsorption behaviour.

1- MTBE and TOL on mordenite

The adsorption properties of MTBE and TOL on mordenite, an organophylic zeolite

(described in the Case 2), were firstly investigated.

Adsorption kinetics and adsorption isotherms were studied for both MTBE and toluene on
mordenite by using the experimental set up previously described (see Case 2). A pseudo-
second-order equation (Eq. 2.14) was used to fit the data [40], in both cases the equilibrium
was reached within few minutes. In the low concentration range, the adsorption data for the
two contaminants showed analogous behaviour, i.e. a linear trend (q = KC,). On the contrary,
in the high concentration range different models (Langmuir and Freundlich) were used to fit
the data. In Fig. 2.24 it can be seen that in the high concentration range, the saturation
capacity is higher for TOL than for MTBE and in the low concentration range, the slope of
linear fitting is less for TOL than for MTBE. These phenomena can be explained by stronger
interactions between MTBE and mordenite than those of the TOL-MOR systems and by the

hindered diffusion of MTBE due to the smaller mordenite channel.

71



a) @® MTBE-MOR

Linear Fit

® Tol-MOR
Linear Fit

80 [

q(mg g”)

40 -

@ Tol-MOR
Langmuir Fit 10
Pred bnds
@® MTBE - MOR 4
Langmuir Fit
Pred bnds

20

. ] . 0 1 1 Il Il
0.1 0.2 0.3 04 0.5
s 1 ce (mg L") 18 Ce (mg L)

Figure 2.24: Adsorption isotherms (at 298 K) for MTBE (red) and TOL(blue) on MOR at
high and low concentration ranges: the solid line is the fitted Langmuir equation and the

dashed lines are the 95% confidence predictions bounds.

To obtain further information, thermogravimetric (Fig.2.25) and structural analysis were
performed. The Rietveld refinement indicated partial MTBE occupancy as well as water
molecules in the zeolite: 3 MTBE molecules and 2.5 water molecules per unit cell were
found. The MTBE-MOR structure showed that the organic molecules were in the 12-
membered ring channel and that after the adsorption of the pollutant the 12-ring channel was
widened causing a narrowing and distortion of the 8-ring channel to accommodate the
structural deformations (Fig. 2.26). These phenomena lead to small variations in the unit cell
volume. For TOL-MOR, the Rietveld refinement showed a lowering of symmetry from the
space group Cmcm to Cmc2; and toluene was localised in the 12-ring channel of the
mordenite. 3.6 TOL molecules per unit cell were found and the toluene adsorption in the
mordenite zeolite was very near to its maximum capacity. The short distance between the
carbons of the toluene 6-ring and the oxygen atoms of the framework indicated possible
strong interaction between the molecules and the guest zeolite, whereas the distances between
the water molecule from one framework oxygen (W1-O5 = 3.13 A) and one MTBE carbon
atom (W-C1 = 3.17 A) suggest that MTBE could be connected to the framework through

water.
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Figure 2.25: Thermogravimetric analyses of untreated, MTBE-sorbed and toluene-sorbed

mordenite.
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Figure 2.26: Projection of the MTBE sorbed mordenite.

The work on the adsorption of contaminants on hydrophobic zeolites was continued in order
to explore the effects of framework types in terms of adsorption on both MTBE and TOL. In
order to make easy the data comparison, the previously discussed adsorption data for
mordenite, are reported here.

The aim of the present investigation was similar to that of the cases previously reported, in
particular in evaluating the adsorption on MTBE and TOL on two hydrophobic zeolites (i.e.
ZSM-5 and Y) and elucidating the mechanisms of adsorption. Moreover, a consideration of
the data obtained in the present case highlighted the relevance of the number of systems
organic contaminant-zeolite. This study also had the purpose of comparing the behaviour of

the investigated adsorbent materials.
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2- MTBE on ZSM-5and Y

MTBE adsorption isotherms on both ZSM-5 and Y were determined in two different
concentration ranges (Fig. 2.27), and different instrumental setups were adopted in order to

guarantee the proper quality of the analytical data in terms of linearity and limit of detections.
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Figure 2.27: MTBE adsorption isotherms on MOR, ZSM-5 and Y in high and low

concentration ranges.

It can be seen that the adsorption of MTBE on both Y and ZSM-5 follows a trend which is
similar to that observed for DCE on the same zeolites. In particular, the adsorption data on
ZSM-5 follow a classic L-class adsorption isotherm, whereas, the zeolite Y data follow a
sigmoidal one. In this latter case, the adsorption of MTBE on Y zeolite is also scarce for the
intermediate MTBE concentrations and not only for concentrations in the ppb range. The data
for the MTBE-ZSM-5 system were fitted with both one and two sites Langmuir model (please
see Table 2.4).
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Table 2.4: Fitting results of the MTBE adsorption data on ZSM-5.

Organic - Zeolite K qs R’
(L mg") (mgg™)

MTBE-ZSM-5 0.60 116 0.9927
Langmuir fit (0.49, 0.72) (110,121)

MTBE-ZSM-5 1.2 65 0.9989
Dual-Langmuir fit 0.12 67

MTBE-Mor 0.29 70.8 0.9826
Langmuir fit (0.26, 0.32) (57, 84.6)

MTBE-Mor 2.2 36 0.9984
Dual-Langmuir fit 0.04 78

From the data in Table 2.4, it can be seen that by increasing the number of sites the goodness
of fit increases. However, this increase seems to be related to the higher flexibility of the two
site models due to an increase of the fitting terms rather than to the physical meaning of the

isotherm.

Thermal analyses confirmed the adsorption data. The TG curve of ZSM-5 after MTBE
adsorption, showed that apart from the elimination of the species bonded to the surface of the
grains (about 1% in weight) at T<100°C, a sudden change in its slope occurs at higher
temperatures, which is probably due to the elimination of MTBE and/or H,O molecules
trapped within the zeolite pores. The total weight loss at 900°C is about 16%, in comparison

with 2.8% in the as-synthesised material.

Powder diffraction data allow us to verify the effective incorporation of MTBE in the micro-
porosities of ZSM-5 zeolite. The X-ray powder patterns of untreated and exhausted ZSM-5
are strongly different both in terms of intensity and the position of the diffraction peaks,
indicating that the crystal structures were markedly modified by MTBE adsorption. The
adsorption of MTBE causes small but significant variations of unit cell parameters in
comparison to those of untreated materials, as well as a change in the geometry of the channel
openings. Two crystallographically independent MTBE molecules were located in the ZSM-5
structure (Fig. 2.28), one (MTBE]I) in the straight 10-ring channel parallel to b direction, the
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other (MTBE2) in the sinusoidal 10-ring channel parallel to a direction. These two
independent molecules, which are found in the zeolite, confirm the adsorption isotherm trend,
in fact, precisely as before, the adsorption data fitted with the two site model had reported a
greater value of goodness of fit. On the whole, 8 MTBE molecules were recognized
(corresponding to 10% in weight). Difference Fourier maps revealed the presence of about 16
water molecules, corresponding to about 5% in weight, in very good agreement with the
weight loss of the thermal analyses. MTBE strongly interacts with residual water molecules,
which are H-bonded to the framework oxygen, thus explaining the distortions of the 10-ring
channels. The difractometric analysis of the Y zeolite, before and after MTBE adsorption,
confirms the saturation capacity obtained from the sigmoidal isotherm and permits MTBE

molecules to be localised inside the supercage of this structure.

Figure 2.28: Two independent MTBE in the structure of ZSM-5.
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3- TOLUENE on ZSM-5and Y

Also in this case, adsorption isotherms showed very favourable adsorption kinetic for high-
silica ZSM-5 (see Fig. 2.29). In particular, the effective and highly irreversible adsorption of
TOL molecules into zeolite ZSM-5 pores make this material a tool with interesting

applications for the removal of low concentrations of TOL from wastewater.
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Figure 2.29: Adsorption isotherms for TOL on MOR, ZSM-5 and Y in high and low

concentration ranges.

Thermal analyses confirmed the adsorption data. The TG curve of ZSM-5 after adsorption of
TOL (Fig. 2.30) showed that apart from the elimination of the species bonded to the surface
of the grains (about 9% in weight), (T<100°C), a sudden change in its slope occurs at higher
temperatures, which is probably due to the elimination of TOL and/or H,O molecules trapped
within the zeolite pores. The total weight loss at 900°C is about 8%, in comparison with 2.8%

in the as-synthesized material.
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Figure 2.30: Thermogravimetric (TG) curves in Y, ZSMS5 and MOR after adsorption of TOL.

The symmetry of ZSM-5 changes from monoclinic P21/n (before adsorption) to orthorhombic
P 21 21 2] (after adsorption), and consequently remarkable variations of unit cell parameters
are detected. TOL adsorption strongly modifies the geometry of the channel systems, which
become more elliptical. Rietveld refinement revealed the presence of 8 TOL molecules per
unit cell, corresponding to about 9 % in weight, in good agreement with the TG analysis and
adsorption capacity. Three disordered toluene sites were recognized. Two of these sites
(TOL1 and TOL2) were located at the intersection of the straight and sinusoidal channels and
the third (TOL3) in the sinusoidal channel (Fig. 2.31). The difference Fourier maps generated
using GSAS, revealed the presence of a further extraframework site (fully occupied) which
was attributed to water molecules. Dipole-dipole interactions occur between water and TOL 1
and TOL3 molecules thus forming TOL-water complexes which interact with framework
oxygens. Rietveld refinement of TOL-Y revealed the presence of 24 TOL molecules/ u.c.

(about 15 % in weight) which are located at the centre of the supercage.
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Figure 2.31: TOL in the ZSM-5 structure.

In conclusion, it was possible to exactly localize the contaminants in the zeolites framework

and to determine the adsorption mechanism.
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Case 4b: Additional analyses

1- BREAKTHROUGH CURVES

The use of zeolites as adsorbent materials may be an interesting alternative since these
materials are stable at high temperatures and experimental data have demonstrated that
zeolites have good adsorption capacities. Now, it is necessary to improve the industrial design
of these adsorbents and to find the best operating conditions. As a result, adsorption processes
needed to be modelled. In order to obtain further results, equilibrium data were obtained by
dynamic analysis, therefore creating a breakthrough curve. Indeed only the start of this curve,
and in particular the very initial part, is of interest for evaluating the performance of the
adsorption process [35-70]. In the present study the breakthrough curves for two pollutants,
TOL and MTBE, on a fixed bed of ZSM-5 zeolite were studied.
The experiments were performed using a 2mm x 2cm stainless steel column packed with
ZSM-5. The packing of the column with zeolite was carefully carried out in order to minimise
band spreading and to prevent the presence of air bubbles. The column contained 61 mg of
packing materials and an aqueous solution of pollutant was pumped into the column until the
concentration front broke through. The toluene concentration was measured using a UV-VIS
Dionex detector at its maximum of adsorption (A = 220nm), while the MTBE concentration
was measured using a RID Agilent detector, which was coupled with the other detector. The
amount of pollutant adsorbed by the stationary phase at equilibrium was derived through the
standard equation:
L CWy— V)
Wpack

(2.15)
where ¢ is the amount adsorbed on the solid phase when it reaches equilibrium with the
concentration C in the fluid phase, V} is the retention volume of the half-height of the
breakthrough curve, V) is the column hold-up volume and w, is the volume of adsorbent in
the column. The breakthrough curve of toluene and MTBE was analysed at different flow rate
and concentration (Fig. 2.32 and 2.33) to understand the interaction mechanism with the

zeolite.
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Figure 2.32: Experimental breakthrough curves for toluene (20ppm) at various flow rates and
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Figure 2.33: Experimental breakthrough curve for MTBE at 25 ppm.

Isotherm data obtained by means of column method were in good agreement with those

gathered with batch method.
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2- COMPETITION

The results obtained for a single component adsorption on hydrophobic zeolites were used as
a basis for studying the adsorption process of mixtures of hydrocarbons on zeolites (i.e.
TOL+MTBE, MTBE+DCE, DCE+TOL) with concentrations in the ppb and ppm range. In
most environmental applications, these pollutants are present in the form of mixtures in very
dilute aqueous solutions, indeed. ZSM-5 was chosen as adsorbent material since previous
studies on single components had demonstrated that this zeolite has good adsorption
capacities and affinity for these compounds even at low concentration levels.

In multicomponent equilibria, different molecules can compete for access to the adsorption
sites, and those from more strongly adsorbed compounds tend to exclude others. The amount
of any component adsorbed at equilibrium depends on the concentration of all the other

components in the solution [25].

The batch method was used in order to study the equilibrium competition of toluene and
MTBE on ZSM-5: different aqueous solutions were prepared with zeolite and, in all samples,
the same concentration of toluene was kept fixed, while the concentration of MTBE was
varied. In this way, it was possible to see the change in the adsorption isotherm of toluene
when it was both alone and part of a mixture.

The adsorption isotherms of a mixture were obtained using the competitive Langmuir
isotherm model since it has been proved that the traditional Langmuir model (see above)
described the adsorption of contaminants on ZSM-5 well. The competitive model differs from
the traditional one since, when several components are simultaneously present in the solution,
the amount of each that is adsorbed at equilibrium can be smaller than that of the compound
alone. In a binary mixture, it is possible to write the formula of the competitive Langmuir
isotherm as:

qs,iKLiCi
1 + KL,1C1 + KL'2C2

qi =

(2.16)

The single-component isotherm is represented by a curve in the (q, C) plane. Binary
competitive isotherms are represented by two surfaces, one in the three-dimensional space (q;,
Cy, Cy), the other one in (qy, C;, C;) space [25].

The experimental data (see Table 2.5) had showed that both pollutants were adsorbent on

ZSM-5. MTBE had a bigger saturation capacity than toluene when they were in a mixture and
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even more so when the pollutants were studied as single component. The adsorption results
indicate that competition exists between the organic compounds and that it occurs at low co-
solute concentrations. Competitive adsorption in ZSM-5 in the medium-high concentration

range was also observed.

Table 2.5: Isotherm parameter values for MTBE and TOL sorption in single and mixture

adsorption experiments.

Pollutant-Zeolite | K; (Lmg") | ¢, (mgg") | R

MTBE ZSM-5 0.60 116 0.9927

TOL ZSM5 0.51 96 0.9989

MTBE+TOL ZSM-5 | 0.60 68 0.9787
0.51 33

The TG curves for the ZSM-5 sample before and after MTBE and TOL adsorption showed
that apart from the elimination of residual humidity, (T<100°C), a sudden change in their
slope occurs at higher temperatures, which is probably due to the elimination of hydrocarbon
species and/or H,O molecules trapped within the MFI pores. Total weight loss at 900°C is
about 7% for ZSM-5-TOL and 16% for ZSM-5-MTBE, respectively, in comparison to 3% of
the as synthesised material at the same temperature. The weight loss after adsorption of the
TOL and MTBE mixtures at the same temperature is about 13 %, thus confirming competitive

adsorption in ZSM-5 at high concentration ranges (Fig. 2.34).
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Figure 2.34: Competitive adsorption isotherm and TG curves.
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Diffractometric data allowed us to obtain clear evidence of the adsorption of both MTBE and
toluene molecules in the ZSM-5 channels as well as to exactly localise the organic species in
the structure. The X-ray powder patterns of ZSM-5, before and after adsorption of the
hydrocarbon mixtures, are strongly different both in terms of intensity and the position of the
diffraction peaks, indicating that the crystal structure was markedly modified by hydrocarbon
adsorption. Unit cell parameters do not change significantly. Only a slight increase in the
volume can be observed. Deformations in the 10-ring windows were particularly highlighted
by variations in both the CFA and ellipticity indexes. Both parameters indicate an

enlargement in all channel systems to favour the adsorption of hydrocarbons molecules.

The 10-ring channels became more elliptical when compared with those found in the parent

zeolite as a consequence of the diffusion and adsorption of organic complexes.

After adsorption the hydrocarbon mixtures, the TOL1 and TOL2 sites are emptied. The TOL
molecules diffuse into the sinusoidal channel and are only confined in the TOL3 site. Its
occupancy factors are unchanged (0.45). On the whole, about 2 TOL molecules per unit cell

are recognised. These molecules interact with the framework oxygens.

Two crystallographically independent MTBE sites were again located in the structure of
ZSM-5. The first one (MTBELI) in the straight 10-ring channel is fully occupied by 4 MTBE
molecules. This result clearly indicates that MTBE molecules are preferably adsorbed and
diffused into the straight 10-ring channel with respect to the TOL molecules. The second
MTBE molecules (MTBE2) in the sinusoidal 10-ring channel are now only partially occupied
by about 2 MTBE molecules. On the whole, 6 MTBE molecules (corresponding to 7.8% in
weight) and 2 TOL molecules (corresponding to 2.5% in weight) are recognized. These
molecules strongly interact with the framework oxygens, thus explaining the distortions in the

10-ring channels (Fig. 2.35).

Another extraframework site was recognized and attributed to water molecules (4 molecules,
corresponding to about 1.3 % in weight). These water molecules can form chains which

connect MTBE1 and MTBE2 molecules in the straight 10-ring channel.
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Figure 2.35: MTBE and TOL in ZSM-5 framework.

Similar adsorption results were found for the TOL-DCE and MTBE-DCE systems, as can be
seen, competition exists because the saturation capacity is lower in the mixture than when the
pollutants are alone (see Table 2.6 and Fig. 2.36). In these cases too, the diffractometric

analysis was able to recognise differences in the occupation site of the multicomponent

systems compared to single component adsorption.

Furthermore from the data obtained, the affinity order of adsorption was found to be:

MTBE>DCE>TOL.

Table 2.6: Isotherm parameter values for DCE/TOL and DCE/MTBE sorption in single and

mixture adsorption experiments on ZSM-5.

Pollutant-Zeolite K; (Lmg") | gs(mgg") | R
DCE ZSM-5 0.19 120 0.9927
TOL ZSM5 0.51 96 0.9989
DCE+TOL ZSM-5 | 0.19 58 0.9817
0.51 50
DCE ZSM-5 0.19 120 0.9927
MTBE ZSM5 0.6 116 0.9989
DCE+MTBE ZSM-5 | 0.19 53 0.9883
0.60 49
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Figure 2.36: Competitive adsorption isotherm.

In conclusion, for both the two components systems studied, the competitive adsorption on

ZSM-5 was observed.

3- LIQUID PHASE DIFFUSION MEASUREMENTS

An understanding of the transport properties of the adsorbed species in microporous solids is
required in order to accurately design adsorption and catalytic reaction processes. The zero
length column method (ZLC) represents a simple and relatively inexpensive technique to
obtain the required physical properties. It is essentially a chromatographic technique, which
eliminates uncertainty due to axial dispersion and requires only a small amount of adsorbent.
ZLC has been widely used to measure intracrystalline diffusivities in zeolitic adsorbents and
other microporous solids. In order to obtain the diffusion coefficients, the model equation
solution, proposed by Ruthven to describe ZLC, is matched to the experimental desorption
curves.

This technique is an extension of the gas phase ZLC method; in the gas phase zero length
column method the hold-up in the fluid phase can usually be neglected, while in the liquid
phase adsorption system, the hold-up in the fluid phase can be of the same order of magnitude
as the hold-up in the adsorbed phase. This was accounted for in the extended model for liquid
systems as reported by Brandani and Ruthven, which showed that the long-time slope of the
desorption curve is relatively unaffected by interstitial hold-up [45-49].
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In this study the diffusivity of toluene and MTBE in water solution was determined using the
ZLC method with ZSM-5 as the adsorbate. The ZLC desorption curve, including the effect of
interstitial fluid, is given by applying the formula:

c z 2Lexp(—P21)
co LuPBi+(1—L+yB22+L—1+yp>
(2.17)

This equation is described in the Chapter 1 (Eq. 1.44) about the diffusion phenomena.
Over long times periods, and assuming that L is large (in comparison to y4°), the equation

reduces to the form [71]:

lC—l2 2Dt
ne =T

(2.18)

From Eq. 2.18 it may be seen that diffusivity (D) may be extracted from the slope over the
long time period region of a semi-logarithmic plot of normalised concentration versus time.
The assumption of large L implies, physically, that intracrystalline diffusion is slow relative to
the removal of sorbate from the crystal surface. Please note that the long time period slope of
the desorption curve is independent from the value of y; this implies that the diffusional time
constant can be measured reliably even in the presence of fluid phase hold-up if L is large.
The experimental set-up consisted of two HPLC Waters 515 pumps, a six-way Rheodyne
valve, which a ZLC column was installed on, and a diode array UV-VIS Waters detector. The
ZLC column was made out of stainless steel (1/2°°OD; lcm length). One of the major
prerequisites of the ZLC method is the use of a small zeolite bed. For these purposes, only a
small amount of zeolite is generally necessary, indeed in this work 700 mg of ZSMS were
used.

The MTBE or toluene aqueous solution was pumped through the ZLC column; the transient
desorption of the MTBE or toluene was monitored as a function of time after switching the
mobile phase to the pure solvent, water. The diffusion coefficient was determined using the
long time period solution of the ZLC model.

The blank response of the system was evaluated, replacing the zeolite with glass beads.

Blank and pollutant responses showed different behaviour, since glass represents a non-

adsorbing system; indeed the Fig. 2.37 shows non-ideal flow behaviour indicating non-
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negligible fluid hold-up in the lines, valve and/or detector. The parameter D/R’ was
determined by considering the Eq. 2.18 and was obtained from the slope of the long-time

period region of the C/Cy plot vs. time. The resulting parameter values are summarized in the

Table 2.7 and the model fit to the experimental curves is shown in Fig. 2.38.
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Figure 2.37: Comparison of experimental ZLC curves for glass beds (dashed line) and ZSM5
(continuous line).

Table 2.7: Diffusivity coefficient of toluene and MTBE in ZSM-5.

Pollutant | D (m*/s)

Toluene |9,1x 107"

MTBE 54x 107"

L L . . L L
o [ 10 15 20 325 30 3/ 40 45 50 55
time (mm)

time {min)aﬁ “
Figure 2.38: Experimental ZLC desorption curve for toluene (blue) and MTBE (black)
diffusion in ZSM-5.
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The diffusivity of toluene in water is slower than that of MTBE. Wilkenhoner et al. found
similar diffusion coefficient values, of the same magnitude order (107°- 10"7), in particular
the diffusivity of Phenol in titano-silicates TS-1 and Al-free Ti-beta and of Phenol, Catechol
and Hydroquinone in titano-silicates TS-1 were compared using water as a solvent. The high
polarity enables the formation of associated complexes e.g. between Phenol and solvent,
within the pores TS-1, and thus reducing the mobility of Phenol in the pores of TS-1 with

water as a solvent [71].
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Case S: Study of adsorption of perfluorooctanoic acid onto

mesoporous materials

Perfluororinated compounds (PFCs) have been widely used in industrial and commercial
applications for about 50 years as surfactants, emulsifiers, fire retardants, polymer additives
and etc. In this study, perfluorooctanoic acid (PFOA) has been considered. PFOA is also
known as C8 and is found in the environment since it may be directly discharged from
pollution sources or generated by the microbial degradation of other perfluorinated
compounds. PFOA is environmentally persistent, bio accumulative, potentially toxic and has
high solubility. Due to this, it has been detected in surface water and groundwater. PFOA 1is
difficult to analyse because it is found in low concentration (uL g') in groundwater.
Therefore, the development of effective techniques to remove it from water becomes crucial.
Different technologies have already been tested to remove PFOA from water such as UV-
visible light irradiation, photochemical decomposition with persulfate ions, membrane
processes and sonochemical degradations, but most of these methods were ineffective [72].

It has been demonstrated in many cases that sorption is an effective and economical method
for the removal many pollutants [73-74]. In this paper, the adsorption behaviour of PFOA on
mesoporous materials has been investigated. Mesoporous materials, as described previously
(see Chapter 1), have been utilized as they have bigger channels than zeolites and adsorption
of large molecules is possible. MCM-41 and HMS were synthesised and characterised in the
‘Institut Charles Gerhardt (ICG), Matériaux Avancés pour la Catalyse et la Santé (MACS)’ at
Montpellier (France) with the supervision of Prof. Francesco di Renzo and Dr. Anne
Galarneau.

The pseudomorphic synthetic procedure was applied to a silica source to obtain MCM-41.
The silica source for the synthesis, called “Aerosil”, was used in a mixture of final molar
composition Si,0/NaOH/CsTAB = 0.1:0.25:0.1 (C;cTAB 1is cetyltrimethyl ammonium
bromide) with 50 H,0, which was stirred and then heated at 115°C without stirring for various
time [15]. HMS, on the other hand, was synthetized following the procedure provided by
Tanev and Pinnavaia [19] and, in particular, TEOS (tetracthyl orthosilicate) was added to a
vigorously stirred solution of amine in ethanol and deionized water in the following molar
composition TEOS/C,¢H33NH,/EtOH/H,0 = 1:0.25:7:36. The materials characterisation was
followed by Nitrogen sorption at 77 K and IR analysis. From Nitrogen sorption (Fig. 2.39), it

was possible to determine surface area (Sggr), pore volume (Vi) and pore size (D BdB)
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(Table 2.8) and it was found that MCM-41 had a smaller surface area and pore size than HMS

according with the synthesis properties.

In order to obtain the specific surface area, the Brunauer-Emmet-Teller (BET) method was

applied. This consists in considering the BET equation:

P
P, B 1+C—1XP
P."vcCc' v.c P,
Vads(l_p_o) m m 0

(2.19)

where V, is the monolayer volume and C is the BET coefficient (Cggr). The Cggr parameter
was measured from the linear fit, in the 0.15<P/Py<0.26 range of the Nitrogen adsorption
isotherm, (P/Py)/(Vaas/1-P/Py]) versus (P/Py). Cger = [(S/I)+1], where S is the slope of the
linear fit and I is the intercept with the y-axis. By means of the intercept and slope values it
was possible to obtain V,, = [1/(S+])], which was necessary to determine Sggr, indeed Sggr =
N,,*V,, was calculated by multiplying the number of molecules adsorbed in the first
monolayer (N,,) by the surface area (V,,) covered by each molecule. The most widely used
value for N, is 16.2 A%, which was obtained by attributing the density of liquid N, to the first

monolayer, after which N, is taken as a constant value of 4.36 [75-76-77].

Pore volume (Vi) was determined by considering the volume of the mesoporous materials at
the top of the adsorption step and then dividing by 646 (the ratio between the liquid and gas
densities of Nitrogen) [75].

In order to determine pore size, the Broekhoff and de Boer method was applied. Using this
method, hexagonal pores of mesoporous materials were assimilated to cylindrical pores, by a
theoretical studies of capillary-condensed liquid from a cylindrical pore; by making use of a
mathematical formula this method was useful in determining the correlation between the pore

diameter (D BdB) and P/P, [77-78].

91



w0 ) )

= o 800
E 500 =
=
% 400 » 600
: &
> 300 T 400
5 200 5
S S 200
> 100 >
0 0 -
0 0,2 0,4 0,6 0,8 1 (] 0,2 0,4 0,6 0,8 1
P/Po P/Po

Figure 2.39: Nitrogen adsorption/desorption isotherm at 77 K of a) MCM-41 and b) HMS.

White circles are adsorption, black circles are desorption.

Table 2.8: Values obtained by Nitrogen adsorption isotherm at 77 K.

Sample name | MCM-41 | HMS
S ger (m/g) | 856 1019
V. (mL/g) 0.66 0.96

D BdB (nm) | 3.75 4.2

In all the experiments adsorption was obtained using the batch method, therefore a given
amount of mesoporous materials was equilibrated with a note volume of PFOA in an aqueous
solution. After equilibration, the solid was separated from aqueous solution and, the PFOA in
the aqueous solution at the equilibrium was analysed through the HPLC-MS. The adsorption
kinetic tests showed that about 70 h of agitation are required to reach adsorption equilibrium
for both mesoporous materials. The kinetic was slow compared to that of microporous
materials. However, previous studies had demonstrated the same time or a time longer period
than ours [72]. The data at low concentrations were fitted using a pseudo-second order
equation [40]: MCM-41 and HMS had similar high correlation coefficients (R* > 0.99),
indicating that chemical interactions were possibly involved in the sorption processes. The
adsorption isotherms were fitted by Langmuir model (see Fig. 2.40) and it can be seen that
MCM-41 and HMS had the same adsorption capacity value (¢,~6 mg g) therefore the same
adsorption behaviour. In the literature, when alumina or GAC were used as adsorbents, a
lower adsorption capacity value was found [73-74], therefore MCM-41 and HMS can be
considerated good adsorbents for removing perfluorooctanoic acid from water, but other
analysis are required in order to understand the mechanism of interaction between the

pollutant and mesoporous materials.
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Figure 2.40: PFOA adsorption isotherm on HMS (red) and MCM-41 (blue).
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CONCLUSIONS

The results of the adsorption of contaminants on hydrophobic zeolites enable a

comprehensive characterisation of the adsorption process:

The adsorption process was fast for all the contaminant-zeolite systems investigated:
equilibrium concentration was reached in few minutes.

High adsorption efficiency of Y and ZSM-5 zeolites in adsorbing MTBE, DCE and
toluene was observed from the saturation capacity data.

The isotherm model type depends more on the zeolite characteristics than on the
contaminant structure.

Evaluation of zeolite selectivity based on the binding constant values, which were
obtained by fitting the adsorption data for the given zeolites- organic system.

The locations of contaminants in different zeolite frameworks were established.

The interactions between organic species, water molecules and framework oxygen
atoms were investigated. The water-organic material complexes strongly interacted
with the framework, thus justifying the deformation of the 10-ring channel systems.
Water effects cannot be neglected especially when hydrogen bonds are involved. The
presence of water should be considered as a multicomponent system instead of a
single component adsorption mechanism.

The competitive adsorption of the investigated contaminants in mixtures was proved.
The competitive process induces diffusion of molecules through the zeolite channel

systems thus causing the reorientation of the extraframework species.

These results show that the adsorption properties of zeolitic materials are difficult to

determine ““a priori” based only on the SAR and the size of the micropores; indeed, the

structural features of zeolite materials strongly affect zeolite selectivity.

Since zeolites are known to be powerful catalysts for different organic reactions, a novel

mathematical model to describe the flow reaction systems was proposed. The model is able to

describe both the interconversions and the reactions during separation. Some basic features of

the process - such as the interconversion kinetics constants - and/or operative variables - such

as column length (or flow velocity) — and their influence on the chromatographic can be

obtained from experimental data by fitting with the proposed equations.

Finally, in the present thesis the efficiency of synthesized mesoporous materials in the

adsorption of perflourinated acids contaminants was also proved.
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of both kinetics rate constants and retention time on the chromatographic peak shape are singled out.
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1. Introduction

Efficient, economical product or process design requires accu-
rate fundamental data values such as transport properties,
adsorption energy and kinetic rate. Likewise, the fundamental
understanding of many processes requires the use of thermody-
namics, mass transfer with chemical reaction in nonideal systems
[1,2]. Moreover in product design, it is well known that the stability
of certain chemicals is an important issue in chemical and phar-
maceutical studies, since most biochemical processes or chemical
properties are stereochemically controlled. Different methods can
be adopted to evaluate these data and a comprehensive review of
these can be found elsewhere [3].

One of these techniques is dynamic chromatography stud-
ied by Biirkle et al. [4], which offers several advantages over
other methodologies. Indeed, chromatography makes it possible
to obtain mass transfer, adsorption and kinetics data and can
be employed in non-linear conditions [5]. However, a prerequi-
site for employing this technique is that reaction must take place
within the separation timescale (on-column reaction chromatogra-
phy) [6-12]. Different methods can be employed to extract kinetic
parameters from the experimental chromatograms [3,4,13-16].

The focus of the present work is to represent the dynamic chro-
matography from a microscopic point of view in order to provide
a new method for determining the kinetic constant by dynamic
chromatography experiments. In particular, the on-column reac-

* Corresponding author. Tel.: +39 0532 455346; fax: +39 0532 240709.
E-mail address: l.pasti@unife.it (L. Pasti).

0021-9673/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2009.10.036

tion chromatography process is described by using the stochastic
model of chromatography [17]. Originally developed by Keller
and Giddings [18], there has been renewed interest in this model
since it makes it possible to correlate macroscopic classical chro-
matographic parameters with the behavior properties of individual
molecules [19,20]. These arguments partially support the use of
the stochastic approach even to study interconversion phenom-
ena. The main reason for this is that, when coupled with the
so-called characteristic function (CF) approach, the solution found
using this model can be expressed in closed form in the frequency
domain even when complex chromatographic cases are considered
[19-25].

The theoretical dynamic chromatography model, here devel-
oped, follows the general formalism proposed for the photon
statistics model of single molecule observation [26-28]. Since in
this last case the model solution is available in terms of CF, the
model of dynamic chromatography will be obtained by coupling
the reaction kinetics description with the stochastic model of two
sites chromatography [22]. By this way, the representation of the
chromatography profile will be available in the Fourier domain,
as a function of the process parameters: this makes it possible
to estimate the kinetic constants of reaction-elution processes
by fitting the whole experimental chromatographic profile in the
Fourier domain [20]. Thus, the methodological approach followed
here differs from both the original theoretical plate model of chro-
matography [4,24], and its extensions based on the introduction of
stochastic terms describing the peak band broadening [29-31].

In the present approach to on-column reaction chromatography,
the classical reduction of the kinetic scheme from the four states
to two states will be followed [16,32,33]. This will imply a certain
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degree of approximation. Moreover, the focus will be essentially on
the band broadening coming from the phase exchange kinetics and
reaction, neglecting other significant aspects such as the mobile
phase diffusion and eddy diffusion. The aim of this study is, in fact,
to explore the potential advantages of using a stochastic description
of dynamic chromatography.

2. Theory

The theory section of the present paper starts by recalling
some basics of the stochastic model of chromatography and ends
with a treatment of the chromatographic elution of molecules
undergoing first order reaction. Description of the model follows
the general formalism for a four-states kinetics system [4,16,33]
and then this kinetics scheme is reduced to obtain a two-states
system. Finally, the general expression for the chromatographic
peak in reaction chromatography is derived together with partic-
ular solutions valid for given reaction kinetics in the separation
time considered (reaction time scale). The obtained solution does
not account for important chromatographic phenomena, such as
mobile phase and eddy diffusion, responsible for peak broadening.
Details of the mathematical description of the process are reported
in the Appendixes A-D given in Supporting Information.

2.1. Dynamic microscopic description of the chromatographic
process

In chromatographic separation, analyte molecules can be cap-
tured by the active surface sites and they can stay there forarandom
amount of time (;); while they remain on the sites, the molecules
are delayed vs. the main stream of the flowing mobile zone. After
this time has elapsed they revert to the mobile phase until a new
sorption event (n) occurs: the sojourn time undergoes to random
jumps process. As a consequence, the analyte volume travels along
the column at an average velocity, which is lower than that of the
main stream. Moreover, the mobile phase volume occupied by the
moleculesis enlarged as aresult of the random nature of the captur-
ing and releasing processes (chromatographic band broadening).

The one site model of chromatography describes a chromato-
graphic process involving solely a single kind of site (i.e. surface
site homogeneity) (see Appendix A). In chiral chromatography at
least two different active site types are present on the surface of the
stationary phase and molecules could interact with both. The dis-
tribution of the time spent on each site is related to the molecule
interaction energy on these two different sites. In chromatogra-
phy literature the latter model is the so-called two sites model or
biLangmuir model [5] and it is generally used to interpret enan-
tiomeric separation. In enantiomeric chromatographic separation
both enantiomers may be present in the mobile phase and they
undergo different interactions with the two active stationary phase
sites. In a simplified model, each enantiomer interacts selectively
with just one site. If the two enantiomers can interconvert during
the separation, then each molecule can be present in four different
situations which correspond to the four states of the system (see
Fig. 1a).

2.2. Model of first order dynamic chromatography

Let us consider an experimental interconversion batch involving
enantiomers A and B partitioned between the M phase—a non-
chiral homogenous phase and the S phase—the chiral phase (see
Fig. 1a) The achiral and chiral phases are, respectively, the mobile
and stationary phases in the chromatographic column correspond-
ing to the batch system.

The considered system involves four different conformer types,
which, in agreement with Refs. [4,29-31], are indicated as:

(1) Ay, lowest retained conformer in the mobile phase;
(2) By, highest retained conformer in the mobile phase;
(3) As, lowest retained conformer in the chiral stationary phase;
(4) Bs, highest retained conformer in the chiral stationary phase.

This model is a four-states system: at a given time t, a given
molecule can be in one of the four above-described states. When
the reaction rate constants are employed to describe the system,
one should also consider the relationships existing between these
constants. The principle of microscopic reversibility [4,29,34] states
that, when a batch system is at equilibrium, the transition fre-
quency is the same in both directions for each individual reaction
step. Consequently, in any cyclic reaction the product of the rate
constants going one way around the cycle is equal to the product
of the kinetic constants describing the reverse reaction going the
other way. With reference to Fig. 1 one has:

KB kM kiks = KEBKMKA K5 (1)

where K/, and K’ | with j=M, S are the forward and backward reac-
tion rate constants in the mobile (M) and stationary (S) phase,
respectively; k’1 ,and k’f1 withj=A, Bare the sorption and desorption
rate constants of the species A and B, respectively.

The main difference between a batch system like the one
described above and the corresponding chromatographic system is
that, in the latter, it is important to evaluate the time evolution of a
single molecule and its statistical properties instead of the molec-
ular averaged chemical composition of the batch system at a given
time. The batch results can be applied to the dynamic chromato-
graphic process thanks to the ergodic hypothesis which states the
averages obtained from a large molecular population and over a
long observation time are equivalent.

In a macroscopic chromatographic system, under linear condi-
tions, the microscopic reversibility principle holds true [4,16,34].
Under the hypothesis that kM, = kM, Egs. (1) and A-6b show that
this condition is verified in a chromatographic separation of enan-
tiomers using an achiral mobile phase (see Fig. 1a) and, after
rearrangement (see Appendixes B and C), one obtains:

K Kg  ky Tsa @)

K=—1=2"= .
k§1 Ka k//‘\ Ts,B

where Ts 4 and 75 p are the average time spent during one species A
or Bsojourn step in the stationary phase (S). Likewise, k), and k are
the capacity factors of the pure enantiomer A or B, respectively (see
Eq. A-6a). Kz and K, are the stationary-to-mobile phase partition
coefficients for species B and A, respectively, and K° = Bs/As.

Eq. (2) is obtained under the hypothesis that the mean time
spent in the mobile phase (see Eq. A-2) is constant for all species
involved. Moreover, Eq. (2) shows that, in the stationary phase, the
interconversion rate is inversely proportional to a molecule’s mean
residence time in the corresponding conformational state in the
stationary phase:

1
kS o — 3
T (3)

2.3. Reduction of the kinetic scheme

In a chromatographic experiment it is only possible to observe
the history of the molecule inside the column as a whole—that is,
the sum of the times spent in each of the four possible system states.
The kinetic scheme can be simplified as a two states system: each
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Fig. 1. (a) Kinetics scheme of a four-state system and (b) kinetics scheme of a two-state system.

containing, respectively, the mobile and stationary phase states of
the enantiomers A and B:

dP,
TrA = kgPp — kaPa (4a)
% = kAPA — kBPB (4b)

where k, and kg are the two observed reaction rate constants and
P4 and Pg are the molecular populations (i.e. the number of species)
of the two states (enantiomers) A and B independently of their stay
in the M or S phases (i.e. their sum).

The reduction of the four-state scheme to the two-state system
in Fig. 1b can be achieved using different approaches, each implying
different degrees of approximation [35-37]. Details of the approach
adopted here are reported in Appendix C.

The apparent kinetic constants, already derived for a macro-
scopic system [31,38-40], in the case of the simplified two-states
microscopic model are (see Appendix C):

T5.5KS | + TykM K,
kg = ( Slust L - - el S (5a)
v+ Ts,B T+kp 1+kpg
Ts akS | + Ty kM K,
ka _ (kS +mkZy) 1 M A kS (5b)
™ + Ts,A 1+I€A 1 +qu

Reaction dynamic chromatography experiments generally yield a
peak cluster composed of two peaks of the unconverted enan-
tiomers and a large central peak formed by the molecules involved
in the interconversion reaction. Thus, it is conceptually useful to
divide the chromatograms into two parts: one for the unconverted
species, the other for the converted species.

2.4. Peak generated from reaction chromatography

In chromatographic experiments, retention times are the func-
tions of numerous variables. Different instrumentation parameters
such as flow velocity, column length, temperature can influence the
eluted species peak profile as well as the contribution due to the
chemical interaction between the analyzed species and both the

stationary and mobile phases. In order to simplify the mathemat-
ical handling and unify the model description of these processes,
changing the process time variable is convenient. Subsequently, a
peak profile description for unreacted species is derived and finally
a general expression for the profile of reacted species is obtained.

2.4.1. Change of the process variable
Let us define x as follows:

(t —tra)

(trp — tr,.A)

(t—tga)  (E'—1g,)
Atg (tl,Q,B — tl,?,A)

(6)

where tg; and t;{ ; are the retention times and the corrected reten-
tion times, respectively referred to the species in the conformation
state i withi=A or B.

The x variable represents the normalized time of the intercon-
version reaction within the limited interval of the chromatographic
experiment, defined as the difference in retention times of the two
pure enanatiomers, Atg, here referred as “observational time”, in
analogy with single molecule photon transition experiments [26]
(see in the following). We can thus consider a molecule of enan-
tiomer A (less retained enantiomer) which is eluted at tg4 as a
molecule that never visited a type B site and thus never remained
in molecular state B, in the stationary phase. Note that the mobile
phase is, in fact, assumed achiral and thus it is not possible to
detect any interconversion process occurring therein. Conversely,
a molecule of enantiomer B (most retained enantiomer) which is
eluted at tg 3 is @ molecule that never visited site A and thus was
never in the state A, in the stationary phase. Consequently, we can
associate a molecule eluting at tg 4 with a zero probability of tran-
sition from A to B. In fact, by substituting t=tg,4 in Eq. (6) one has
x=0. Likewise, a molecule of enantiomer B, which is eluted at tg g,
has a zero probability of transition from B to A.

Thus x represents the fraction of the observational time Aty
spent in the B state (in the stationary phase). It can be observed that
x also represents the fraction of molecules which are in state B at
any given time (i.e. Pg/(P4 + Pg)). One can thus set the two following
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Fig. 2. Scheme of the propensity functions of the process.
expressions:
aa(x) = (1 —x)ks (7a)
ag(x) = xkg (7b)

where a,(x) and ag(x) are the transition frequencies for the uni-
variate processes A— B or B— A, respectively. a,(x) and ag(x) are
the so-called “propensity functions” characterizing, from a stochas-
tic point of view, the reversible isomerisation reaction in Eq. (4a)
as proposed by Gillespie [41] (see Appendix C). It is important to
underline that the propensity functions here introduced do not
include concentration of reacting species.

At the equilibrium (i.e. X=X.q), the process becomes stationary
and it has to satisfy the detailed balance condition [41]—that is, the
frequency transitions are the same in each direction for every pair
of states (see Fig. 2):

(1 = Xeq)ka = Xeqkp (8a)
By rearranging Eq. (8a) one has:

ka

— 8b
Xed = Ja + kg (8b)
which is the equilibrium condition of state B occupancy in the sys-
tem.

The concentrations c4 and cg can be obtained from the respective
population P4 and P by dividing by the system volume. Forx=1 and
x=0 Eqgs. (4a) and (4b) expressed in concentration units become:

dc,
g = kaca(®) (9a)
dc
a = kecs(0) (9b)

The solution of the differential equations in the time domain are
given, respectively, by

caltr.a) = €3 exp(—katg a) (10a)

c(tr,p) = ¢ exp(—kptr p) (10Db)

Egs. (10a) and (10b), obtained in the framework of the kinetic
microscopic description (see Appendixes B and C), correspond to
those achieved by discontinuous equilibrium models based on the
description of the chromatographic column as a sequence of theo-
retical plates [4,16]. However, a detailed comparison between the
present approach and that presented in Refs. [29-31,38-40] would
deserve a specific study, especially for that which concerns the
introduced approximations, the limit conditions of the model and
the applicability of limit solutions.

2.5. Case a: peaks generated from unconverted molecules

By combining Eqs. (10a) and (10b) with Egs. A-6¢, d and e, one
obtains:

caltra) = c3 exp(—katg.a) = cgexp(—kjty o — kM tw) (11a)

ca(tr,B) = c§ exp(—ktg g) = cg exp(—k>  t; p — kY ty) (11b)

By assuming that the time spent in the mobile phase is constant
for any eluted substance and that the forward and backward reac-
tion rate constants in the mobile phase are equal (i.e. k’f”l = k’l"’ ), it
follows that:

exp(—kM, ty) = exp(—kMty) = const (11¢)

The time spent in the mobile phase is constant for unreacting
molecules. On the other hand, molecules involved in on-column
reaction, are allowed to spend a variable amount of time in mobile
phase (see Section 2.7 Egs. (28a)-(28c)).

The above-defined quantities c4 and cp are the concentration or
number of species partitioned between the mobile and stationary
phases in any given conformation (i.e. A or B, respectively). These
molecules spent time only in one of the pairs of states related to
a given conformation (i.e. A or B). In the stochastic description of
chromatography, these molecules behave as though retained on a
one-site chromatographic column since they only interact with one
site of the stationary phase. This one-site model of chromatography
(described in Appendix A) [19] can thus be applied to model the
unconverted species and the functions describing the peak profile
in frequency domain - scaled with respect to ty, - are:

- 1
= ca(tr.a) exp {n {1—1@%5,,4 — 1} }

- 1
(p(w)S,B|unC = cp(tr,B) €Xp {n |:1la)‘_553 - 1} }

@(w)s’A’unC and, Cb(a))s.B‘unc are the CFs of the chromatographic
process, over the sites A and B, respectively. Eqs. (12a) and
(12b) do not account for any band broadening phenomena with
the only exclusion of that coming from the randomness of the
sorption-desorption process.

The chromatographic elution peaks for the unconverted species
in the time domain can be obtained from the CF (Eqs. (12a) and
(12b)) by aFast Fourier Transform (FFT) algorithm as described else-
where [19]. Alternatively, the parameters defining the peak (i.e. in
and Ts 4) can be estimated by fitting in the frequency domain [21].
The corresponding time domain solution is reported in Appendix A
(see Egs. A-5a and b).

P(w)s 4 (12a)

unc

(12b)

2.6. Peaks generated from molecules that react during column
migration

2.6.1. Case b: fast interconversion kinetic

Let us now consider molecules that react very fast vs. the
separation process time scale. Such molecules can be present in
both conformational states A and B in the stationary phase, and
they interact with the corresponding sites of the stationary phase.
During the time spent inside the column, those highly react-
ing molecules perform a high number of jumps (n) between the
mobile and stationary phases and are in a stationary or equi-
librium position, as above-described with reference to Egs. (8a)
and (8b). Consequently, by considering the equivalence between
chromatographic site and molecular conformational state, the
chromatographic process can be fully described by the two-sites
stochastic model of chromatography [22].
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At the equilibrium condition, the fraction of visits to B site is
given by Eq. (8b). The corresponding two-sites chromatographic
process can be described by:

¢s(w)’fas[ = exp [i((1 = Xeq )¢5, A(®) + Xeqps p()) — 1]

kB
1—Xgq=—=1-p
Ok (13)
ka
Xqu?_p
k =ks + kg

where ¢sa(w) and ¢sp(w) - given by Eqgs. (12a) and (12b) with
ca(tra)=1 and cp(trg)=1, respectively - are the CFs of the chro-
matographic process for a unit amount of species, over sites A
and B, respectively (see Eq. (6b)). We observe that quantities xeq
and 1 —Xeq just correspond to the fraction of the two site types, p
and (1 —p), in the two-sites stochastic model of chromatography
[19,22].

Under the hypothesis that the number of jumps in the stationary
phase is a Poissonian variable of average 7, in the case of a two-site
model the probability density functions describing the number of
jumps to sites A and B will have averages equal to ii4 and fng, respec-
tively. This hypothesis does not hold for slow reactions. In such
cases, changes in the average number of jump of reacting species
have to be accounted for (see Section 2.7). The retention time of the
peak described by Eq. (13) can be expressed as:

b o = AT —ﬁ( Ko zat A3 )
R.eq ™ S.eq = kA-i-kB S.A kA-l-kB S.B

th eq corresponds to the weighted retention time of a mixture of
enantiomers, having weights equal to the equilibrium states pop-

ulation. The quantity Ts ¢q:

(14a)

(14b)

%5:<"B%+k"%)
gl ka + kg A ka + kg 5B
is the corresponding “equilibrium” average sorption time of a single
sorption step characteristic of the fast interchanging species.

Eq. (13) is the CF referred to a unit amount of species. The
total amount of interconverting enantiomers c* corresponds to the
amount not eluted as pure enantiomersAor Bat tg 4 and tg g, respec-
tively, and thus, from Eqgs. (11a) and (11b), we get:

¢ =cj + ¢ = c3(1 — exp(—k5tr.a)) + co(1 — exp(—kztr )  (15)
The searched solution of the peak profile in the Fourier domain,
obtained from Eqgs. (13) and (15) is

DY)y = € XP [A(1 ~ Xeq)g5.4(@) + (eq)ps p()) ~ 1] (16)

2.6.2. Case c: low interconversion kinetics

In the most general case, the reaction time scale can be similar to
the separation time scale: each molecule spends part of the time in
both conformations. Consequently, the average molecule migration
velocity is expressed as a weighted sum of the migration velocity of
the two pure enantiomers. The weights are related to the fraction
of time spent in each of the two states. To determine the latter
quantities, a two-states jump model is employed. Such a two-states
jump process is characterized by a single relaxation rate constant
k=ka + kg, and by p =ka/k, the probability of finding the molecule in
state B which is equal to x.q (see Eq. (8)).

The concept of the “random trajectory” of a single molecule
&(t) (see Fig. 1b) constitutes the starting point for calculating the
fraction of average time spent in each state. &(t) is the stochastic
occupation variable which is set to 0 when the molecule is in state
A, and 1 when the molecule is in state B. The time spent in the state
Aor Bis assumed to be exponentially distributed (corresponding to
a first order kinetics). Consequently, the number of jumps between

the two states follows Poisson statistics (see Eq. A-1, with p =1/k).
For a given trajectory lasting t, the time spent in state B is the inte-
gral of £(t) over t. Consequently, the previously introduced quantity
x (see Eq. (6)) can now be expressed as:

(Rg tRy
C ) [ 1
*= (trg —tra) Atg /E(t)dt_ T/E(t)dt (17)
Ry tRy

where Atg=tgp—tra=T - sake of notation simplicity equal to T
- and x is the fractional time spent in the state B and it is now a
stochastic variable and is characterized by its distribution, since
the “histories” of a molecule, &(t), giving a value equal to (t —tga)
as the integral in Eq. (17), can be more or less probable.

The probability density associated with x and notated as P(x|T)
can be obtained as a sum of two contributions:

P(x|T) = ap(x|T, A) + bp(x|T, B) (18)

where p(x|T,A) and p(x|T,B) are a molecule’s probability density of
spending xT time in state B for molecules initially in the states A
and B, respectively (x=0, with t = tg,, see Eq. (6)); a and b are the
fractional populations of the states A and B at the initial condition
(a+b=1).

The solution of the problem (see Appendix D) can be obtained by
following the method known as the Kubo and Anderson formalism
[42,43], extensively employed in developing the line shape theory
of interconverting chromophores [26-28,44,45]. The two-states
enantiomeric interconversion and two-states dynamics processes
of a chromophore molecule under stationary conditions [46] are,
in fact, closely related from the stochastic-kinetic point of view
because: (i) they follow the same first order kinetic scheme (see
Figs. 1 and 2); (ii) they can be represented stochastically through
two-states single molecule random trajectories (Eq. (17)); (iii) the
statistics of these random trajectories are the same; and (iv) the
probability density of trajectories at xT can be obtained as a sum of
two contributions (Eq. (18)). As mentioned above in Section 2.2, the
present approach can be applied to describe a macroscopic system
composed of a large number of molecules or observed for a long
period of time vs. the reaction time scale.

By applying the Fourier-Stiltjes transform to Eq. (18) one
obtains:

P(x|T) = ap(x|T, A) + bp(x|T, B) (19)

where P(x|T), p(x|T, A) and p(x|T, B) are the CFs of P(x|T), p(x|T.A) and
p(x|T,B), respectively. p(x|T, A) and p(x|T, B) were solved in Ref. [47]
(see Appendix D):

2 2 2
(20a)

D(w|T, A) == exp (—M) (d)coshdﬂ +(k+ ia))sinh¢T) /P

P(wIT, B) = exp (*@) ((Ibcoshg + (k- iw)sinh%) )
(20b)

where

s (163w (2))

w=27|T is the frequency. t=T+tg4 since the time windows in
the considered chromatographic experiment is, as specified in
Appendix D, tg, +tg, +T.

(20c¢)
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By considering Eq. (19) and given the linearity properties of the
Fourier transform, by combining Eqgs. (20a) and (20b) one obtains:

kt — iwt)

P(X|T) = exp (— 5

gt (k—ilp—(1/2))w) . . Pt
X (cosh S5+ I S— sinh 2) (21)

i.e. the CF total probability of being in the B state.

Eq. (21) was originally derived by Reilly and Skinner [47] to
interpret chromophore transition of a two-level system. The prob-
ability density CF associated to x due solely to interconversion can
be obtained from Eq. (21) by applying the following relationship:

Py(wIT) = P(wIT) - Pj(w) - Ph(w) (22)

where @%(w) and @j(w) are the CFs of the probability density
functions of the fraction of unconverted molecules in A and B,
respectively. The unconverted quantities in concentration units
were discussed in paragraph 2.5 (Egs. (12a) and (12b)). Thus the
pertinent expressions - as fractional units and starting from equi-
librium conditions in Fourier domain [48] - are:

Pp(w) = (1 —p) exp(—pkt) (23a)

Pp(w) =p exp(—(1 — p)kt)exp(—iw) (23b)
Starting from Eq. (22), other useful relationships can be
obtained, in particular:

2.6.3. Limit solutions
If kt>> 1, which corresponds to moderately fast kinetics, Eq. (21)
becomes:

P(w|T) = exp(iwpt) exp (_p(lkz P)wz) (24)
which is the CF of a Gaussian function [47] having a mean equal to
p and variance o:

_ 2p(1-p) (25)

o
kt

The limit for kt — oo, i.e. for very fast interconversion kinetics
(see Section 2.6.1) one has:

plwlT)=p (26a)

P(x|T) = 8(x — p) (26b)

Eq. (26a) is, in fact, the CF of a Dirac function (Eq. (26b)). The
probability density P(x|T) thus consists of a single spike located at
x=p. In this case all the molecules rapidly interconvert vs. the sep-
aration time scale and the result here obtained confirms what was
previously found in Section 2.6.1. The main difference between Eq.
(26a) and Eq. (16) is that Eq. (26a) does not take into account the
chromatographic band broadening contribution that will be con-
sidered later on.

The limit of Eq. (21) for kt — 0 is [47]:

P(x|T) = (1 - p)8(x) + p8(1 — x) (27)

Eq. (27) represents two spikes positioned at the extremes of
the x domain and having abundances equal to the thermodynamic
limit (1 — p) and p, respectively. These functions correspond to the
spikes of the non-reacting molecules handled in Section 2.5 and
again do not include the contribution of the chromatographic sorp-
tion/desorption process.

2.7. From the probability distribution to the chromatographic
peaks

The discussion developed in the previous paragraph (i.e. 2.6)
was mainly concerned with the derivation of the B state popula-
tion at a given time xT, resulting from the isomerisation reaction:
Apmis © Buy.s (see Fig. 1b) under stationary conditions. The chro-
matographic process superimposes the reaction as a process of
exchange between the mobile and stationary phases - Ay; & Ags and
By < Bs - and it contributes to broadening the elution band both
because of the random nature of the stay of site A or Bin the station-
ary phase and the random character of the interval between two
subsequent adsorption processes from the mobile phase (see Sec-
tion 2.2). Other band broadening processes, that can be significant
and/or prevailing in chromatographic experiments [5], will be not
handled in the present work. For each x (or xT) value, the number
of jumps between the two states n(x) is a Poisson variable (see Eq.
A-1) which, when combined with the distribution of time spent in
one state, gives the peak shape function in either the time domain,
as developed by Giddings [18], Kramer [24] and Cremer [25], or in
frequency domain (see Appendix A). This was essentially the result
for fast reaction chromatography, when the equilibrium approxi-
mation x = x.q was adopted. Now, the approach must be extended to
account for the distribution of x values (see Eq. (21)). The stochastic
theory of dynamical chromatography includes this second stochas-
tic variability thus far developed. The band broadening process in
the interval tgp <t <tgp, i.e.in 0 <x <1 (see Eq. (6)) will be applied
by rescaling this interval as number of jump units (n(x)). The chosen
unit, as will be showed in the following, will be equal to Ts ¢4 since
for it the chromatographic band broadening function is accessible
in the Fourier domain (see Eq. (13) withn = 1).

The fundamental quantity x defined in Eq. (17) can be redefined
(see Eq. A-6d) as follows:

N(X)Ts.eq — NTs,A

X= ——F "7 28a

n(Tsp — Ts.a) (282)
t =n(xX)Tseq (28b)
In Eq. (28a), one can see that for x =x.q one has n(x.q) = n. By rear-
ranging Eq. (28a) one obtains:

(x(Ts,p — Ts,a) + Ts,4)
Ts,eq

n(x)=n (28¢)

According to this equation, n(x) is rescaled with respect to x and,
since in Eq. (28c) the averages terms (7; and 71) are constants, P(x) (or
its CF P(x)) can be directly transformed to a probability distribution
of n(x) (i.e. P[n(x)]) [48,49]. Note also that, according to Eq. (28c),
n(x) is a continuous variable like x or t.

The retention profile for each t value is generated by the corre-
sponding number of jumps, and the sorption time value given by
Ts,eq 1S assumed to be common (see Eq. (14b)). The above assump-
tion can be qualitatively explained by considering that the change
in probably of state occupation due to system reaction can be
viewed as a change in the number of jumps or, equivalently, in
the corresponding change in permanence time, following the same
approach proposed in the stochastic description of chemical kinet-
ics processes [45]. In fact, in the chromatographic two-sites model
(see paragraph 2.1), on one side the sorption time distributions do
not change in time since the site adsorption properties are consid-
ered constant. Moreover, the number of type A and B sites in the
stationary phase is also constant. Instead, the number of molecules
which can specifically interact with sites A or B (see Fig. 1) evolves
during the course of separation due to the interconversion reaction:
the jump number is accordingly modulated (Eq. (28c)).

The assumed hypothesis that expresses the t quantity as the
product of two sole random quantities, n and Ts ¢4, allows us to
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obtain a solution for the coupled interconversion-phase exchange
processes of dynamical chromatography by applying the mathe-
matical formalism employed in handling the so-called stochastic
dispersive model of chromatography [19]. In fact, in both cases, the
band broadening due to reaction or to inhomogeneous flow veloc-
ity is translated into a probability distribution for the jump number.
The jump process acts as a process that directs the sorption process.

The presented approach can be applied only to systems con-
taining a large number of molecules. In terms of CF, the solution is
expressed as follows:

log(soy(w))) (29)

Wrot(@) = Pais ( ;

where ¢, is the CF of the chromatographic retention process
referred to either to 71 or tj; unit values and ¢g;; is the CF of the prob-
ability dispersion function of either n(x) or ty;(x) (equal to = n(x)Ty,
see Eq. (28D)).

In the present case, by assuming the initial condition corre-
sponding to condition of equilibrium, under conditions of n=1, Eq.
(13) becomes:

1 kg ka
(kA + kB) ((1 — ia)i'g,A) + (] _ iw%S,B) - (kA + kB)))
(30)

pu(w)=exp (

The CF of the directing process (i.e. ¢4;;(@)in Eq.(29)) is obtained
from Eq. (21) and by performing the variable change from x to n(x)
[46] one obtains:

kt — ia)t)
2

Yais(w) = ﬁ(XlT)% = exp (_

(COSh % + M sinh ¢2t>

SIS

% (31)

The final expression is obtained from the combinations of Egs.
(28)-(31). In particular the argument of @g; in Eq. (29) should be
log(gu(@)i).

The previously described coupling of the chromatographic band
broadening process with the reaction process was based on the
assumption that the unitary band broadening contribution was
constant within the domain tgp <t < tg g, The consequent approx-
imation degree is here estimated as follows: peak variance and
the number of theoretical plates in standard stochastic theory of
chromatography (e.g. Eq. (12a) or (12b)) [17,5] are given by

02 = 2nTs (32a)
tr\?
N = (7) —2n (32b)
o
In the present case from Eq. (28c) one obtains

, for x equal to 0, xeq and 1, n(0) =71 x (Ts a/Ts,eq), N(Xeq) = 11 and
n(1) =7 x (Ts,p/Ts,eq), respectively. Consequently since T=Ts qq,
one has, by using Eq. (32a), 02 (0) = 215 aTs,eq, 0%(Xeq) = Zﬁi'g’eq
and o2%(1)= 2ATs pTseq. By considering Eqs. (12a) and (12b),
(13), (14b), and (32a)), the exact values should be ¢2(0) = 27'1%52’/4,
02(Xeq) = 20172 ¢ and 02(1) = ZﬁiiB. Consequently one see that
chromatographic band broadening calculated by using Eq. (29) is
exact in the case of x =x¢q, and overestimated and underestimated
in the domains 0 <x<xXeq and Xeq<x <1, respectively. However
one should remember that, beside the chromatographic band
broadening there is, in addition, the contribution due to the
reaction (see e.g. Eq. (25) in the case of fast kinetics) and they are
additive in variance. In most cases the variance contribution due to
reaction the most important one (see Section 4). Consequently the
bias should be of minor relevance Alternatively, the whole process

can be split into its two components labelled A and B (see Eqgs.
(19)—(21)) and the solution is then given as a sum of the respective
contributions, i.e.:

@rot(@) = Pror, A(@) + Prot,B(@) (33)

where the argument of ¢4 and ¢ p (see Eqgs. (21) and (22) and
D-9 a and b, respectively) are log(¢sa(w)/i) and log(¢s g(w)/i) with
psa(w) and @sp(w) given by Egs. (12a) and (12b) when c4(tga)
cg(trp) are both equal to one. The importance of Eq. (33) is that
it represents the correct expression for the peak shape in Fourier
domain. Its meaning will be thoroughly described in the discussion.
The advantage of employing Eq. (33), expressed as separate com-
ponents, instead of Eq. (31) is that it allows one to consider cases
where the initial concentrations of the two reacting species differ
from one another (i.e. on-column reaction chromatography).
Finally, the general solution is obtained by multiplying Eq. (31)
by the total amount of the interconverting enantiomers c* (see Eq.

(15)).
3. Computation

Computations were done by using Mathematica version 4.1 or
Matlab version 5.0 routines. The numerical FFT inversion procure
was described elsewhere [17].

4. Results and discussion

Eqgs.(12a)and (12b)represent the chromatographic peak profile
in Fourier domain of the pure enantiomers A and B, and Egs. (33)
the corresponding peaks due to first order reaction chromatogra-
phy. By summing the contributions due to only one enantiomer A
(or B)itis thus possible to obtain the equations describing the chro-
matographic response of a single species. The peak profile in the
time domain can be obtained as numerical inversion of the above-
mentioned equations. This set of equations (i.e. Egs. (12a) and (12b)
and (33)Egs. (12) and (33)) represent thus a solution of the on-
column reaction chromatography model, however, they appear
mathematically cumbersome to be applied to experimental chro-
matograms. For this reason several approximate or limit solutions
were in addition obtained. In particular, a simplified solution that
describes the effect of fast or moderately fast kinetics (i.e. kt > 1, see
Eq. (24)) under linear elution condition, can be approximated by a
Gaussian-like central peak. With respect to the previously reported
handlings, the present stochastic approach was able to obtain gen-
eral and specific solutions in closed form under frequency domain,
fully describing the dynamical chromatography (Egs. (29) and (33)).
In the following basic features of dynamical chromatography and
its dependence on interconversion kinetics and operative variables
such as column length are exploited. The retention time data and
column efficiency values of the selected examples were chosen in
order to mimic real cases.

In Fig. 3 the time domain solution for the peak profile of two
separated reacting species is plotted. Each profile represents the
chromatographic peak corresponding to the elution of an injected
solution containing only one component which reacts during the
chromatographic run. They were obtained by numerical inversion
of the function generated by summing the chromatographic peak
profile in the Fourier domain for the pure enantiomers A and B
(Egs. (12a) and (12b)) with the corresponding peaks resulting from
first order reaction chromatography (Egs. (20a) and (20b)), i.e. the
description of reaction chromatography, where only one of the
species is present at the beginning of the separation process. One
can see that the first enantiomer A appears as a peak at tg =23 min
(which is product obtained by multiplying n(=9045) by the sum
of Ty + 74, according to Egs. (7a) and (7b)Eq. (7e)). A decaying tail,
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Fig. 3. Simulated peak: (a) n=9045, ts4 =0.1331s, 755 =0.2032's, k4 =0.0252 min !,
T=33.66 min; (b) ks =0.0222 min~! (all other parameters have been kept constant
and equal to (a)).

corresponding to the transformation, follows this peak A — B.In the
same figure, the B peak appears with an increasing front followed
by the peak located at tz (=34 min). The reported example refers
to a slow interconverting enantiomeric mixture (k4 =0.0252 min~1,
kg=0.0222 min~').If the injected solution contains both the species
A and B, the resulting peak profile can be obtained by summing the
contribution of each.

In dynamic chromatography experiments the observation time
T plays a key role in determining the shape of the resulting
chromatographic peak for a given reactive substance. In fact, the
quantity kT characterizes the reaction kinetic time scale (k, see Eq.
(13))vs.separation time scale (T). Fig. 4 provides an example of sim-

(a)

(b)

15 20 25 30 35 40
tg (min)

1007

ulated chromatograms corresponding to increasing k values from a
to f while keeping T constant. In this series of chromatograms, the
retention time for the pure enantiomers is kept constant by fixing
the values of T (=tg g — tra), 11, Tp and T4 for all simulations. In Fig. 4a
no interconversion takes place (see paragraph 2.5); in Fig. 4b-d
interconversion rates are steadily increasing and all the compo-
nents due to pure enantiomers and reacting species are present.
Finally, in Fig. 4e and f, only one central peak is present. These last
two cases correspond to the moderately fast kinetics discussed in
Section 2.6.3. By comparing the peak shapes seen in Fig. 4e and f,
one can see that peak width decreases as kinetics constant values
increase and this is in agreement with what has been predicted
from theory.

Increasing the observation time of moderately fast reactions
should lead to a decrease in peak variance; this follows from the
inverse proportionality relationship between kinetics constant and
observation time. In chromatographic practice, a species’ residence
time in a column is related to column length or mobile phase
velocity, two related variables (see Appendix A). Fig. 5 reports sim-
ulated chromatographic peaks obtained for different separation
times, thus providing an example of the influence of this feature.
It can be observed that peak band broadening increases with time.
Two factors have to be considered in evaluating the band broad-
ening in reaction chromatography, namely: (1) chromatographic
(i.e. sorption/desorption) band broadening and (2) the global pro-
cess separation time. From stochastic theory of chromatography
one knows that peak variance for a one-site column is given by Eq.
(32a). Therefore band broadening increases with n. Figs. 4 and 5a
reports the peak corresponding at the highest n value. In this case,
the calculated chromatographic band broadening was found to
be 02=0.188 min? (for n=10,000, tau=0.1838s"1), a small value
when compared to the total peak variance o2 =2.25 min?. It follows

16
12 (d)
08

04

2 (e)

(f

15 20 25 30 35 40
tg (min)

Fig. 4. Simulated chromatograms. Effect of increasing k value: n=9045, 754 =0.1331s, 755 =0.2032s, p=0.53 (a) kT=0.16, (b) kT=0.8, (c) kT=1.6, (d) kT=8, (e) kT=16, and (f)

kT=24.
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0.0 0.33 0.66 1
x

Fig. 5. a) Simulated chromatograms. Effect of increasing process time:
754=0.1204s, ts5=0.1838s, p=0.47, k=0.474min~', (al) n=2500 (solid
line), (a2) n = 5000 (dashed line), (a3) n = 7500 (dotted line) and (a4) i = 10000
(dash-dot line). (b) Simulated chromatograms of (a) scaled by the process time.

that, for the reported cases, kinetics makes the main contribution
to peak width. In fact, by plotting the simulated chromatograms in
the normalized x-axis (see Eq. (6).) one obtains Fig. 5b.

The simulated chromatograms do not account for axial and
eddy diffusion contributions to the overall to peak band broad-
ening which, in experimental chromatograms, can be relevant.
When the above-mentioned additional band broadening contribu-
tions are negligible, the proposed procedure makes it possible to
obtain the kinetic parameters by non-linear fitting of the acquired
chromatogram. This procedure has to be applied in the Fourier
domain where the solution is available in closed form. The topic
lies beyond the aim of the present study since it requires a specific
extended numerical handling. Nonetheless some simple computa-
tions in order to allows one to obtain preliminary kinetic data is
selected cases is presented in the following.

For moderately fast reactions vs. elution time scale, once the
retention times of the two pure enantiomers are available, it is
possible to obtain an approximated value of the kinetic constant
(see paragraph 2.6.3). Experimental chromatograms satisfying such
requirements have been already reported in the literature [50,51].
In such cases the following procedure can be applied:

(a) Normalization of the retention times:

_treg—tra _ (Tseq— Ts.a)

= = 34a
T Ts,8 — Ts.A (342)

XA

tRB—trReq _ (Ts,5— Ts,eq)

X = 1- XA = = =
T Ts,8 — Ts,A

(34b)

where treq is the retention time of the Gaussian peak of the two
interconverted species.

Form Eq. (13) one has:

!
xa=1-p=-2

X (35a)

_ ka

Xp=P="p (35b)

(b) Evaluation of normalized standard deviation.

When limit condition 2.6.3 is applicable and the band broaden-
ing of the reaction is the most important contribution to the peak
variance, after subtraction of the chromatographic band brading
contribution (see Eq. (32a)) from the peak variance one has:

o(x) = 2PU=P) _ XaXs

kt kt (36)
By substituting Eqs. (35a) and (35b) in Eq. (36) one has:
2xpX2
kA = U(X)t (37&)
2x2xp
_ X4
kg = o (37b)

The outlined theoretical model can be thus the basis for setting
up and validating a numerical procedure based on least square fit-
ting in the Fourier domain for determining the kinetic constants of
the reaction.

5. Conclusions

To summarize, the developed model allows for both general
and specific solutions in frequency domain, fully describing the
dynamic chromatography process. The general equation can be
simplified in the limit cases: (a) for slow reaction rate (compared
to the adsorption kinetics) the chromatographic response is a sum
of two separated peaks; (b) very fast reaction rates generate just
one peak having a retention related to the kinetic constants of the
reaction (p); (c) for intermediate rates, a peak cluster is generated.
The model was able to describe both interconversion and reaction
during separation. Some basic features of the process - such as
interconversion kinetics constants — and/or operative variables —
such as column length (or flow velocity) - and their influence on
the chromatographic output have been exploited.
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Appendix A

Let us consider a two-states system. For a batch experiment this system corresponds to the
partition of a species between two homogeneous phases. Because of the homogeneity of the
two phases, the corresponding chromatographic process is called one site model [19]. Since
this model represents the starting point of the approach here presented, some basic relations
previously obtained will be herein recalled.

In chromatography retention time are made up of numerous sorption desorption steps
or jumps, the large number of them allowing the long time approximation, and the ergodic
hypothesis. The present theoretical development is based on the assumption that transition

between states follows a first-order kinetics, consequently the number of jumps (1) between

the states follow a Poisson distribution :

P(n)= —(’wM/ ) i) (A-1)
n!
where:
fhy = (A-2)
Uy

t,is the hold up time, u,, is the mobile phase velocity, L the column length and u the
frequency of adsorption events. P(n) is the probability that during time 7,, a given molecule
will adsorb » times, assuming constant both w«,, and 7,,.

The average values of n during the time ¢,, is:

Tt = (A-3)

Tu

where:
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Ty = (A-4)

1
u
is the average time spent by a molecule in the mobile phase between a desorption event from
the stationary phase and the subsequent event of adsorption in the stationary phase.

Under the assumption that the band broadening process is determined by the sole mobile to

stationary phase kinetics, i.e. that the species in the mobile phase do not undergo to

longitudinal diffusion and that move at constant «,, value (see eq. A-2) the following
relationships, describing a chromatographic peak profile —scaled by the quantity ¢,, - in either

the time domain or in the in the frequency (@) domain —i.e. the CF - is derived respectively :

£(ts) = exp(—_i - —}\/ 7 Il(\/i‘—ﬁrs ] (A-5a)
TS,I TS,IZ TS,I

0,(@) :exp[ﬁ(l_ilaﬁ —1)) (A-5b)

where 7 is the average time spent during one sojourn step in the adsorbed state, under the
hypothesis of homogeneous adsorption site. /, is the Bessel function of first order of
imaginary argument. 7, in eqgs. A-5a, b is the time spent in the stationary phase and it is the

stochastic variable corresponding to the time axis value of the chromatographic peak profile,

scaled by the 7,, value.

The definition of the capacity & is recalled:
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= (tR _tM) — t_R (A_6a)

being ¢, is the retention time, i.e. the average time spent in the mobile and in the stationary
phase and ', . the net retention time, i.e. the average time spent in the stationary phase.

In the followings, we limit ourselves to the linear chromatographic retention in absence of

mobile phase dispersions. In such a case, it has been demonstrated [21] that from eq A-3 one

has:
K=t (A-6b)
Ty
t, =0T, (A-6c)
1 =NT (A-6d)
t, =n(T, +7,) (A-6e)
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Appendix B

The principle of microscopic reversibility [4, 35] states that when a system is at equilibrium the
frequency of transition is the same in both directions for each individual reaction step. As a
consequence any cyclic reaction the product of the rate constants going in one way around
the cycle is equal to the product of the kinetic constants describing the other way of the

reversible reaction.

KAKN kR = kR Rk (B-1)
when a non-chiral mobile phase is considered the rate constant in mobile phase are equal to

each others:

kY =k (B-2)
By substituting eq. B-2 in B-1 one obtains:
K2k kS = kPrAkS, (B-3)
and after rearrangement eq B-3 becomes:
N B A
k_ls = %% (B-4)
k> kD Kk

Some important relationships linking chromatographic and equilibrium thermodynamical
quantities are reported:

k!
K== B-5
p (B-5)

where K is the partition constant between stationary and mobile phase, i.e. the equilibrium

4,, < 4, i.e, the ratio of the stationary and mobile phase concentrations of the species

considered (45 and 4,,):
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k' in eq. B-5 is the capacity factor (see eq. A-6a.in Appendix A) and ¢ the column phase

ratio:

A
VM

wth Vg and V,, the volumes of the stationary phase and mobile phase.

It must also be remembered the relationship between equilibrium constant K and reaction

constant:

where k' and k* are the reaction rates for 4,, — 4, and 4,, < A, respectively

With reference to the reaction 4, <> B, (see Fig. 1), at the system equilibrium one has thus
K®="5="L (B-9)

where K is the equilibrium constant of the 4, <> B, reaction and &’ andk” are the
pertinent rate constants (see Fig. 1). From eq B-4, by using egs. B-5 and B-6, one has:

s ,
ﬁ:%:ﬁ:@ (B-10)
kY Ky ky

where the equilibrium constants K, and K, in eq. B-10 are the phase partition coefficients:

_K _ By kA (B-11)
kA Ay

B_k_i_g A

which in turn, according to eq. B-5, are related to the capacity factor (k') by:
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KA :k_A:(R,A M)l: R,Al (B—1Za)
¢ ty @ty P
s s —t t
KB:k_B:(R,B W)l L L (B-12b)
¢ ty 9ty @

In egs are 7, , and ¢, , the corrected retention time of the species 4.and B, respectively.
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Appendix C

The dynamic process underlying to the batch description of Fig. 1 can be mathematically

described by [4]:

ZjM :k—A}PAS +ki\1[PBM _klAPAM _klMPAM
dzjs =k{'Py, + k5 Py — kA Py — K Py,
Py _psp  kMp _xBp  _p¥p
” 1 Ipg 1 Ly, -14By, -1 7 By
dgf‘ = k5 Py 4k Py —kl Py — k5 Py

(C-4)

where general symbol P is the molecular population (i.e. the number of species) of the

species E (in the two sates 4 or B) in the phase i (M or §), which can be related to the

concentration under well defined conditions (see the paper by Gillespie in ref. [42] for a

detailed discussion).

By summing the above equations for each species (i.e. C-1 + C-2 and C-3 + C-4), the 4 and

B states process dynamics given by:

dP,, APy, dP, +P,) ap,

dt dt dt dt

o, ar, e, o)

— ] :kISPAs +k1MPAM_k§1PBS_k£‘14PBM

dt dt dt dt
with :
P =P, +P,
Py=P, +5,

(C-5a)

(C-5a)

(C-6a)

(C-6b)
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By putting:

P P

ke, =k g f M L (C-7a)
P, P,
P, P,

ke = k5 2 4 M Lu (C-7b)
PB PB

and by combining egs C-5a and C-5b with eqs C-7a and C-7b, one obtains:

di;‘ — kP, —k P, (C-8a)
ddif kP, —kyP, (C-8b)

Eqgs C-8a, and b together with eqgs. 7a, and b can be interpreted as the mathematical
representation of the four state system of Fig. 1a reduced as two state system of Fig. 1b,
being thus k, and k, the observed rate constants for the formation of each of the two
enantiomers.

It is possible to further simplify the model by assuming that the sorption desorption

process is fast when compared to the interconversion reaction, i.e. with reference to Fig. 1:

ki ki <<k, kD (C-9)

and, in such conditions, the equilibrium approximation can be assumed, i.e. the equality

between molecular population ratio and equilibrium concentration:

PAs _ ASV\‘ _ AS
P Ay AM VM AM

@ (C-10)

where 4, 4,,, Vs, V,, and ¢ are defined in Appendix A. By combining eq. C-10 and eq. A-

11 one obtains:



10

11

12

13

14

15

16

17

18

‘P
k=5 sl (C-11)
k2 PAM ¢

and, by considering eq. A-5, one has from eq. C-11:

4 p
K, :’iA =4 (C-12)
k_l PAM

From eq. C-12, the probabilities of A of being in the M or in the S phases, p, and p,,
respectively, are obtained:

P, 1

- LA C-13a
P P, +P, 1+K, ( )
P '
Py == ) (C-13b)
P, +P, 1+k,
By considering eq. C-7b, egs. C-13 a and b become:
3
Py = (C-14a)
TM,A +TS,A
7
Py = (C-14b)
TM,A + TS,A

The identity of egs. C-14 and C-15 referred to the same phase, express the ergodic condition
that the averages performed in time and in the phase state are the same under long time
observation.

Equations holding true for the second eluted enantiomer B similar to those
reported for the first eluted enantiomer, 4 —eqgs C-10 to C-14 — can be written. Moreover it
can be assumed that the average time spent in the mobile phase by both enantiomer are
equal, i.e.:

Ty = Z_-M,A = fM,B (C-15)
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Finally by substituting in eqs. C-7a and C-7b in egs C-13-a, b and eqgs C-6a, b in egs. C-14a,

b one has:

_EKEK) 1 kg (C-16a)
’ Ty +Ts, I+k, " 1+k,
k _ (fS,Akfl +kai\;[) _ 1 kM + k:ci kS (C_16b)
4~ — — - ' 1 ' 1
Ty +T5, 1+k, 1+k,

An analogous result can be obtained by assuming equilibrium conditions. In this case the
instantaneous rate of change of the species is equal to zero:

d(PAM+PAS):d(PBM+PBS):0 (C-17)
dt dt

Eq. C-17 indicates that the total concentration of both the enantiomers does not change with
time. By combining eq C-17 with eq. C-5 a or C-5b one obtains:
k5 Py +kY Py =kiP, +k"P, (C-18)
Likewise, by combining eq. C-8a or C-8b, with eq. C-18 and taking into account egs. C-6 a, b
one has:
kyP, = kP, (C-19)

By rearranging eq. C-18 with eq. C-19, one obtains:

P P P P
Py (kfl Ifs +kM ;M J =P, (kf %HQM IjM J (C-20)
B B A A

By introducing eqs. C-6a,b in eq. C-20, one has,

P P P P
PB[ki#JrkM#J:PA(kS A M J (C-21)

-1 1

and, by introducing eqs C-14 a and b, eq. C-21 becomes:
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kS u + k! 1 Py =|k’ u +k" 1 P, (C-22)
1+k'y I1+k', 1+k', 1+k',

By comparing eq. C-22 and eq. C-19, one obtains

s T, +7T, I+k, " 14k,
=78 | = .M '
k= (TAk__l +Tyk_l ): 1 v klM + kAv kls (5b)
T, +t7T, 1+k, 1+k,

which are equal to egs. C-16 a) and b).

Additionally, in term of propensity functions (see main text egs. 7a, b) egs 8a, b become:

% = kP, —k,P, = (P, + P)a,(x)—a,(x)] (C-23a)
dzﬁ — kP, —k,P, = (P, +Pa,(x)-a,(x)] (C-23b)

Equations C-23a, b are the well known reaction rate equations of chemical kinetics,
and they can be included as a part of the stochastic description of the chromatographic jumps
processes A < B under the long time approximation, when fluctuations are negligible.
a,(x)dt and a,(x)dt represent in fact the number of reactions 4 — B and B — 4 in the time
interval dt, respectively. These numbers are stochastic variables which are assumed to

follow the Poisson Statistics (see eq. A-1).
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Appendix D

The two states system characterized by the probability density p(xT,A) and p(xT,B) -

describing the probability of a molecule to spend x7' time in state B for molecules initially in
the state 4 and B respectively — has been solved in frequency domain by Kubo and Andersen
[43, 44].

The master equations that describe the dynamics of the kinetic scheme are (see eqs. C-8 a

and b in Appendix C):

d,
=hup—k,P, (C-8a)
dif — kP, kP, (C-8b)

In the following the original treatment proposed by Anderson is reported.
For the two states system with jumps following a Poissonian distribution (first order kinetic)

and the Fourier transform of the probability density functions satisfy to a master equation.

%ﬁ%ﬁiﬁ:gAanww_kg+ggan%B (0-1)
é@%ﬁhﬂ:gAdﬂAww_k)+gAan%B (D-2)

where gA(a)|T,A) and g, ((/)|T,A) are the Fourier Tranform of P, and P,, with initial condition
in state 4.
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Egs. D-1 and D-2 can be solved in the Laplace domain. The Laplace transform with respect to

T is given by:

oo

L,(afs, 4)= [exp(=sT)g (T, A)dT

0

(D-3)

By substituting eq. D-1in D-3 and under initial conditions g,(#]0,4)=1and g, (0, 4)=00ne

has:

L,(ads, A)s+k, —iw)—k,L,(als, 4)=1

koL (s, 4) (s +k, )L, (s, 4)=0

By solving the linear system of egs. D-4a and b one obtains:

and by considering that:

one has:

LA(dS,A)Z( S+kB

k,+s—io)k, +s)-kk,

kA

Ly(als, 4)= (

k,+s—iw)ky +s)-k k,

L(0)|5,A)= L, (a)|s, A)+LB (a)|s,A)

(D-4a)

(D-4b)

(D-5a)

(D-5b)
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s+k,+k
Llcds. 4)= Ly D-7
(als. 4) (b, +s—io)k, +s)—k,k, (D-7)

The Fourier Transform of the probability density can be obtained by inverting the Laplace

transform of eq. D-7:

)_]- s+k,+k,
Sk, +s—io)k, +s)-k,k,

(T, 4 exp(—sT)dT (D-8)

The integration of eq. D-8 was resolved in Refs. [26, 48] .

f)(a)|T,A): exp(—]d_%j(¢cosh¢;t+ (k+ ia))sinhg)/¢ (D-9a)

Analogously, by setting initial conditions gA(aJ|O,A):0and gB(a)|0,A)=1 and solving the

correspondent liner system (egs. D-1 and D-2) one obtains:

f)(a)|T,B) = exp(— kt_%)(¢cosh? +(k—iw)sinh fj/¢ (D-9b)

15
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We investigated the 1,2-dichloroethane (DCE) adsorption process into an organophilic zeolite mordenite.
A combined diffractometric, thermogravimetric and gas chromatographic approach enabled to obtain
clear evidence of DCE adsorption in mordenite channels as well as to pinpoint the exact location of the
organic species found in the structure. Rietveld refinement revealed the incorporation of 2.5 DCE mole-
cules and approximately 4 water molecules within the mordenite channel system, in very good agree-
ment with the weight loss given by TG analysis and the saturation capacity determined by the

Iﬁg:;z;dii; adsorption isotherm. This relevant incorporation of DCE molecules caused a remarkable increase in the
1.2-Dichloroethane dimension of the 12-ring, when compared to the parent zeolite. The distances between the oxygen atoms
A'dsorption of the water molecules from the chlorine atoms of the organic molecule (W-CI1 =2.34 A, W-CI2 = 2.53 A)

suggest that different DCE molecules could be connected by means of hydrogen bonds through water, to
form a DCE and water molecule complex. The isotherm adsorption model for organic compounds from an

Gas chromatography
X-ray diffraction

aqueous dilute solution was selected based on the results of the structural investigation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds (VOCs), such as dichlo-
romethane (DCM) and 1,2-dichloroethane (DCE) constitute an
important environmental pollutants class due to their high toxic-
ity, inertness and widespread application in industry. Such com-
pounds are typically carcinogens, mutagens and teratogens, and,
furthermore, are involved in the destruction of the ozone layer.
Substantial quantities of DCE are generated in vinyl chloride pro-
duction plants [1] and are present in air stripping and soil venting
remediation off-gases [2]. Other sources of entry into the ecosys-
tem include effluent discharge from industries that use or produce
DCE, effluents from the treatment of contaminated groundwater,
air emissions and leachates from waste disposal sites, and long-
range atmospheric transportation from remote sources. Despite
DCE being the most abundant chlorinated groundwater pollutant
on Earth, an efficient reductive in situ detoxification technology
for this compound is not known. For instance, zero-valent iron
(zV1), which directly degrades several contaminants appears to
be ineffective on irreducible compounds such as DCE, chlorobenz-

* Corresponding authors. Tel.: +39 (0)532 974730; fax: +39 (0)532 974767 (A.
Martucci), tel.: +39 (0)532 455346; fax: +39 (0)532 240709 (L. Pasti).
E-mail addresses: mrs@unife.it (A. Martucci), luisa.pasti@unife.it (L. Pasti).

1387-1811/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.micromeso0.2011.10.010

enes, as well as hydrocarbons [3,4]. Granular activated carbon
(GAC) has been shown to be only slightly effective in treating water
containing very soluble compounds, such as oxygenated organics,
or low molecular weight compounds, such as DCE and vinyl chlo-
ride (VC) [5]. Recently Vignola et al. [6] have demonstrated that
hydrophobic zeolites are able to effectively adsorb molecules
against which ZVI or GAC are totally ineffective. In particular,
ZSM-5 zeolite turned out to be suitable for mono-aromatic mole-
cules, such as BTEX (benzene, toluene, ethylbenzene and xylene)
and halogen-benzene derivatives [6].

The DCE molecule has been the subject of a considerable num-
ber of studies because of interest in its restricted internal rotation
and the nature of the potential barrier associated with this motion.
DCE is a small, flexible molecule which occurs in two stable confor-
mations, namely gauche (with a CI-C-C-Cl dihedral angle of +60°)
and trans or anti (with a CI-C-C-Cl dihedral angle of 180°), respec-
tively. Experimental and theoretical molecular conformational
studies in ambient conditions have revealed that in the gaseous
phase, DCE exists mainly in the trans conformer, due to the steric
effect, which is basically composed of exchange and Coulombic
repulsion [7-12]. In the liquid phase or in a polar solvent media,
such as water, the dipole-dipole interactions with neighbouring
species (in liquid) or polar solvent molecules (in solutions) stabilise
the gauche conformer (with a dipole moment of 3.5 Debye) when
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compared to the trans conformer (with a near to zero dipole mo-
ment) [13-17].

It is well known that the conformational equilibrium of mole-
cules or atomic clusters can show strong differences in confine-
ment, due to reduced dimensionality and large interface effects.
In particular, the present work deals with the confinement effect
of zeolite materials. Due to their confinement effect, zeolites and
inorganic mesoporous materials can be described as solid solvents,
as the electronegative charge on their framework can polarise ad-
sorbed molecules as with any polar solvent [18]. The wide applica-
bility of zeolites stems from their structural and compositional
properties, such as their pore structures, acidic properties, good
thermal stability and ion exchange properties [19-23]. The ability
of zeolites with a low Si/Al ratio to remove cations by ionic ex-
change has been largely demonstrated and utilised in water treat-
ment plants producing drinking water [24]. In contrast, zeolites
characterised by a high Si/Al ratio are hydrophobic and organo-
philic materials which are widely used in adsorption-related appli-
cations [25-27]. In fact, zeolitic networks of well-defined
micropores may act as adsorption and reaction sites whose selec-
tivity and activity can be modulated by acting on their structure
and chemical composition. In selecting adsorbent materials, it is
important to characterise their sorbent properties and this is usu-
ally done by modelling the experimental data with an adsorption
isotherm model. However, to date several isotherms have been
employed to interpret this phenomenon and in many cases the
choice of model is based solely on the goodness of fit. In the pres-
ent work, a structural investigation was performed to highlight the
adsorption mechanisms in order to select the appropriate isotherm
model.

X-ray and neutron diffraction techniques are usually employed
to characterise the structure of zeolites loaded with hydrocarbon
guest species in order to clearly locate their position inside the
channel system [28-36]. Unfortunately, these experiments are
generally performed at low temperatures by incorporating hydro-
carbons using the gas phase. However, pore diffusion through the
gas phase is much faster than the liquid phase, especially in the
case of highly volatile hydrocarbons which have rather large distri-
bution coefficients. To date, studies and applications on organic
pollutant adsorption in microporous zeolitic materials from aque-
ous media have been relatively scarce [26,27,37,38]. The presence
of a small amount of water reduces the adsorption capacity of al-
kanes and olefins in zeolites, especially at low adsorbate concen-
tration [39]. In particular, water decreases saturated
hydrocarbons diffusivity, thus acting as a screen between the cat-
ionic sites of the zeolite and the hydrocarbon molecules (screening
effect) and reducing both the sorption volume (steric effect) and
the zeolite window apertures of the (blocking effect) [40-42].
Beauvais et al. [42] reported a Monte Carlo molecular simulation
study of the equilibrium adsorption of water and aromatics in zeo-
lite faujasite NaY and observed cation redistribution upon water
adsorption. The authors observed the same phenomenon in the
presence of adsorbed xylene molecules in the noted. These results
clearly show that the location of hydrocarbons and of chlorinated
organics in zeolites has not been explored in detail, especially in
the presence of water.

H-mordenite and chemically dealuminated H-Y zeolites re-
sulted as the most active catalysts for chlorinated VOC destruction
due to the presence of strong Brgnsted acidity [22,23]. Mordenite
(MOR) is a natural or synthetic zeolite, with an idealised chemical
composition NagAlgSiz0Ogs - 24H,0 whose framework can be built
up by the assembly of single 6-ring sheets linked by single 4-rings,
or else by a combination of 5-1 secondary building units (SBUs). Its
structure is characterised by straight 12-membered and 8-mem-
bered rings running along the c axis, and sinusoidal 8-membered

rings running along the b axis; these channels accommodate extra
framework cations and water molecules. The 12-ring channels are
interconnected along [010] through 8-ring side pockets. In natu-
rally occurring mordenites, the Si/Al ratio is within the range
4.3-6.0, whereas in synthetic mordenites this ratio varies from less
than 5.0 up to 200 [54]. From a technical point of view, two differ-
ent varieties of mordenite can be distinguished: Large Port (LPM)
and Small Port Mordenites (SPM). Large Port Mordenites are
hydrothermally synthesised in the Na-form between 75 and
260 °C, whereas Small Port Mordenites are usually hydrothermally
synthesised between 275 and 300 °C [43]. Molecules with a diam-
eter >4.5 A can be introduced into large LPM channels, whereas
SPM only accepts molecules with a diameter <4.2 A and is thus less
favourable for industrial applications [44]. As far as concerns its
morphology, natural mordenite is characterised by acicular crys-
tals with c-elongation, which are usually thin in the [010] direc-
tion, whereas synthetic mordenite commonly crystallises as large
platelets with dominant (001) faces [45]. It seems that morphol-
ogy is an additional parameter influencing small-port and large-
port behaviour; in fact, platy mordenite enables easy access to
large 12-membered ring channels, whereas long prismatic or fi-
brous (along c) crystals have fewer large-channel openings and dif-
fusion is more sluggish [46,47]. In addition, most natural
mordenites have properties which are characteristic of small-port
mordenite.

The aluminosilicate framework of mordenite has orthorhombic
topology with Cmcm symmetry and includes four symmetrically
independent tetrahedral cation sites and 10 framework oxygen
sites. In the natural mineral real symmetry is reduced to Cmc2,
[48,49] in order not to constrain the 08 oxygen on the inversion
centre, and consequently, to avoid a straight T-O-T angle. How-
ever, the crystal structure remains strongly Cmcm pseudo-centro-
symmetric so that all structure refinements of natural, synthetic
and H-mordenite were performed in this space group [50-52].
Dehydrated, cation-exchanged mordenite occurs with a Pbcn space
group [52,53] whereas hydrated, cation- and molecule-exchanged
samples have been refined in lower monoclinic symmetry with the
Cc space group [49,54].

Recently, it has been proved that host-guest interactions in zeo-
litic systems have a strong influence on the conformational proper-
ties of adsorbed organic molecules due to the effect of the zeolite
framework [55]. Therefore, it is important to understand the guest
molecules behaviour inside the zeolite hosts in applications involv-
ing guest species adsorption in zeolitic frameworks, since it can
influence the thermodynamics and kinetics of the adsorption
processes.

For the first time this study reports the adsorption of both 1,2-
dichloroethane and water into an organophilic zeolite mordenite
from dilute solutions. To date, no information is available on the
mechanisms and effectiveness of high-silica mordenite for DCE re-
moval from water and no studies have investigated the effects of
adsorbed DCE on the zeolite pore size. These results enabled an iso-
therm model which better explains the experimental adsorption
data to be selected. A combined diffractometric, thermogravimet-
ric and gas chromatographic study was used to:

(1) Investigate the adsorptive properties of hydrophobic syn-
thetic mordenite.

(2) Characterise its structure after DCE adsorption.

(3) Localise the organic species in the mordenite channel
system.

(4) Investigate DCE conformational equilibrium in this organo-
philic zeolite.

(5) Probe the interactions between DCE molecules, water mole-
cules and framework oxygen atoms.
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2. Experimental
2.1. Materials

1,2-Dichloroethane (purity 99.8%) and sodium chloride (purity
98%) were obtained from Sigma-Aldrich (Steinheim, Germany).
The as-synthesised mordenite sample is a hydrophobic commercial
adsorbent, which is synthesised with SiO,/Al,03 as equal to 200,
and was purchased in its protonated form (HSZ-690HOA Tosoh
Corporation). Its Na,O content was lower than 0.1 wt.%. The mate-
rial characteristics are reported in Fig. 1. The water used was fil-
tered and purified by reverse osmosis using Milli-Q apparatus
(Millipore, MA, USA).

The solid-phase microextraction (SPME) fibres which were used
were coated with polydimethylsiloxane (PDMS) at 100 pum thick-
ness (supplied by Supelco, PA, USA) and housed in a manual holder
(Supelco, PA, USA). The fibre sorbent was selected due to its high
versatility; in fact, it is generally used for the extraction of a wider
range of analytes with differing polarity and volatility. Following
the guidelines, the fibres were conditioned under helium at a
flow-rate of approximately 1.0 mL/min with the split valve open
(to reduce the amount of impurities entering the column) in the
hot injection port of a gas chromatograph at 250 °C for 1 h prior
to use. Additionally, the SPME fibres were conditioned for 15 min
at 250 °C every day before use and were systematically cleaned
at 250 °C for 20-30 min after every extraction. The blanks were
tested by thermal desorption (5 min in the injection port) followed
by gas chromatography (GC).

2.2. Scanning electron microscopy (SEM)

SEM images of the zeolites were acquired using a Zeiss EVO 40
XVP scanning electron microscope. To prepare the sample for SEM,
a drop of dilute colloidal solution of the sample was dripped onto

MORDENITE (MOR)

Surface Area | Mean Particle | SiO,/Al,O,
(BET, m?/g) Size (um)

420 5-7 200

Channels (Atlas)®® )
[001] 12-ring 6.5 x 7.0A<-> [001] 8 2.6 x 5.7A

Fig. 1. Structure and characteristics of zeolite mordenite under investigation.

the SEM sample stud surface and the sample stud was then dried at
60 °C for 3 h. Shortly before SEM image acquisition, the latter was
coated with gold. The SEM zeolite image reported in Fig. 2 indi-
cated that mordenite is composed of particles with lamellar or pla-
ted morphology, the lamella lengths are in the 2-3 pm range.

2.3. X-ray diffraction

A mordenite powder pattern after DCE adsorption (MOR-DCE)
was measured on a Bruker D8 Advance Diffractometer equipped
with a Sol-X detector, using Cu Ky 4> radiation in the 4-116° 20
range and a counting time of 12 s/step.

2.4. Structure determination and refinement strategy

The diffraction pattern was firstly indexed using the DICVOL
program [56] in an orthorhombic cell [a =18.041 A, b=20.212 A,
c=7.447 A, V=27155A3]. Rietveld structure refinement was
therefore performed, using the GSAS package [57] with the EXPGUI
interface [58]. The framework atoms for hydrophobic mordenite re-
ported by Martucci et al. [27] provided the initial parameters for
structure determination. All tetrahedral sites were modelled with
Si atoms, while the amount of Al atoms were neglected. In all the
Rietveld structure refinement, the Bragg peak profile was modelled
using a pseudo-Voigt peak-shape function [59] with 0.01% cut-off
peak intensity. The background curve was fitted using a Chebys-
chev polynomial with 20 variable coefficients. The 20-zero shift
was accurately refined into the data set pattern. The scale factor
and unit-cell parameters were allowed to vary in all the cycles.
The refined structural parameters for the data histogram were the
following: fractional coordinates and isotropic displacement factors
for all atoms (one for each tetrahedral site and framework oxygen
atom), and occupancy factors for the extraframework ions. Occu-
pancy factors and isotropic displacement factors were varied in
alternate cycles. Soft constraints were imposed on the tetrahedral
cations and coordinated framework oxygen atom T-O distances
during the first stages of refinement, and left free in the last cycles.
The positions of the extraframework sites were determined by the
Fourier and Difference Fourier maps. The crystallographic data and
refinement details are reported in Table 1. The final atomic posi-
tions, thermal parameters and occupancies are given in Table 2,
the interatomic distances and angles in Table 3. The final observed
and calculated patterns are shown in Fig. 3.

2.5. Thermal analyses

Thermogravimetric (TG), differential thermogravimetric (DTG)
and differential thermal analyses (DTA) measurements of ex-
hausted sample were performed in air at up to 1000 °C using an
STA 409 PC LUXX® - Netzch at a 10 °C/min heating rate. The ther-
mal curves are reported in Fig. 4.

2.6. Gas chromatography

Headspace-gas chromatography (HS-SPME-GC) solid phase-mi-
cro extraction was used to extract 1-2-dichloroethane from each
aqueous sample and to subsequently perform to GC analysis. Pre-
liminary experiments were done in order to evaluate extraction
conditions. The headspace (HS) mode was used for extraction from
a sample volume of 10 mL of DCE solutions. The addition of an
inorganic salt has often been used in order to enhance the activity
coefficients of volatile components in aqueous solutions, increas-
ing the concentration in the headspace vapour. In the present
work, 2 mL of a sodium chloride solution (300 g/L) were added to
the sample which was placed in 25 mL glass flasks sealed with Tef-
lon screw caps. After equilibration at 40(+0.5) °C, for 10 min, the
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Fig. 2. Scanning electron microscopy (SEM) image of zeolite mordenite showing large platelets with dominant (001) faces.

Table 1
Lattice parameters and refinement details for mordenite before (MOR) and after DCE
adsorption (MOR-DCE).

MOR MOR-DCE
Space group Orthorhombic, Cmcm Orthorhombic, Cmcm
a(A) 18.069(1) 18.075(1)
b (A) 20.219(1) 20.234(1)
c(A) 7.456(3) 7.4602(2)
a=p=7(°) 90 90
V (A3%) 2723.9(2) 2728.3(2)
Wavelength of incident 1.5417(1) 1.5417(1)

radiation (A)

Refined pattern 20 range 4-116 4-116

)

Profile function

T-C-H pseudo-Voigt
correction

T-C-H pseudo-Voigt
correction

H-atom treatment Not refined Not refined
Rup (%) 9.82 12.6

Ry (%) 7.45 9.8

Rﬁ (%) 6.42 8.4

No. of contributing 2246 2302

reflections
Nops 5665 5584
Nyar 47 65

Estimated standard deviations in parentheses refer to the last digit.

SPME was inserted and the samples were maintained under con-
trolled agitation with a magnetic stirrer (300 rpm) for 10 min. Fi-
nally, the fibre was inserted into the GC injector for analysis. The
desorption time was 1 min.

The GC used in this work was an HRGC 5160 MEGA SERIES
Instrument (Carlo Erba, Mi, I) equipped with a split/splitless injec-
tor and an electron capture detector (ECD, 53Ni). A fused-silica DB-
5 capillary column (60 m x 0.25 mm ID: 0.25 pum film thickness;
J&W Scientific, USA) was employed. Helium (99.999%) was used
as a carrier gas at a constant head pressure of 50 kPa and nitrogen
(196 kPa) was employed as a make-up gas at a constant flow-rate
(1 mL/min). The detector and injector temperatures were held con-
stant at 250 °C. The GC oven was programmed as follows: 40 °C
(5 min), 5 °C/min-80 °C (5 min), 30 °C/min-100 °C (5 min). The lin-
earity of the quantitative analysis method was tested by evaluating

the calibration curves: standard solutions of DCE in MilliQ water
were analysed at varying concentration levels in the range 0.1-
30 ppm. Each concentration was analysed twice. The linearity
range as well as the method detection limit (LOD) were evaluated
and computed from the calibration line. Good linearity was ob-
served with a correlation coefficient of 0.993.

2.7. Adsorption isotherm

The adsorption equilibrium isotherm was determined using the
batch method. Batch experiments were carried out in duplicate in
25 mL crimp top reaction glass flasks sealed with PTFE septa (Supe-
Ico, PA, USA). The flasks were filled in order to have minimum
headspace, a solid/solution ratio (mg mL™') of 1:4 was employed.
After equilibration (24 h) at a temperature of 25.3 + 0.5 °C under
stirring, the solids were separated from the aqueous solution by
centrifugation (10,000 rpm for 30 min) and analysed by HS-
SPME-GC, as above described.

3. Results and discussion

As described in the experimental section, the MOR particles are
characterised by lamellar or plated morphology. This morphology
enables easy access to the large 12-membered ring channels, thus
indicating that the sample has properties which are characteristic
of Large Port Mordenite.

The experimental data of the adsorption isotherm are reported
in Fig. 5. In this work, the experimental sorption data were mod-
elled using the traditional Langmuir isotherm [60]:

_ QSKLCe
“1+K,C. (1)

where q (mgg™!) is the equilibrium adsorbed concentration, C,
(mgL~1) is the equilibrium concentration in water, K; (Lmg™!) is
the Langmuir coefficient (binding constant), and g (mg g~ !) the sat-
uration capacity. K; and g, were determined by non-linear least
squares data fitting. It can be seen that the examined concentration
range is well fitted using the Langmuir equation (see Fig. 5a). The
parameters obtained by fitting the Freundlich equation q = KC/"
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Table 2

MOR-DCE atomic coordinates, occupancies and thermal parameters.
Atom xla y/b z[c Multiplicity Fraction Uiso
T1 0.3068(3) 0.0752(2) 0.0401(5) 16 1.0 0.010(1)
T2 0.3051(3) 0.3103(2) 0.0447(6) 16 1.0 0.010(1)
T3 0.0852(4) 0.3786(4) 0.25 8 1.0 0.010(1)
T4 0.0843(4) 0.2205(4) 0.25 8 1.0 0.010(1)
01 0.1190(4) 0.4076(5) 0.4326(9) 16 1.0 0.014(2)
02 0.1229(4) 0.1874(5) 0.4212(11) 16 1.0 0.014(2)
03 0.2368(4) 0.1215(4) 0.9973(13) 16 1.0 0.014(2)
04 0.0910(7) 0.2959(3) 0.25 8 1.0 0.014(2)
05 0.1676(7) 0.1898(10) 0.75 8 1.0 0.014(2)
06 0.1727(8) 0.4216(8) 0.75 8 1.0 0.014(2)
07 0.2158(8) 0.5 0.5 8 1.0 0.014(2)
08 0.25 0.25 0.5 8 1.0 0.014(2)
09 0 0.4011(10) 0.25 4 1.0 0.014(2)
010 0 0.1957(11) 0.25 4 1.0 0.014(2)
cn 0.5 0.4287(17) 0.25 4 0.30(1) 0.16(1)
c12 0.5 0.5566(26) 0.25 4 0.31(1) 0.15(1)
C 0.5 0.4927(21) 0.0918(13) 8 0.33(1) 0.14(1)
w 0.3861(15) 0.4840(17) 0.25 8 0.48(1) 0.09(1)

Table 3 ushkevich equation. To apply Eq. (2), the water solubility of 1,2-

Selected bond distances (A) and angles (°) for mordenite before (MOR) and after DCE
adsorption (MOR-DCE).

MOR MOR-DCE MOR MOR-DCE
T1-01 1.599(2) 1.602(2) T2-02 1.600(2) 1.597(2)
T1-03 1.605(2) 1.607(2) T2-03 1.606(2) 1.606(3)
T1-06 1.613(1) 1.610(2) T2-05 1.601(2) 1.610(2)
T1-07 1.599(2) 1.602(2) T2-08 1.605(2) 1.608(3)
T3-01 1.602(2) 1.603(2) T4- 1.606(2) 1.602(2)
[x2] 02[x2]
T3-04 1.610(2) 1.604(2) T4-02 1.609(2) 1.605(2)
T3-09 1.613(2) 1.605(2) T4-010 1.610(2) 1.604(3)
T1-01- 151.3(8) 145.5(8) T1-06- 147.4(11)  153.0(12)
T3 T1
T2-02- 143.4(8) 143.4(8) T1-07- 142.6(10)  150.5(11)
T4 T1
T1-03- 152.5(7) 155.7(7) T2-08- 180 180
T2 T2
T3-04-  172.5(9) 171.9(9) T3-09- 162.8(16)  147.2(17)
T4 T3
T2-05- 150.1(8) 144.2(10) T4-010- 135.2(16)  143.6(18)
T2 T4
c-Cl1 1.75(1)  Cl1-CI2 2.59(2)
C-CI2 1.75(1) Cl2-w 2.53(4)
c-C 1.40(1) Cl1-wW 2.34(4)
Cl2-010 2.81(5) C-wW 2.38(3)

are also reported in Table 4. In several papers devoted to adsorption
from dilute solutions, Dubinin-Astakhov (DA) or Dubinin-Rad-
ushkevich (DR) adsorption isotherms have been applied. The Dubi-
nin-Astakhov equation was derived from Polanyi’s potential theory
for a vapour phase system and extended from Manes [61] to aque-
ous systems by defining the Polanyi adsorption potential
esw = RTIn(S/C,), where R is the ideal gas constant (Jmol ' K1),
T the temperature (K), and S is the water solubility (mgL™!). The
Polanyi-Dubinin-Manes (PDM) model [62] is given by:
RTInS/C,.]"
4= Vopgexp |- | )

where Vj and p, are the maximum volume of adsorbed compound
for unit mass of adsorbent (cm®>g~') and compound density
(mg cm~3), respectively. E (kJmol~!) is the free energy of the
adsorption process compared to that of a reference compound
[63]. b is an exponent which can be obtained by fitting or set to a
given (integer) value, when b =2 it becomes the Dubinin-Rad-

dichloroethane was set to 8700 mg L™}, DCE had a vapour pressure
of 81 hPa at 20 °C, a logK,,, of 1.45, and a density of 1.25 (g cm3)
[64]. In Fig. 5b it can be seen that the experimental data are well fit-
ted using the PDM model. From the data in Table 4, it is possible to
infer some adsorption process properties. It can be noted that the
saturation capacity evaluated from Eq. (1) is 71.5mg g~ ' and that
this value is in agreement with the pore volume obtained from fit-
ting the PDM model Eq. (2), but that it is smaller than the mordenite
pore volume. The b value Eq. (2) obtained for the zeolite is about 4.
This result is indicative of relatively homogeneous adsorbents with
narrow site energy distribution, and is in agreement with the liter-
ature data on Y zeolite [65]. The exponent parameter of the Freund-
lich equation is in agreement with those found for VOC [66]. In
Table 4, it is notable that the goodness of fit (coefficient of determi-
nation) for the three models employed are similar. Therefore, the
choice of the model based solely on statistical parameters of fitting
seems to be arbitrary. From the literature data, it seems that the
micropore-filling-based PDM isotherm should theoretically be the
best model to describe the sorption process on microporous mate-
rials. However, it has been found that the PDM isotherm underesti-
mates pore volume at a low aqueous concentration range (<2 mgj/L).
This result was also found in TCE sorption on other adsorbents [67].
This was supposed to be due to another sorption mechanism in
addition to micropore-filling at low concentrations, in particular
due to specific sorbent sites of high adsorption energies. Moreover,
loading results for trichloroethylene from both the liquid and va-
pour phase indicated that the liquid phase did not penetrate the sil-
icalite-1 pores. However, it did enter the dealuminated NaY pores,
even if theoretically, trichloroethylene can penetrate the pores of
both the studied zeolites [67]. Finally, one unresolved issue from
the aqueous solution adsorption experiments was if the presence
of water affected the adsorption capacity, and whether or not the
water actually entered the micropores. Therefore, there is no clear
piece of evidence on which isotherm model to choose out of all
these experimental results. This is mainly as a result of a lack of
knowledge about adsorption mechanisms. In order to highlight
the adsorption mechanism in use, a structural investigation was
carried out.

Thermogravimetric analysis (TG) was used to determine the
amount of DCE molecules embedded in the mordenite framework,
and to monitor the decomposition process of organic molecules
during the heating procedure. The TG curve of the MOR-DCE shows
a sudden change in its slope at about 90 °C, thus indicating the
presence of molecules which are weakly bonded to the surface
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Fig. 4. Thermogravimetric (TG), differential thermogravimetric (DTG) and differential thermal (DTA) curves in mordenite after DCE-dry air atmosphere adsorption.

(water and/or DCE). The weight loss which occurred at higher tem-
peratures (temperature range 200-700 °C), could indicate the
decomposition and elimination of the organic molecules embed-
ded in the mordenite channel system. Weight loss at 1000 °C is
about 10% (see Fig. 4) in comparison to 7% of the as-synthesised
material at the same temperature [27]. The question is, whether
this variation is really due to DCE adsorption, which remarkably
or completely substitutes H,O in the as-synthesised material, or
to a trapping of further water molecules from the aqueous solution.

A comparison of the X-ray diffraction patterns of as-synthesised
(MOR) and mordenite after DCE adsorption (MOR-DCE) shows rel-
evant differences both in the intensity and position of the diffrac-
tion peaks (Fig. 6), indicating that the mordenite crystal structure
was markedly modified by the DCE adsorption experiment. Riet-
veld structure refinement indicated a small but significant increase
of unit cell parameters in comparison to those of the untreated
material (see Table 1) and revealed a relevant modification in the
channel system (see Fig. 7). The 12-membered ring strongly in-
creased and its Crystallographic Free Area (C.F.A.) sensu Baerlocher
et al. [68] became 35.9 A® as compared with the 33.0 A3 CF.A. of
the untreated mordenite. This increase was remarkably compen-

sated by a decrease in the 8-membered ring (C.FA.=10.4 A% in
MOR-DCE, 11.8 A% in MOR). These results clearly indicated that
the increase in weight loss resulting from the DCE adsorption
experiment was not only due to the trapping of other water mole-
cules from the aqueous solution but also to a remarkable modifica-
tion in the extraframework content, i.e. to the adsorption of a
significant amount of DCE molecules.

The difference Fourier map generated using the GSAS package,
revealed the presence of a number of extraframework ions inside
the 12-ring channel. The two largest peaks in the difference Fourier
map were attributed to chlorine atoms of encapsulated DCE mole-
cules (CI1 and CI2 in Tables 2 and 3). With this assumption, it was
easy to localise a third peak to be attributed to a carbon atom (C in
Tables 2 and 3). Moreover, using this assumption, reasonable val-
ues were also obtained for C-C and C-Cl bond distances in the
DCE molecule. The geometry of the DCE molecule, which was very
near to ideal, as well as the very similar occupancy values (around
30%) and isotropic displacement parameters (Uiso ~ 0.15 A3) ob-
tained for the carbon and chlorine atoms confirmed that the ob-
served peaks had been correctly attributed to the DCE
compound. Fig. 8 shows the location of these sites in the Cmcm
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Table 4
Fitting isotherms parameters obtained by fitting the experimental data in Fig. 5. The
confidence limits at 95% of probability are reported in parentheses.

Langmuir
K (Lmg™) s (mgg™") R
0.09 71
(0.065, 0.12) (59, 84) 0.9942
Freundlich
K(mgg ')(Lg™ )" n R?
7.9 1.6
(6.0,9.7) (1.3,1.8) 0.9832
PMD
Vo (cm® kg™ 1) E (kJ mol~1) b R?
62.5 18 4 0.9914
(49.4, 74.0) (11, 26)

space group. If Cl atoms only occupy Cl1 or CI2 sites (referred to as
“trans1” and “trans2”, respectively in Fig. 8) DCE occurs in trans-
configuration. Trans1 and trans2 configurations are not con-
strained by symmetry elements, so that only one of these could
be present. However, the very similar occupancy levels for the
Cl1 and CI2 sites (Table 2) exclude this possibility. The dihedral an-
gle between the CI-C-C-Cl atoms, commonly referred to as ¢, is
180°. On the contrary, when the CI1 and CI2 sites are contemporar-
ily occupied, DCE occurs in gauche-configurations. The presence of

symmetry elements of the Cmcm space group (inversion centre at
Y5, V5, V2 and diad at x, 12, 1%2) imposes the presence of two gauche-
configurations, which are obviously not occupied at the same time,
and are referred to as gauchel and gauche2, respectively in Fig. 8.
The dihedral angle between the Cl11-C-C-CI2 atoms, is 60°. In con-
clusion, Rietveld structure refinements of exhausted mordenite,
did not demonstrate whether only trans- or gauche-configurations
were present or if both were present in different frequencies. Con-
sequently, X-ray diffraction does not give a clear indication on the
most favoured DCE configuration in mordenite structural confine-
ment, but this is beyond the scope of this work. As reported previ-
ously, the occupancy of Cl and C atoms is only 30% and
consequently, DCE molecules, whatever their configuration, alter-
nate randomly with non-occupied positions. Fig. 8 shows that
DCE molecules run parallel to the c direction, i.e. along the 12-ring
channel.

In MOR-DCE, the DCE molecule distance from the framework
oxygens is larger than 3.5 A, thus indicating the absence of electro-
static interaction with the framework. Only a few examples of mol-
ecule-framework contacts in zeolite or layered materials have been
reported [[69] and references therein]. Most of them concern sys-
tems where the guest molecules are usually the templates used
during the synthesis (often amine). When the guest molecules
are introduced after synthesis, they are frequently disordered
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Fig. 7. Free diameter (A) of the 12- and 8-ring channels of MOR and MOR-DCE, viewed normal to [001]. Oxygen is assumed to have an ionic radius of 1.35 A.

and, when localised, establish interactions with framework oxygen
atoms which can be classified as medium to weak [[27] and refer-
ences therein]. In particular, Porcher et al. [69] determined the
crystal structure of mordenite after the inclusion of p-N,N-dimeth-
ylnitroaniline using synchrotron powder diffraction and showed
that the guest molecules are located in the large 12-membered ring
channel at the intersection with the 8-membered channel and
form hydrogen bonds with the framework oxygens which delimi-
tate the channels. The 12-membered-ring channels also host both
thionin blue [49] and methylene blue molecules [54] which inter-
act with the framework and show a strongly disordered
arrangement.

The difference-Fourier map revealed the presence of a further
extraframework site which was attributed to water molecules (W
site). This site has a slightly higher level of occupancy than that
of the organic molecules (Table 2). The importance of this W site

is immediately clear: the distance of the oxygen atom in the water
molecule from the organic molecule chlorine atoms (W-
Cl1=2.34A W-CI2=2.53 A, see Table 3) suggests that different
DCE molecules could be connected by means of hydrogen bonds
through W to form a complex of DCE and water molecules inde-
pendently by gauche or trans DCE sequencing.

On the whole, 2.5 DCE molecules (which correspond about to
7.7% in weight) and approximately 4 water molecules (which cor-
respond to approximately 2.3% in weight) were localised inside the
mordenite channel system. Therefore, the structure refinement
gave an extraframework content of about 10% in weight, which
was in very good agreement with the weight loss given by TG anal-
ysis and with the saturation capacity determined by the adsorption
isotherm.

To summarise, Rietveld refinement revealed a relevant level of
incorporation of DCE molecule incorporation in the mordenite
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structure which caused a remarkable increase in the dimensions of
the 12-membered ring where the DCE molecules were hosted (see
Fig. 7 for details) when compared with those found in the parent
zeolite. This clearly indicates that both gauche- and trans-conform-
ers can be present. Wang and Huang [70] found that the anti or
trans rotational conformer of 1-Bromo-2-chloroethane in organo-
philic silicalite-1 and siliceous Y zeolites prevails at room temper-
ature, whereas the gauche conformer is the dominant conformer in
hydrophilic L and Na-Y zeolites. Since 1-bromo-2-chloroethane dif-
fers from DCE only by one Br atom and consequently, has a lower
dipole moment and higher steric hindrance, it seems reasonable to
assume a trans (anti) conformation for DCE in MOR. Moreover, a
trans DCE conformer is favoured in other organophobic zeolites
such as ferrierite and L zeolites [71].

From the structure refinement, it is thus evident that DCE can
penetrate micropores, giving an indication that PDM isotherm

models should be employed to fit the adsorption data. Moreover,
this structural investigation can also explain the fact that the
PDM model underestimates the adsorption capacity in comparison
with that calculated from the solute density and adsorbent pore
volume, especially as this finding has already been found in other
studies [71]. Indeed, from the structural investigation, it appears
that DCE cannot completely displace water from the micropores.

4. Conclusions

In this study, we investigated the adsorption process of 1,2-
dichloroethane in an organophilic zeolite mordenite. A combined
diffractometric, thermogravimetric, adsorption and gas chromato-
graphic approach enabled clear evidence of DCE adsorption in the
mordenite channel system to be obtained as well as to be localised
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the exact position occupied by the organic species in the structure.
Rietveld refinement revealed the incorporation of 2.5 DCE mole-
cules and approximately 4 water molecules per unit cell inside
the mordenite channel system (about 10% in weight), in very good
agreement with the weight loss given by TG analysis and with the
saturation capacity which was determined from the adsorption
isotherm. The water molecule oxygen atom distances from the or-
ganic molecule chlorine atoms (W-CI1=2.34 A, W-CI2=2.53A)
suggest that different DCE molecules could be connected by means
of hydrogen bonds through W, to form a complex of DCE and water
molecules independently by gauche or trans DCE sequencing.

The relevant incorporation of DCE molecules in the mordenite
structure causes distortions of the 12-membered ring, where DCE
are hosted, when compared to the parent zeolite. Structure refine-
ment does not give clear indications as to whether only one or both
gauche- and trans-conformers are present. Nevertheless, according
to the results reported on 1-bromo-2-chloroethane in organophilic
other zeolites [70] at room temperature, it is reasonable to assume
a trans (anti) conformation for DCE in MOR.
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Abstract. In this study, we have investigated the adsorption processes of 1,2-dichloroethane (DCE)
from aqueous solutions onto ZSM-5 and Y organophilic zeolites. The presence of this organic
molecule in the zeolite channel systems was revealed by X-ray structure analyses carried out using the
Rietveld method. Difference Fourier maps allowed us to determine the exact location of these DCE
molecules, as well as that of the water molecules inside extraframework sites. Rietveld refinement
revealed the incorporation of approximately 38 DCE molecules within Y and 5 in the ZSM-5 zeolites,
respectively, which is in very good agreement with the weight loss given by TG analyses and with the
saturation capacity determined by the adsorption isotherms. The distances between the oxygen atoms
in the water molecules and the chlorine atoms in the DCE solutions suggest that different DCE
molecules could be connected by means of hydrogen bonds through water, to form DCE-water
complexes influencing the DCE trans— gauche conformational equilibrium. The presence of these
complexes causes variations in unit cell parameters as well as remarkable framework deformations,

clearly indicating that water strongly controls diffusion and adsorption processes in zeolite materials.

KEYWORDS: Water Remediation; Adsorption; Organophilic zeolites; 1,2-dichloroethane



1. Introduction

Chlorinated volatile organic compounds (VOCs) constitute a significant portion of hazardous air and
water pollution [1]. Since many of them have been found to be toxic and potentially carcinogenic
several treatment technologies based on advanced oxidation, air stripping, reverse osmosis, ultra
filtration, and adsorption processes have been proposed for their removal from the environment.
Recently, zeolites with good mechanical and hydrothermal stability have been employed as adsorbents for
the removal of mono-aromatic molecules, such as BTEX (Benzene, Toluene Ethylbenzene, Xilenes)
methyl tertiary butyl ether (MTBE) and halogen-benzene derivatives in water remediation [2].
Furthermore, it has been shown that zeolites are more effective in removing certain organic molecules
from water than activated carbon [3-8] and are less sensitive than GAC to the presence of dissolved
natural organic matter in the water stream being treated [9,10]. The adsorption of several organic
pollutants onto zeolites has already been investigated in several works [1,11]. However, while gas
phase system adsorption mechanisms have been deeply investigated for many organic compounds
[12, 13], there is not yet a univocally accepted interpretation for the adsorption of organics from
aqueous media, and indeed, those systems which have been studied (sorbate - zeolite) are relatively
few. Adsorption from gas phase systems can significantly differ from that of corresponding aqueous
solutions due to the highly polar nature of water molecules. In fact, it has been proved that
interactions between water molecules and the zeolite framework are especially crucial in adsorption
simulations [14, 15]. Consequently, to better simulate such systems more information on the
adsorption sites and their interactions is required. Indeed, Krishna and van Baten [16] have
demonstrated that the adsorption behaviour of water-alcohol mixtures on zeolites is markedly
different from that of the respective pure components. These observed differences have been ascribed
to the hydrogen bonds [16]. The authors suggested that estimating the adsorption and diffusion
behaviour of water-alcohol mixtures using only pure component data on adsorption isotherms and
diffusivities is impossible. Generally, it has been shown that large amounts of co-adsorbed water

decreases the adsorption of unsaturated hydrocarbons such as ethylene and butene in zeolites [17-19].
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Furthermore, this finding was confirmed by molecular simulation for hydrophilic silica micropores.
On the contrary, the mobility of pyrene, naphthalene, butane, and trichloroethylene increases upon
addition of small amounts of water to the zeolite, due to the attractive forces between water and
organics [2, 20]. Likewise, the adsorption of water in silicalites seems to be controversial. In fact, it
has been reported that para-cresol facilitates the penetration of water into silicalite-1 due to a
cooperative phenomenon in the co adsorption process, [21], whereas Ref. [3] reports that the
organophilic environment in the silicalite-1 pores brought about the concentration of VOC by
preferential water exclusion. The adsorption mechanism of organics from aqueous solutions onto
hydrophobic zeolites has also been interpreted on the basis of the displacement of loosely bound water
molecules by organic compounds [22]. This explanation does not include any modifications in the
crystalline structure of the adsorbent phase which, if considered, could modify the results of these
studies. Recently, the effective adsorption of 1,2-dichloroethane (DCE) when dissolved in the aqueous
matrix in highly siliceous mordenite (MOR) zeolite has been demonstrated and the position of this
pollutant in the zeolite framework has been localized exactly by combining diffractometric and gas
chromatographic techniques [23]. The authors have demonstrated that MOR adsorbed readily a
relevant amount of DCE molecules at room temperature [23] and the adsorption into the pores
modified significantly the unit cell parameters as well as the dimensions of the zeolite channel
systems. DCE was studied as a VOCs adsorbate probe molecule since its trans— gauche
conformational equilibrium has been one of the most frequently studied systems [24], mainly since
the two conformers have different polarity. The DCE trans conformer is generally preferred in the gas
phase due to its steric effect, which is basically one of exchange and Coulombic repulsion. However,
in the liquid or polar solvent phase, such as in water, the gauche conformer is stabilized when
compared to the trans conformer due to dipole-dipole interactions with neighbouring gauche species
or polar solvent molecules [25-29].

In this work, an approach similar to that employed in Ref. [23], was employed to get a better

understanding of the host—guest interactions which occur during the adsorption processes of organics
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from aqueous solutions onto zeolites. In particular, we focused our investigation on: 1) the adsorptive
properties of Y and ZSM-5 hydrophobic synthetic zeolites towards DCE, 2) the localisation and
conformation of the organic species in the channel systems and 3) establishing the role of water in

their adsorption process.

2. Experimental section

2.1 Materials. 1-2 Dichloroethane (purity 99.8%) and sodium chloride (purity 98%) were obtained
from Sigma-Aldrich (Steinheim, Germany). The as-synthesised ZSM-5 sample is a hydrophobic
commercial adsorbent, synthesised with S10,/A1,03 equal to 280, and purchased in its ammonium
forms (CBV28014, Zeolyst International). The Na,O content was lower than 0.05 wt%. The Surface
Area is 400 m?/g. The as-synthesized Y zeolite powder (code HSZ-390HUA) with a 200 SiO»/Al,05
(mol/mol) ratio, was purchased in its protonated form from the Tosoh Corporation (Japan). The Na,O

content was lower than 0.1 wt%. The Surface Area is 750 m*/g.

2.2 Gas Chromatography. The DCE concentration in the water was determined using a Gas
Chromatography — Electron Capture Detector (GC- ECD). Prior to this, the DCE was extracted from
the water sample by Head Space - Solid Phase Micro Extraction (HS-SPME).

The head space mode was used for DCE extraction from a sample volume of 10 ml of

water in 25-ml glass flasks sealed with Teflon screw caps. 2 mL of a 300 g L' NaCl solution were
added to the sample. Samples were immersed in a thermostatic water bath at 40 °C (£0.5 °C) and
maintained under controlled agitation with a magnetic stirrer (300 rpm) for 10 min to equilibrate
before SPME insertion.

The fibre was inserted into the GC injector for analysis and kept at 250 °C. The desorption time was 1
min. The GC used in this work was an HRGC 5160 MEGA SERIES Instrument (Carlo Erba, Mi, I)

equipped with a split/splitless injector and an electron capture detector (ECD,Ni). A fused-silica



DB-5 capillary column (60 m X0.25 mm 1.D:, 0.25 um film thickness; J&W Scientific, USA) was
employed. Helium (99.999%) was used as a carrier gas at a constant head pressure of 50 kPa and
nitrogen (196KPa) was employed as a make-up gas at a constant flow-rate (1 mL min™). The detector
temperatures was kept constant at 250°C. The GC oven was programmed as follows: 40°C (5 min),
5°C min™' to 80°C (5 min), 30°C min” to 100°C (5 min).

The linearity of the method for quantitative analysis was tested by the evaluation of the calibration
curves: standard solutions of DCE in MilliQ water were analysed at varying concentration levels in
the range 0.1 to 30 ppm. Each concentration was analysed twice. The linearity range was evaluated, as
well as the method detection limit (LOD) and computed from the calibration line. Good linearity was

observed with a correlation coefficient of 0.993.

2.3 Adsorption Isotherm. An adsorption isotherm was determined using the batch method. Batch
experiments were carried out in duplicate in 25 ml crimp top reaction glass flasks sealed with PTFE
septa (Supelco, PA, USA). The flasks were filled in order to have the minimum headspace, a
solid/solution ratio of 1:4 (mg mL™") was employed. After equilibration, (24 hours) at a temperature of
25.3 £0.5 °C under stirring, the solids were separated from the aqueous solution using centrifugation
(10000 rpm for 30 min) and analysed by HS-SPME-GC as above described. The DCE concentration

in the solutions was quantified at equilibrium conditions using the HS-SPME-GC technique.

2.4 Thermal analyses. Thermogravimetric (TG) and differential thermal analysis (DTA)
measurements of the exhausted sample were performed in air at up to 900°C using an STA 409 PC

LUXX® - Netzch at 10 °C/min heating rate. The thermal curves are reported in Figure 1.

2.5 X-ray Diffraction. Exhausted ZSM-5 and Y samples were prepared by repeating the batch
adsorption steps on the same zeolite sample until the concentration of the solution in contact with the

zeolites no longer changed. In particular, 1 g of zeolite was placed in a 2 L vessel and equilibrated,



(12 hours) at a temperature of 25.3+0.5°C under continuous stirring (400 rpm). The solids separated
from the solution by filtration constituted the exhausted zeolite samples. The concentration of DCE in
the aqueous solution was analyzed by HS-SPME-GC and this operation was repeated until the
concentration of DCE in the solution no longer decreased after contact with the zeolite.

ZSM-5 and Y Powder patterns after DCE adsorption (ZSM-5-DCE and Y-DCE, respectively) were
measured on a Bruker D8 Advance Diffractometer equipped with a Sol-X detector, using Cu Kg1, o2
radiation in the 3°-110° 28range and a counting time of 12 s/step. The GSAS [30] computer program
with the EXPGUI interface [31] was used (see Table 1 for Rietveld refinement details) with atomic
scattering factors for neutral atoms. Full matrix least-square refinements of exhausted zeolites were
carried out in the P 2;/n (for ZSM-5-DCE) and F d-3 (for Y-DCE) space groups, respectively.

In all the Rietveld structure refinements, the Bragg peak profile was modelled using a pseudo-Voigt
function with 0.01% cut-off peak intensity. The background curve was fitted using a Chebyschev
polynomial with 20 variable coefficients. The 20-zero shift was accurately refined into the data set
pattern. The scale factor and unit-cell parameters were allowed to vary for all the histograms. The
refined structural parameters for each data histogram were the following: fractional coordinates and
isotropic displacement factors for all atoms (one for each tetrahedral site and framework oxygen
atom), and occupancy factors for the extraframework ions. The occupancy factors and isotropic
displacement factors were varied in alternate cycles. Soft constraints were imposed on the tetrahedral
cations and coordinated framework oxygen atom distances during the first stages of refinement, and
left free in the last cycles. The position of the C and Cl extra-framework atoms were

determined with the help of difference Fourier maps. The C—C and C—Cl bond distances were
constrained at 1.40 and 1.70 A, respectively, in the first stage of refinement and set free in the final
stages. Atomic coordinates, fractions and thermal factors are reported in Tables S1 and S2 (see
Supplementary Information), respectively. Tetrahedral bond distances and angles are given in Tables

S3, S4 and S5 (see Supplementary Information), respectively.



3. Results and Discussion
3.1 Adsorption Isotherms

DCE uptake onto ZSM-5 as a function of time is plotted in Fig. 2a. It can be seen that for the
studied zeolite the adsorption process is fast: equilibrium concentration is reached in few minutes. The
data were fitted by a pseudo second order model - as suggested by Azizian when initial concentrations
are significantly lower than the saturation concentration [32, 33] - which is given by:

LS S 1)

a, k.q. 4q.

where ¢,and ¢, are the milligrams of solute sorbed per gram of sorbent at time # and at equilibrium,
respectively, and k,is the second-order sorption rate constant. The equilibrium uptake and the
adsorption rate constant, obtained from the slope and intercept of the linear fit of the data ¢, /# vs. ¢,

respectively, are reported in Table 2. Both pseudo first and second order equations are two extreme
cases of a general rate equation when the initial adsorbate concentration is very high or very low
respectively. The pseudo second order model has been applied in order to analyse sorption kinetics
from the liquid solutions of many adsorption systems [34]. However, it should be mentioned that the
pseudo second order equation, like other commonly employed relationships (e.g. the pseudo-first
order, the pseudo-second order and the Elovich equations) does not correspond to one kinetic model
only, but is a more or less flexible mathematical formula, which is able to simulate the behaviour
characteristic of physical kinetic processes of various kinds only adequately well [35]. Moreover, the
rate constant estimated from the fitting is a complex function of the initial concentration of solute

[35]. In fact, it can be noticed in Table 2 that the k, estimation depends on the initial concentration

value. An approximate estimation of the general rate constant k, = k,C, was evaluated by fitting.

Similar results were also obtained using DCE onto Y adsorption kinetics (see Table 2).



The adsorption rate k, constants for DCE on Y and ZSM-5 are different (see Table 2), therefore it

would seem that k, relates to zeolite structure and morphology.

Figure 3 a) shows DCE adsorption isotherms on ZSM-5 and Y, respectively. It can be seen
that Y is less efficient in DCE removal from water solutions in the low concentration range (see Fig. 3
b). In fact, adsorption onto Y is low for the most dilute solutions. The data in the low concentration
range follows a linear trend as is shown in Fig. 3 b. Similar adsorption behaviour for Y and ZSM-5
when compared to different organic molecules in both the liquid and gas phases, has already been
observed, and reported in the literature [4, 20, 36-37], and different models have been employed to
interpret this phenomenon. Essentially, for aqueous systems, this behaviour has been ascribed to the
competitive role played by water molecules on the adsorption of organic compounds in the Y
framework. It has already been shown that the presence of water vapour decreases TCE adsorption by
up to 83% compared to dry conditions, and that this decrease in TCE adsorption was less than that
observed for adsorption from bulk water solutions [20]. This latter effect has been explained by Giaya
et al. [4] who demonstrated that the pore size and strength of fluid-wall interactions determine the
density of water in adsorbent micropores. DAY (De Alluiminated Y) pores were shown to be
sufficiently large to accommodate water with a liquid-like density when liquid water was present
outside the pores, while silicalite-1 was not supposed to be able to assure the same interactions
between water molecules in the pore. The adsorption data of DCE onto Y obtained in a wide range of
concentrations shows (see Fig. 3a) a different trend when compared to DCE on ZSM-5. In Fig. 3a, it
can be seen that the adsorption data on ZSM-5 follows an L-class or type I adsorption isotherm,
whereas, the Y data follows an S-class or type V isotherm in line with the Giles [38] and [UPAC [39]
classification, respectively.

The adsorption behaviour of water pollutants is generally studied in the low concentration
range, close to that found in real applications [6]. However, in practical applications of adsorbent

materials the whole working range should be explored. Generally, once adsorption equilibrium data



are obtained they should be represented by a specific mathematical model (i.e., an isotherm equation).
This allows one to obtain physical parameters of a model used over a wide range of concentrations.
Furthermore, an adsorption model is essential in calculating the breakthrough curve in adsorptive
separation process simulations [40]. Type I data are typical for zeolite adsorption and can be fitted by
different equations such as Langmuir, or heterogeneous extended Langmuir models, Freundlich, or
Virial equations [41]. In such models, each zeolite cage is considered as an independent site or
subsystem and the interaction between molecules in neighbouring cages is neglected [42]. Adsorption
from dilute solutions into porous materials can be also described by the Polanyi-Dubinin-Manes
(PDM) model [4], however, this model cannot adequately describe trichloroethylene-Y adsorption
behaviour on wet Y zeolites [20]. Isotherm models can, in turn, be related to the interaction energy of
solute-sorbent systems. Type I data for zeolites has been attributed to adsorption energy generated by
the potential fields of the atoms in the walls of the nanopores, and are mainly fitted using Langmuir
and Langmuir-Freundlich equations [41]. It can be seen that this is the case for the DCE-ZSM-5
system (Table 3). The data are also fitted using a bi-Langmuir isotherm type. The increase in the
fitting goodness seems to be related to the increase in the numbers of parameters in the isotherm
equation. However, these above mentioned models cannot fit S-shaped data because of a lack of
flexibility in their mathematical formula. Moreover, deviations of DCE-Y data from L-class models,
can occur due to differences in the adsorption mechanisms such as: site heterogeneity or to interaction
between adsorbed molecules. It should be borne in mind that isotherm equations must reflect the
physical processes involved rather than just fit the (complete) isotherm [43].

Type V data are uncommon for hydrophobic zeolites, as underlined in the article title by Halasz [44],
dealing with adsorption of methanol on Y in the gas phase. Recently, type V isotherms were also
found for paracresol-water systems [21] and for the adsorption of phenol and aniline derivates from
aqueous solutions onto Y [36]. For the above mentioned cases, different explanations have been
provided: the microporous structure and network force field were proposed as explanations in [44],

whereas hydrogen bonds between organic and water molecules were hypothesized in [21], and
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hydrogen bonding between zeolite framework oxygen and organic molecules have been invocated in
[36]. The formation of hydrogen bonds between water and alcohol molecules have also been recently
reported by Krishna and van Baten [16]. The above mentioned works have investigated different
molecules and have obviously arrived at different interpretations. Therefore, it can be argued that the
interaction mechanism is still a matter of debate [41]. For a general adsorbent material, sigmoidal
isotherms have previously been observed as a result of lattice expansion and polymorph switching in
porous materials, guest rearrangements in rigid hosts, and in the cooperative binding of substrates to
proteins [45]. For porous adsorbents, the adsorption data were fitted using Fowler —Guggenheim, and
Ruthven models (see Table 3), this former has recently been employed to fit the adsorption of
aromatics onto Y zeolite [36]. The assumptions underlying the Fowler model are that adsorbed
molecules form a localized monolayer on an energetically homogenous surface and that each
adsorbed molecule interacts with a limited number of other adsorbed molecules distributed randomly
on the nearest-neighbour sites. The Ruthven model has been suggested to account for adsorbate-
adsorbate interactions in the zeolite cage [42]. For the DCE-Y system there is no clear evidence for
the model choice. In fact, it should be considered that a comparison of isotherm models based on the
fitting goodness is not always significant in interpreting adsorption mechanisms. Moreover, it is
sometimes possible to obtain more than one model which accurately describes the experimental data,
and it is not always possible to distinguish which model to use on the basis of thermodynamic
analyses [42].

In conclusion, further investigations are required to elucidate adsorption mechanisms. Several
approaches can be followed to accomplish this task, one of which consists in localising the molecules
in the framework. The main advantage of structural investigations is that they furnish a visual result of

the experimental data without requiring an ‘a priori’ hypothesis to be formulated.

3.2 Thermogravimetric and structural analyses.

3.2.1 Y zeolite.
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This zeolite (FAU-type framework topology [46]) is of the utmost importance in
heterogeneous catalysis [47]. Its pore structure is relatively spacious and is characterized by
cuboctahedral sodalite cages (B-cages), which are linked together by hexagonal prisms to form large
cavities referred to as “supercages”, with a diameter of approximately 12 A (Figure 4a). Each
supercage is joined to four others via circular windows that are delimited by 12 rings of tetrahedra
with a free diameter of about 7.5 A. Zeolite Y is therefore classified as possessing a three-
dimensional, 12-membered-ring pore system.

Thermogravimetric analysis (TG) was used to determine the amount of DCE molecules
embedded in the Y framework, and to monitor the decomposition process of organic molecules during
the heating procedure. The TG curve of the Y-DCE (Figure 1) showed that, apart from the
elimination of residual humidity (T<100°C, weigh loss (7%), a sudden change in its slope occurs at
higher temperatures, which is probably due to the elimination of DCE and/or H20 molecules trapped
within the zeolite pores. Total weight loss at 900°C is about 27.7.% compared to 1.8 % in the as-
synthesized sample [23].

The question is, whether this variation is really due to DCE adsorption, which remarkably or
completely substitutes the H>O in the as-synthesised material, or to the trapping of further water
molecules from the aqueous solution, even if this last hypothesis appears improbable considering the
hydrophobicity of the studied zeolite.

In order to verify the effective incorporation of DCE in Y-porosities, powder diffraction data were
analyzed. A comparison of the X-ray powder diffraction patterns of Y zeolite before and after DCE
adsorption clearly highlighted that the peak intensities in the two patterns are markedly different
mainly in the low 26 region (Figure 5a). This effect is typical of structural modifications, in particular
(it indicates an) increased disorder, in the extraframework region. At the same time, the diffraction
positions in the two patterns are slightly different. Rietveld structure refinement revealed that DCE
adsorption caused a lowering in real Fd-3m symmetry in the parent Y zeolite [8] to Fd-3 and a

remarkable increase in unit cell volume (Y-DCE: a =b=c=24.2767(6) A Cell volume = 14307.6(6) A°
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Table 1) in comparison to those of the untreated materials (a=b=c= 24.259(4) 2\, Cell Volume=
14277.1(4) A°[8]). At the same time, the opening of the zeolite framework pore system strongly
increased (see Figure 6) and consequently, its Crystallographic Free Areas (C.F.A.) sensu Baerlocher
[46] also increased when compared with the as-synthesized materials. These results clearly indicated
that the increase in weight losses resulting from both the adsorption experiments and TG analyses
were not only due to the trapping of additional water molecules from the aqueous solution but also to
a strong modification in the extraframework content, i.e. to the adsorption of a significant amount of
DCE molecules.

According to both the TG and adsorption data, Rietveld refinement confirmed the most
relevant level of incorporation of DCE molecules in the Y zeolite. The difference Fourier maps
generated using GSAS package [30], revealed the presence of the largest peak in the difference
Fourier map which was attributed to chlorine atoms of encapsulated DCE molecules (see Table 4).
With this assumption, it was easy to localise the peak corresponding to the carbon atoms (Table 4).
The location of DCE molecules and the symmetry elements for the Fd-3 space group imposes the
presence of both trans-and gauche-configurations (Figure 7). Consequently, X-ray diffraction does
not give any clear indication of the most well-favoured DCE configuration and both #rans-and
gauche-configurations seem to be possible.

The partial occupation of DCE molecule sites (0.43 of occupancy, see Table S1), giving a
total of about 38 DCE/u.c (corresponding to about 24.3% in weight). Two further extraframework
sites were localised, and attributed to water molecules (W1 and W2 sites, respectively, corresponding
to a total of about 12 H,O/u.c (and to about 1.4% in weight).

The distances between water molecules from the organic molecule chlorine atoms (Table 4
and Figure 8) indicate that different DCE molecules could be connected by means of hydrogen bonds
through W1, to form a DCE-water molecules complexes (clusters or short chains). Moreover the W2-
Cl bond distance suggests that DCE molecules are connected to framework oxygens through W2

(Figure 8) thus justifying the symmetry lowering as well as the deformations of the 12-ring channel
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systems (Figura 7). The presence of DCE and water molecules complexes was recently observed in
organophylic mordenite by Martucci et al.[23]: in that case, the distances between water molecules
from the framework oxygens suggest that these complexes strongly interact with the framework, thus
justifying the lowering in symmetry as well as the deformations in the 12-ring mordenite channel
systems. An analogous behaviour was also found for Y zeolite, as explained before. The complexation
of water molecules with organic compounds via hydrogen bonding was also predicted by theoretical

calculations and confirmed by spectroscopic studies [48-53].

3.2.2 ZSM-5

The zeolite (MFI-type framework topology [46]) is probably one of the most widely studied
zeolites. The MFI framework pore structure system consists in two intersecting sets of tubular
channels, a linear one parallel to the [010] direction, with an opening of about 5.4 -5.6 A, and a
sinusoidal one parallel to the [100] direction, with an opening of 5.1 -5.5 A [46] (Figure 4b-c). These
channels are delimited by 10-membered rings of TO4 tetrahedra. From the crystallographic point of
view, all synthetic MFI zeolites show a polymorphic orthorhombic-to-monoclinic phase transition.
The polymorphism mechanism is complex and depends on the Si/Al ratio, the defect density of the
tetrahedral framework, the temperature, the synthesis conditions, the nature and the amount of extra-
framework (i.e. nature of sorbate), post synthesis treatment (calcination, ion exchange, etc) and the
loading/unloading of organic molecules [54-55]. At room temperature, the as-synthesized samples of
hydrogen free MFI type materials are orthorhombic, with a Pnma space group, whereas the hydrogen-
containing ZSM-5 are monoclinic P2;/n [54-55]. The orthorhombic form can also be stabilized by the
insertion of structural defects [56] or by the absorption of organic molecules such as benzene [57],
aniline, or naphthalene in the channels [58]. In particular, low loading ZSM-5 (4 or less sorbate per
unit cell) are orthorhombic Pnma or Pn2;a (i.e. 2.6p-dichlorobenzene, p-nitroaniline3.7-ZSM-5,
naphtalene3.7-ZSM-5), whereas high loading ZSM-5 (over 4 sorbate per unit cell) are orthorhombic P

212,2; (i.e. 8 p-xylene, 8 p-dichlorobenzene and 6.4 toluene [54 59 60]. Orthorhombic Pnma
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symmetry was also found in mutinaite, the natural counterpart of ZSM-5 [61]. According to the
literature, our H-ZSM-5 sample is monoclinic, space group P 2,/n (Table 1).

Also for ZSM-5, strong differences in both the positions and intensity of diffraction peaks were
detected after DCE incorporation throughout the 26 range under investigation, when compared to the
as-synthesized material, thus indicating strong structural rearrangement (Figure 5b).

The most probable symmetry may still be considered monoclinic, with the P2,/n space group.
Rietveld refinement of the unit cell parameters indicated small but significant variations in
comparison to those of the untreated material (ZSM-5-DCE: a=20.117(1) A, b=19.899(1) A, c=
13.389(1) A, o = 90.55(1), Cell volume= 5359.9(1) A%; untreated ZSM-5 a=20.109(1) A, b=
19.897(1) A, c=13.380(1) A, o= 90.54(1), Cell volume = 5353.3(3) A?). The a values as well as a/b
and a/c unit-cell parameter ratios confirm the assumption of the monoclinic symmetry [54] of ZSM-5
before (a/b=1.0106, a/c= 1.577) and after DCE adsorption (ZSM-5-DCE) (a/b=1.011, a/c=1.503).

Two crystallographically independent DCE sites were located in the structure of ZSM-5, one
(DCE1) (Figure 9a), the other in the sinusoidal 10-ring channel parallel to [100] direction (Figure
9b). The sorbate molecules located near the channel-intersections are isolated one from each other
and do not present any interactions through the straight-channels thus confirming the monoclinic
symmetry [56].

According to our results, all DCE molecules assume a #rans (anti) configuration. The DCE
molecules display planar geometry, which was very near to ideal, with C-C—CL angles of about 114°.
The very similar values for the occupancy and isotropic temperature factor obtained for carbon and
chlorine atoms confirmed that the observed peaks were correctly attributed to the ZSM-5-DCE
compound. All sites are partially occupied, giving a total of about 5 DCE/u.c (which correspond to
about 8% in weight). No short distances between C and Cl atoms and framework oxygens were
observed (Table 4).

Two further extraframework sites have been localised, and were attributed to water molecules

(W1 and W2 sites, respectively). On the basis of the occupancies, the water content corresponds to a
15



total of about 5 H,O/u.c (and to about 1.4% in weight (Table S2). On the whole, the amount of DCE
and H,O obtained from Rietveld refinement is in very good agreement with that reported from TG
weight loss at 900°C (Figure 1).

In ZSM-5, the short distances between the W2 water molecules from the framework oxygens
and DCEI molecules suggest that these complexes strongly interact with the framework, thus
justifying the deformations in the 10-ring channel systems (Figure 10). The relevant incorporation of
DCE molecules in the ZSM-5 structure is confirmed by a change in the dimension of the ten-
membered rings, when compared to the parent zeolite (see Figure 11 for details). To note that DCE1
and DCE2 molecules are connected to each others through W1 (Figure 10). As can be clearly seen,
the ring shapes became more elliptical when compared with those found in the parent zeolite ZSM-5
as a consequence of the strong interaction between DCE-water molecules complexes and framework
oxygens. Therefore, ZSM-5 is able to adsorb water molecules, and this adsorption modifies the zeolite

structure.

4. Conclusions

In the present work, it is shown that after the adsorption of organic molecules from aqueous
solutions on zeolitic materials, strong framework distortions occur depending on the flexibility and/or
the accessibility of the channel systems to the host molecules. These remarkable deformations can be
explained on the basis of the presence of DCE- water complexes which strongly interact with
framework oxygens via hydrogen bonding. A similar result was recently observed in organophilic
mordenite after DCE adsorption [23].

All of these findings are important features in the adsorption process and suggest that: a)
framework flexibility was found to be insignificant for the adsorption of n-alkane on silicalite-1 and
that generally, it influences transport properties to a lesser degree than thermodynamic properties.

However, recently it has been shown that adsorption of VOC on MFI zeolites is affected by structural

16



changes [41]. Therefore, flexibility in the framework should be included in modelling adsorption to
correctly interpret the experimental findings. b) Water molecules inside the porous framework lead to
a multicomponent system being considered instead of a single component adsorption mechanism.
Water effects cannot be neglected, especially when hydrogen bonds are involved. ¢) Conformational
selection in DCE on ZSM-5 has been observed and is probably due to an energy landscape which has
been defined by DCE low energy torsional motion in the zeolite channels.

In conclusion, for DCE adsorption onto hydrophobic zeolites regardless of the framework
type, isotherm modelling and/or simulation algorithms should be implemented to take system

complexity into account.

5. Acknowledgements

The authors wish to thank Eni spa for the financial support. This work was also partially supported
by MIUR project PRIN 2009 grant N. 2009ZSC5K2 004. Thanks to Georgia Emma Gili for the

revision of the English language.

17



References

[1] A. R. Gavaskar, B. C. Kim, S. H. Rosansky, S. K. Ong and E. G.Marchand, Environ Prog. 14
(1995) 33-40.

[2] R. Vignola, R. Sisto, G. Grillo, U. Cova, P. Cesti, US2009/0014390 A1 Patent, (2009)

[3] L. Abu-Lail, J. A. Bergendahl, R. W. Thompson, J. Hazard. Mater. 178 (2010) 363-369.

[4] A. Erdem-Senatalar, J. A. Bergendahl, A. Giaya, R. W. Thompson, Environ. Eng. Sci. 21 (2004)
722-729.

[5] A. Rossner, D. R. U. Knappe, Water Res. 42 (2008) 2287-2299.

[6] M. A. Anderson, Environ. Sci. Technol. 34 (2000) 725-727.

[7] I. Braschi, S. Blasioli, L. Gigli, C. E. Gessa, A. Alberti, A. Martucci , J. Hazard. Mater. 178,
(2010) 218-225.

[8] A. Martucci, N. Marchetti, A. Cavazzini, F. Dondi, A. Alberti, L. Pasti, in press,

do1:10.1016/j.micromeso0.2011.07.009.

[9] D. Z. Chen, J. X. Zhang, J. M. Chen, Int. J. Environ. Sci.Tech. 7 (2010) 235-242.

[10] A. Giaya, R. W. Thompson, R. W., R. Denkewicz Jr., Micropor. Mesopor. Mat. 40 (2000) 205-
218.

[11] S. S. Rayalu, S. U. Meshram, R. B. Biniwale, A. Srivasatava, P. D. Jadhav and S. Devotta, Res.
Commun. 91(4) (2006) 497-503.

[12] M. F. Ciraolo, J. C. Hanson, P. Norby, C. P. Grey, J. Phys. Chem. B 105 (2001) 2604-2611.
[13]J. A. Ritter, S. J. Bhadra, A. D. Ebner, Langmuir 27 (2011) 4700-4712.

[14] P. A. Bonnaud, B. Coasne, R. J-M. Pellenq, J. Phys.: Condens. Matter 22 (2010) 284110-284125.
[15] M. G. Ahunbay, Langmuir 27 (2011) 49864993

[16] R. Krishna, J. M. van Baten, Langmuir 26(13) (2010) 10854-10867

[17] A. Germanus, J. Karger, H. Pfeifer, Zeolites 4, (1984) 188-190.

[18]J. Karger, H. Pfeifer, Zeolites 7 (1987) 90-107.

[19] E. H. Ellison, J. Phys. Chem. B 103 (1999) 9314-9320.
18



[20] J. Farrell, C. Manspeaker and J. Luo. Microporous Mesoporous Mater., 59 (2003) 205-214
[21] L. Narasimhan, P. Boulet, B. Kuchta, O. Schaef, R. Denoyel, P. Brunet, Langmuir 25(19),
(2009) 11598-11607.

[22] H. Cheng, M. Reinhard, Environ. Sci. Technol. 40(24) (2006) 7694—7701.

[23] A. Martucci, L. Pasti, M. Nassi, A. Alberti, R. Arletti, R. Bagattin, R. Vignola, R. Sticca,

available on line doi:10.1016/j.micromeso0.2011.10.010.

[24] P. Jedlovszky, A. Vincze, G. Horvai, J. Chem. Phys. 117 (2002) 2271-2281.

[25] L. Y. Lee, N. Yoshida, F. Hirata, J. Phys. Chem. B 110 (2006) 16018-16025.

[26] N. A. Murugan, H Agren, J. Phys. Chem B 113 (2009) 3257-3263.

[27] R. J. Sabharwal, Y. Huang, Y. Song, J. Phys. Chem. B 111 (2007) 7267-7273.

[28] M. W. Wong, M. J. Frisch, K. B. Wiberg, J. Am. Chem. Soc. 113 (1991) 4776-4782.
[29] B. Cohen, S. Weiss, J. Phys. Chem. 87 (1983) 3606-3610.

[30] A. C. Larson, R. B. Von Dreele, "General Structure Analysis System (GSAS)", Los Alamos
National Laboratory Report LAUR (2000) 86-748.

[31] B. H. Toby, J. Appl. Cryst. 34 (2001) 210-213.

[32] S. Azizian, J. Coll. Int. Sci., 276(1) (2004) 47-52.

[33] W. Rudzinski, W. Plazinski, J. Phys. Chem. B 110, (2006) 16514-16525.

[34] Y. S. Ho, Water Res. 40, (2006) 119-125.

[35] W. Plazinski, W. Rudzinski, A. Plazinska, Adv. Coll. Interf. Sci. 152 (2009) 2—-13.

[36] B. Koubaissy, G. Joly, I. Batonneau-Gener, P. Magnoux, Ind. Eng. Chem. Res. 50, (2011) 5705—

5713.

[37] S. Kleineidam, C. Schiith, P. Grathwohl, Environ. Sci. Technol. 36, (2002) 4689-4697.
[38] C. H. Giles, T. H. Macewan, S. N. Nakhwa, D. Smith, J. Chem. Soc. 4 (1960) 3973-3993.
[39] K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J. Rouquerol, T.
Siemieniewska, Pure & Appl. Chem. 57(4) (1985) 603—619.

[40]J. H. Yun, D. K. Choi, J. Chem. Eng. Data 42 (1997) 894-896.

19



[41] B. A. De Moor, M-F. Reyniers, O. C. Gobin, J. A. Lercher, G. B. Marin, J. Phys. Chem. C,
115(4) (2011) 1204-1219.

[42] D. G. Ruthven, Principles of adsorption and adsorption processes, Wiley-Interscience; John
Wiley & Sons, N.Y. (USA), 1984.

[43]J. P. Mota, S. Lyubchik (Eds), Recent Advances in Adsorption Processes for Environmental
Protection and Security NATO Science for Peace and Security, Series C: Environmental Security,
Springer, The Netherlands, 2008.

[44] L. Halasz, S. Kim, B. Marcus, J. Phis. Chem. B 105, (2001) 10788-10796.

[45]J. Rabone, Y.-F. Yue, S. Y. Chong, K. C. Stylianou, J. Bacsa, D. Bradshaw, G. R. Darling, N. G.
Berry, Y. Z. Khimyak, A. Y. Ganin, P. Wiper, J. B. Claridge, M. J. Rosseinsky, Science 329 (2010)
1053-1057.

[46] Ch. Baerlocher, W.M. Meier, D.H. Olson, Atlas of Zeolite Framework Types, 5th ed., Elsevier,
Amsterdam, 2001.

[47] M. Guisnet, J. P. Gilson, Eds., Zeolites for Cleaner Technologies, Imperial College Press, 2002,
[48] Z. Li, J. Singh, J. Phys. Chem. A 112 (2008) 8593-8599.

[49] L. Wang, J. Phys. Chem. A 111 (2007) 3642-3651.

[50] R. Iwamoto, T. Matsuda, T. Sasaki, J. Phys. Chem. B 2003, 107, 7976-7980.

[51] M. P. Conrad, H. L. Strauss, J. Phys. Chem. 91 (1987) 1668-1673.

[52] M. Besnard, Y. Danten, T. Tassaing, J. Phys. Chem. 113 (2000) 3741-3748.

[53] H. C. Allen, E. A. Raymenod, G. L. Richmond, J. Phys. Chem. A 105 (2001) 1649-1655.

[54] B. F. Mentzen, Mat. Res. Bull., 27 (1992) 831-838.

[55] E. L. Wu, S. L. Lawton, D. H. Olson, A. C. Rohrman, Jr., and G. T. Kokotailo J. Phys. Chem.,
83 (1979) 2777-2781.

[56] H. van Koningsveld, J.C. Jansen, H. van Bekkum Zeolites 10(4) (1990) 235-242

[57] G. Marra, G. Tozzola, G. Leofanti, M. Padovan, G., Petrini, F. Genoni, B. Venturelli, A.

Zecchina, S. Bordiga, G. Ricchiardi, Stud. Surf. Sci. Catal. 84 (1994) 559-566.
20



[58] N. Kamiya, W. Iwama, T. Kudo,T. Nasuno, S. Fujiyama, K. Nishi and Y. Yokomori Acta Cryst..
B67 (2011) 508-515

[59] H. Van Koningsveld, J. C. Jansen, Microporous Mater., 6(3) (1996) 159-167.

[60] K.Nishi, A.Hidaka, and Y. Yokomori, Acta Cryst. B61, (2005) 160-163.

[61] G. Vezzalini, S. Quartieri, E. Galli, A. Alberti, G. Cruciani, and A. Kvik, Zeolites. 19, (1997)

323-325.

21



FIGURE CAPTIONS

Figure 1. Thermogravimetric (TG) curves in ZSM5 and Y respectively, before and after DCE

adsorption.

Figure 2. a) Uptake of DCE on ZSM-5 data b) Pseudo second order linear fit of data in a), c) Uptake

of DCE on Y data, d) Pseudo second order linear fit of data in c),

Figure 3. a) Adsorption isotherms (at 298 K) of DCE on ZSM-5 (circle) and Y (square). b) Enlarged

detail of data in a) in the low concentration range

Figure 4. Representation of Y (a) and MFI (b-c) frameworks, showing both the straight channel

parallel to the [100] direction, and the tubular channels, parallel to the [010] direction.

Figure 5. Observed powder diffraction patterns of Y-DCE (a) and ZSM-5-DCE (b) respectively,

showing strong differences both in intensity and the position of the diffraction peaks.

Figure 6. Oxygen-oxygen distance (A) of the apertures in Y zeolite before and after DCE adsorption,
assuming an oxygen ionic radius of 1.35 A. Crystallographic Free Areas (C.F.A.) sensu Baerlocher

[46] are also reported.

Figure 7. Projection along [001] showing DCE molecules in Y along the 12-ring channels. Chlorine

(red circle), carbon (green circle) and water molecules (light blue) are reported.
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Figure 8. DCE-water complexes in Y cage. Chlorine (red circle), carbon (green circle), framework

oxygens (yellow circle) and water molecules (light blue) are reported. Bond distances are in Table 4

Figure 9. Projection along [001] (a) and [010] (b) showing DCE molecules in ZSM-5 along the 10-
ring channels. Chlorine (red circle), carbon (green circle) and water molecules (light blue) are

reported.

Figure 10. DCE-water complexes in ZSM-5. Chlorine (red circle), carbon (green circle), framework

oxygens (yellow circle) and water molecules (light blue) are reported. Bond distances are in Table 4.

Figure 11. Dimensions (A) of the apertures in ZSM-5 zeolite before and after DCE adsorption,

viewed normal to [100] and [010], assuming an oxygen ionic radius of 1.35 A. The ellipticity index

(I/s= largest/shortest oxygen-oxygen distances) was also reported.
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Table(s)

Table 1. Lattice parameters and refinement details for ZSM-5 after DCE adsorption

Y-DCE ZSM-5-DCE
Space Group Fd-3 P2,/n
a(A) 24.2767(6) 20.1174(6)
b (A) 24.2767(6) 19.8999(5)
c(A) 24.2767(6) 13.3892(4)
a(®) 90 90.546(3)
B(°) 90 90
1(°) 90 90
vV (A%) 14307.6(6) 5359.9(3)
Refined pattern 20 range
(°) 3-110 3-110
Ryp (%) 8.65 9.12
R, (%) 7.60 8.40
R (%) 7.42 9.10
N° of contributing
reflections 1658 5601
Nobs 5319 14142
Nyar 65 289

A =1.5417(1) A

Estimated standard deviations in parentheses refer to the last

digit

Ry = X[ Yi-Yil XYoo Rup = Wi Yio-Yie /XwiYio2]"; Re> = 2|F,*-F /2R,



Table 2: Uptake kinetics of DCE on ZSM-5 and Y. (see Eq. 1)

Organic — Co k, Qe qe tin' k>, n
Zeolite (kinetics) (equilibrium)
mg L! g mg'1 min’’ mg g'1 mg g'1 min g mg"'1
L™ min™

1.1 1.33 1.9 2.3 0.40
DCE-ZSM-5 3.5 0.32 6.2 6.3 0.51 1.45 1.14

5.1 0.24 8.3 9.3 0.53

2.2 0.86 1.5 1.9 0.77
DCE-Y 3.2 0.72 23 2.8 0.72 2.55 1.24

6 0.26 3.8 4.2 1.09

! t,, is calculated as the reciprocal of the product of k, and g..



Table 3: Fitting Results of the adsorption data of DCE on ZSM-5 and Y.

Organic -

Zeolite Equation1 Parameters R’
qs
K; 1
1 (mgg™)
DCE-ZSM-5 _ 4,K,C, (L mg) 120
g=-"—L"c 0.19 0.9927
1+ K,C, (0.16,021) (113127
KL qs 1 I(L,21 qs,Z L
-1 (mg g™) (L mg™) (mg g™)
pcezsms 4K, Co | 9,.K.,C. (o) 82 0.11 37 09987
1+K,C, 1+K,,C, (15025 (3D (00209 (3.4 :
K
-1
DCE-ZSM-5 4= KC L) 0.9929
‘ (12, 14)
5 K, (mq‘ 1 R
ooy 4o KCH R(K,C,) (L mg") 175 0.9911
) 1+K,C,+R2(K,C ) 0014 136,214 43 '
1 r&e rCe)0.009,0019) 1321 595
9 29W KFG qs W
DCE-Y K, C = exp (L mg™) (mg g™) (kJ mol™) 0.9920
FG%“e g g8
1-6 RT 0.0923 178 52
K
-1
DCE-Y q=KC, (L me) 0.9892
(13,2.8)

"¢ (mg g is the sorbed concentration, C, (mg L) is the concentration in the solution at

equilibrium, K7; (L mg™) is the Langmuir coefficient (binding constant), and ¢, (mg g) the
saturation capacity of site i. 0 is the ratio ¢ / g5, R is the parameter accounting for adsorbate-

adsorbate interactions in a cage and W the interaction energy (kJ mol™)



Table 4. Selected bond distances of extraframework atoms in Y-DCE and ZSM-5-DCE,

respectively.

Y-DCE

C-C 1.450(2) w2-Cl 2.151(5) wi-Cl[x6]  2.868(3)
c-Cl 1.7493) w2-01 3.06(9) w2-01 3.26(4)
ZSM-5-DCE

C1-C2 1.411(23) C3-CI3 1.730(24) w2-04 2.63(4)
C1-C12 1.774(23) C3-C4 1.419(24) w2-05 3.019(32)
c1-cl 2.684(22) C3-Cl4 2.626(24) w2-021 2.58(27)
C2-CI2 2.666(22) C13-C4 2.629(23) w2-041 2.880 (34)
C2-Cll 1.769(23) C4-Cl4 1.711(24) w2-Cll 2.53(7)
C13-wl 3.18(3) wi-Cll 2.24(7) w1-025 3.32(3)

wl-w2 2.09(7) wl-C13 3.18(13)
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ABSTRACT

This paper reports a study of the location of Methyl Tertiary Butyl Ether (MTBE) and toluene
molecules adsorbed in the pores of the organophylic zeolite mordenite from an aqueous solution.
The presence of these organic molecules in the zeolite channels was revealed by structure
refinement performed by Rietveld method. About 3 molecules of MTBE and 3.6 molecules of
toluene per unit cell were incorporated into the cavities of mordenite, representing 75% and 80% of
the total absorption capacity of this zeolite. In both cases a water molecule was localized inside the
side pocket of mordenite. The saturation capacity determined by the adsorption isotherms, obtained
by batch experiments, and the weight loss given by thermogravimetric (TG) analyses were in very
good agreement with these values. The interatomic distances obtained after the structural
refinements suggest MTBE could be connected to the framework through a water molecule, while
toluene appears directly bonded to framework oxygen atoms. The rapid and high adsorption of
these hydrocarbons into the organophylic mordenite zeolite makes this cheap and environmental

friendly material a suitable candidate for the removal of these pollutants from water.

1. Introduction

Hydrocarbons and halogenated compounds are organic pollutants in industrial waste,
especially in waste water deriving from oil refineries, petrochemical plants, and even from common
petrol stations. The effective removal of these pollutants from waste water is a problem of great
importance and interest and despite significant efforts in environmental restoration over the past 30

years, it remains one of the more difficult and expensive environmental problems. Physical



adsorption has proven to be one of the most efficient methods for quickly lowering the
concentration of pollutants in waste water [1]. Activated carbons have been the most commonly
used adsorbents [2], but they present some disadvantages in that they are relatively expensive,
difficult to regenerate, and their performance in removing pollutants is greatly reduced in the
presence of natural organic matter, leading to competitive-adsorption effects [3]. Inorganic
adsorbents with a high surface area and hydrophobic behavior represent a promising alternative to
carbon adsorbents [1,4,5,6,7,8].

Recently, porous materials such as zeolites have been used as sorbents for water treatment,
due to their environmentally friendly nature. Zeolites are crystalline aluminosilicates with unique
microporosity properties. Their frameworks, built from SiO4 and AlO, tetrahedral units of, present
nanometre-sized channels and cages. Their adsorption properties are strongly dependent not only on
pore dimensions but also on their chemical properties. The Silica/Alumina Ratio is a fundamental
parameter that defines zeolite polarity and influences the hydrophobicity or hydrophilicity of each
zeolite. While the thermodynamics and kinetics of gas phase adsorption of organic molecules by
zeolites has been widely investigated [9], studies of adsorption of organic molecules from aqueous
solutions by zeolites are less numerous [5,6,10,11,12,13,14,15]. Adsorption from aqueous solutions
depends not only on the dimension of the pore systems, but also on the competition between the
adsorbate and water, strictly linked to the hydrophobicity of the zeolite considered. Databases for
correlations between adsorption capacity and pore volume in a given pore size range are limited to
very few compounds [11]. Moreover, the knowledge of such parameters may not be sufficient to
model and predict adsorption properties. Understanding the science behind adsorption processes
helps the operators to design a system that exploits the full capability of adsorbent materials.

The aims of this work are: i) to investigate the adsorptive properties of mordenite
(framework type MOR) for the removal of Methyl Tertiary Butyl Ether (MTBE) and toluene (TOL),
two organic pollutants often found in ground and surface water; ii) to define the structure of the
zeolite after the adsorption treatment of the organic molecules; iii) to comprehend the interaction
between the adsorbate and the zeolite framework. A knowledge of the interaction between adsorbent
and adsorbate will provide an understanding of the properties of the selected zeolite and be useful
for design an adsorbent with high capacity and selectivity. Recent studies [13,15,16] have already
highlighted the effectiveness of the zeolite mordenite for the removal of MTBE, but a structural
study for the definition of the host-guest interactions is completely lacking. Hung and Lin [16]
studied the absorption of MTBE from natural water onto mordenite in comparison with
carbonaceous resins. Among the samples tested, one of the resins and mordenite emerged as the
most effective adsorbents for MTBE, it being demonstrated that for these two sorbents there was no

competition between the organic matter, commonly dispersed in natural water, and the MTBE
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molecules. Anderson [13] showed that, after equilibration of a 100pg/L MTBE solution with S5Smg of
solid phase mordenite powder, the percentage of removal of the pollutant was about 96%. When
mordenite is substituted with other zeolites (i.e. ZSM-5 and Y), this percentage falls to 63% and 5%
respectively. Unfortunately, the lack of a structural investigation of the MOR powder after
adsorption made it impossible to fully explain this high affinity. MTBE molecule dimensions are
such that it can fit equally in the channels of both MOR and ZSM-5. The reason for a more efficient
removal by MOR must lie in interactions of the molecule with the mordenite framework. Recently,
silicalite-1, its polymeric modification and granular activated compound [17] have also been used
for MTBE removal. The results, demonstrated high affinity of zeolites for MTBE molecules when
compared with other materials.As stated above, while some data on MTBE adsorption in mordenite
has been published, to the knowledge of the authors no data are available regarding toluene
adsorption by this zeolite. For this reason, in this study the adsorption capacity, the affinity of MOR
with MTBE and toluene, and the interaction of the two molecules with the framework are discussed

in detail.

2. Experimental
2.1 Materials

As stated in the introduction, two pollutants were chosen for this study: Methyl Tertiary
Butyl Ether (MTBE) and toluene. These two molecules are contaminants found in urban rain water,
ground water, and surface water. MTBE is an additive whereas toluene is a component of fuel and
they are commonly present in waste water deriving from oil refineries and petrochemical plants.
MTBE has been found both in drinking and in natural water at different concentrations. Currently,
MTBE is listed on EPA’s Drinking Water Contaminant Candidate List and drinking water levels
have been set at 20 pg L for odor and 40 pg L™ for taste (EPA, 2002). In groundwater, levels of
contamination over 100 mg L ' are not uncommon due to spills at automobile gasoline service
stations. In particular, Methyl Tertiary Butyl Ether is a primary constituent of reformulated gasoline,
accounting for 10-15 % of reformulated fuels. Although the health issues associated with exposure
to MTBE are still debated, evidence supports its role as a possible human carcinogen [13,18].
MTBE and toluene standard solutions were prepared using purified water from a MilliQ water
purification system (Millipore, DA, USA) together with MTBE (HPLC grade, Fisher Scientific, PA,
USA) or Toluene (HPLC grade, Sigma Adrich, Steinheim, Germany). Sodium chloride (purity 98%)
was obtained from Sigma-Aldrich (Steinheim, Germany). The zeolite chosen as sorbent was a
commercial as-synthesised hydrophobic mordenite (referred to below as MOR), with Si02/A1203
equal to 200 and Na20 content lower than 0.1 wt%, and purchased from HSZ-690HOA Tosoh



Corporation in its protonated forms.

The crystal structure of mordenite was first determined by Meier [19] in 1961. The
framework can be described as the assembly of single 6-ring sheets linked by single 4-rings, or,
alternatively, from a combination of 5-1 secondary building units (SBUs). A pore system, consisting
of 12-membered and 8-membered rings of TO, tetrahedra, runs parallel to the [001] direction This
channel system is interconnected along [010] through 8-ring side pockets. The topological
symmetry of mordenite is orthorhombic Cmcm [20], with four symmetrically independent
tetrahedral cation sites and ten framework oxygen sites. The real symmetry is reduced to Cmc2,
[21] in the natural phase in order not to constrain one oxygen in an inversion center, and

consequently to avoid a straight, unstable T-O-T angle.

2.2 Methods
Batch Experiments

In order to obtain adsorption equilibrium isotherm data for the powder sorbent, aqueous
phase adsorption experiments were performed in 25 mL crimp top reaction glass flasks sealed with
PTFE septa (Supelco, PA, USA) using a fixed sorbent/liquid ratio (0.1 g sorbent/25 mL aqueous
solution) and initial solutions of varied concentrations of MTBE and toluene, respectively. In all
experiments, the flasks were agitated on a fixed speed rotator (200 rpm) at room temperature (2542
°C) for a minimum of 24 h to achieve adsorption equilibrium. A 24 h equilibration time was chosen
on the basis of kinetics testing conducted as part of this work. In addition, previous work on
powdered zeolite showed that 24 h is sufficient time for MTBE to reach equilibrium [8]. Control
experiments were performed periodically together with the adsorption experiments, using blank
solutions of MTBE and toluene and no adsorbent material, to ensure that losses did not occur during
the experiments. Following adsorption, solid-liquid separation was achieved by centrifugation for
10 min. at 10000 rpm, and MTBE or toluene in the aqueous supernatant samples was quantified
using gas chromatography (GC) with solid phase micro extraction (SPME) in head space mode.
When necessary, dilution was made in order to keep the measurements within the linear range of the

standard curves.

2.3 Gas chromatography

A solid phase microextraction (SPME) system, supplied by Supelco, PA, USA was used to
extract the organic contaminant (MTBE or toluene) from the aqueous phase of each sample using
carboxen/polydimethylsiloxane (CAR/PDMS) 85-um film thickness fibres (Supelco, Bellefonte,
PA). At the beginning of each analysis, the SPME fibre was conditioned under helium for half an



hour in the injector unit at 250 °C and was systematically cleaned at 250 °C for 20-30 minutes after
every extraction The headspace (HS) mode was used for extraction from a sample volume of 10 ml
of contaminant solutions. The addition of an inorganic salt is common in order to enhance the
activity coefficients of volatile components in aqueous solutions, increasing the concentration in the
headspace vapour. In the present work, 2 mL of a sodium chloride solution (300 g L) were added
to the sample which was placed in 25 mL glass flasks sealed with Teflon screw caps. After
equilibration at 40 (£0.5) °C, for 10 min, the SPME was inserted and the samples were maintained
under controlled agitation with a magnetic stirrer (300 rpm) for 10 min. Finally, the fibre was
inserted into the GC injector for analysis. The desorption time was 1 min. A GC HRGC 5160
MEGA SERIES Instrument (Carlo Erba, Mi, I) equipped with a split/splitless injector, a flame
ionization detector (FID) and a fused-silica SE30 capillary column (60m x 0.25 mm L.D:, 0.25 um
film thickness; J&W Scientific, USA) was employed in this work. Helium (99.999%) was used as a

carrier gas at a constant head pressure of 50 kPa The detector and injector temperatures were held

constant at 250 °C. Helium 99.9 % used as the carrier gas at a constant flow of 1 mL min™!.
Hydrogen and air were used to maintain the detector flame at a pressure of 40 and 80 KPa,
respectively. The GC oven program was as follows: 35 °C for 1min, ramped to 50 °C at 7.5 °C min
I held for 2min, ramped to 90 °C at 20-C min!, held for 2min, finally ramped to 200 °C at 40°C
min! and held for 10 min. The MTBE (or toluene) on the SPME fibre was thermally desorbed in
the GC inlet using the splitless mode at 250 °C for 5 min. The linearity of the method for
quantitative analysis was tested by the evaluation of the calibration curves: standard solutions of
MTBE and toluene in MilliQ water were analysed at varying concentration levels in the range 0.01
- 10 ppm as single contaminants. Each concentration was analysed twice. The linearity range was
evaluated, as well as the method detection limit (LOD) and computed from the calibration line.
Good linearity was observed with a correlation coefficient of 0.9952 and 0.9984 for MTBE and
toluene respectively. Exhausted MTBE and toluene mordenite samples were prepared by repeating
batch adsorption steps on the same zeolite sample, until the concentration of the solution in contact
with the zeolites did not change. The concentration of the organics in the aqueous solution was
analyzed by HS-SPME-GC and this operation was repeated until the concentration of MTBE or
toluene in the solution did not decrease after contact with the zeolite. These exhausted samples will

be indicated below as MTBE-MOR and TOL-MOR, respectively.

2.4 X-ray Powder Diffraction analyses

X-Ray Powder Diffraction patterns (XRPD) were collected at room temperature on
untreated mordenites, MTBE-MOR, and TOL-MOR. The experiments were carried out on a Bruker
D8 Advance diffractometer, with Bragg-Brentano 0-6 geometry, equipped with Sol-X detector using



Cu Kq1,42 radiation. The spectra were collected in the 20 range 3°-115° with a 0.02° step and
counting times of 12 s/step. Rietveld profile fitting was performed on all the spectra using the
GSAS package[22] , with the EXPGUI [23] interface. The powder patterns of the untreated and two
exhausted mordenites are reported in Figure 1. Structural details of untreated mordenite can be
found in Martucci et al. [24] or asked to those authors since the mordenite sample studied here was
the same as used in [24] . The coordinates used in [24] were taken as starting coordinates for the
exhausted MTBE-MOR sample refinement, while those from Alberti et al. [21] were used for the
TOL-MOR sample, for the reason reported in RESULTS AND DISCUSSION. The background
curve was fitted by a Chebyshew polynomial with an average of 20 coefficients. The pseudo-Voigt
profile function proposed by Thomson et al. [25] and peak intensity cut-off were applied. The 20-
zero shift, the scale factor and unit-cell parameters were allowed to vary for all the histograms. The
refined structural parameters for each data histogram were the following: fractional coordinates and
isotropic displacement factors for all atoms and occupancy factors for the extraframework atoms.
Occupancy factors and isotropic displacement factors were varied in alternate cycles. The isotropic
displacement parameters were constrained in the following way: the same value for all tetrahedral
cations, a second value for all framework O atoms, and a third value for all the extra-framework
sites. Soft restraints were applied to the T—O distances [Si—O = 1.60(2)—1.63(2)] and the weight was
gradually decreased after the initial stages of refinement, down to 10. The crystallographic data and
refinement details are reported in Table 1. Tables 2 and 3 report the final atomic positions, thermal
parameters, and occupancies of MTBE-MOR and TOL-MOR, respectively. The interatomic

distances and angles are listed in Tables 4 and 5.

2.4 Thermal analyses

Thermogravimetric (TG) and differential thermal analysis (DTA) measurements of both as-
synthesized and exhausted samples were performed in air up to 900°C using an STA 409 PC
LUXX® - Netzch at 10°C/min. heating rate. The TG-DTA plots are reported in Figure 2.

RESULTS AND DISCUSSION

Batch experiments

The adsorption data of MTBE and toluene in water on mordenite vs. time is reported in Figure 3. It
can be seen that in both cases equilibrium was reached within few minutes. The equilibration time
employed in the batch experiments is, however, longer, since it was found that differences in
adsorption arise from short time contact [26]. The pollutant (MTBE or TOL) concentrations in

contact with the sorbent at the equilibrium are indicated as ¢, . Figure 4 shows the MTBE and TOL

sorption isotherms at room temperature (25 °C) for mordenite. In Figures 4 a and b ¢, the adsorbed
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concentrations i.e. the mass of adsorbed pollutant per gram of sorbent (mg g) vs. ¢, the equilibrium

concentrations (mg L) are reported. The adsorbed concentration ¢ is obtained as:

g ()Y 0

w
where V is the volume of pollutant aqueous solution (L) and w the weight (g) of adsorbent material.

The initial concentrations (¢, ) placed in contact with the sorbent included the pg L' range up to

the 0.1 g L' range. The latter concentrations are seldom found in natural water, however, in
adsorption studies a wider concentration range can be useful to better define the adsorption isotherm
[27]. The data in the low concentration range showed that the isotherm is linear (see Figure 4b).
Only when the concentration increases is a limiting sorption capacity observed, as reported in
Figure 4a. At high concentrations the sorbent become saturated, due to the limited space in the
sorbent material available to host MTBE molecules. These results were interpreted by Giaya et al.
[28] as consistent with the hypothesis of partition of the organic molecules between the water phase
and the sorbent, with adsorption favoured by the environment created by the hydrophobic pore

surfaces.

A similar trend was also observed for the adsorption of toluene on mordenite (see Figures 4 a and

b). The data were fitted using a Langmuir equation:

q:K,c,
=25 Le 2

1 1+K,c,

where ¢ is the saturation capacity, (mg L'!) and K, the equilibrium association constant (L mg"

1), and a Freundlich model:
g=Kel" G)
where K, is a constant indicative of the adsorption capacity of the adsorbent and » is an empirical
constant.
In the low concentration range a linear fitting:
q=Kc, 4

where K is a constant, is employed. At the low concentration eq. 2 converges with eq. 4 with K

equalto K, q,.

The determination coefficients for the two models (i.e. egs. 3 and 4) are not very different from

each other (see Table 6), however, the latter equation was employed since it has often been used for



fitting volatile organic compounds adsorption on zeolites [29]. The fitted saturation capacity of
MOR (see Table 6) is higher for toluene than for MTBE. By contrast, in the low concentration range
the slope of linear fitting is higher for MTBE than for toluene, indicating a stronger interaction of
MTBE with the adsorbent. For the adsorption of MTBE on zeolites it has been proposed that at low
MTBE concentrations the dominant factors for favourable sorption are high Silica Alumina Ratio
and high framework density (i.e. rather small pores) to disrupt the structure of water and to increase
the affinities, while at high MTBE concentrations hydrophobicity and a large pore volume are
important to obtain high capacities. Moreover, it has already been observed that the structure of a
zeolite and not only the pore dimensions can play an important role in adsorption [24]. Mordenite
has an essentially two-dimensional intersecting pore system, constituted by two channel types as
previously described in the Materials section, the smaller channel could limit MTBE diffusion.
Therefore, conclusions about adsorption should be considered in the light of the structures of this

material.

3. Thermogravimetric and structural analysis

1) MTBE

The thermogravimetric curves (TG) of untreated material and MTBE-MOR are reported in
Figure 2. The TG curve of the untreated material shows a total weight loss of about 7%. The loss
shown in the TG curve is due to water molecules weakly bonded to the surface (loss below 100°C)
and water molecules or silanols present inside the channel (loss at higher temperatures). According
to the TG analyses, the amount of H,O bonded to the surface of the grains corresponds to about 3%
in weight, while the structural H,O or OH accounting for the remaining weight loss represent about
4%.. TG analysis of MTBE-MOR clearly indicates adsorption, with the TG curve showing a total
weight loss at 900°C of about 11-12% compared to 7% for the untreated powder. At low
temperature the TG curve of the treated and untreated samples shows a similar behaviour (with a
loss around 3% at 100°C). The residual loss (8-9% in weight) which occurs in MTBE-MOR at
higher temperatures (above 200°C), is probably related to the presence of molecules adsorbed in
the mordenite channels.

In X-Ray powder diffraction pattern, no remarkable differences are evidenced in the peak
positions between treated and untreated samples (Figure 1). No violation of the C-centering
systematic was observed and the pattern of MTBE-MOR matched satisfactorily with the space
group Cmcm, which is usually accepted for mordenite. A comparison of the unit cell parameters
reported by Martucci et al. [24] with those derived in the present work (Table 1), revealed small

differences in the a and b parameters. The powder diffraction patterns reported in Figure 1 clearly



highlighted that the peak intensities of MOR and MTBE-MOR are markedly different, especially in
low angle range. It is well know that in zeolites the intensities of their low-angle diffraction peaks
are extremely sensitive to the arrangement and occupancy of extra-framework species. The decrease
in the relative intensity of the first peak could be an indication that MTBE molecules entered the
zeolite channels and the adsorption process by the MTBE solution induced changes in the MOR
structure. The framework model of Martucci et al [24] was used in the initial stage of Rietveld
refinement, which converged readily. At this point, the Difference Fourier map of the electronic
density, enabled the location of the MTBE molecule inside the 12-ring channel. In addition, a
partially occupied water site was detected. The Rietveld refinement of this model, carried out
according to the procedure reported in the EXPERIMENTAL SECTION, converged, indicating
partial occupancies by both MTBE and water molecules. As a whole, 3 MTBE molecules and 2.5
water molecules per unit cell were found.

The structure of the MTBE-MOR is reported in Figures 5 and 6; the organic molecules are in the
12-membered ring channel, with their symmetry plane on the mirror plane orthogonal to the a axis,
whereas the water molecule is located inside the side pocket. Two partially occupied MTBE
molecules are symmetrically related by the mirror plane at z/c = 0.25 leading to two different
molecule orientations, with a face of the molecule’s tetrahedron (C3-C1-C3 in Tables 2 and 4 and in
Figures 5 and 6) lying on the mirror plane. However, from this refinement the carbon atom C2
which should occupy the center of the tetrahedron of MTBE (Table 2 and Figures 5 and 6) was
found on the mirror plane at z/c = 0.25, i.e. on the tetrahedron face C3-C1-C3. Therefore a new
Rietveld refinement was carried out in the space group Cmc2;, a subgroup of Cmcm. Such a
symmetry loses the mirror plane orthogonal to ¢, and was invoked by some aurhors, for the
framework of MOR itself [21,30]. It is notable that, owing to the position of the MTBE molecule,
Cmcm can not be the real symmetry but only a pseudosymmetric symmetry, with Cmc2, as the real
symmetry. However, after the refinement in this symmetry, the C2 carbon atom was again located at
about the center of the C3-C1-C3 face, and the MTBE molecules showed very similar orientation
and occupancy, thus justifying the refinement in the topological symmetry Cmcm. At this point a
Rietveld refinement in the Cmcm space group was performed, with the MTBE guest molecule
treated as a rigid body. Its conformation was taken from Slovokhotov et al [31]. These rigid body
constrains were progressively reduced and, as a result, the C2 carbon once again shifted up to the
position found in the previous refinements. This anomalous result was interpreted as a consequence
of the disorder in double configuration of MTBE molecules and the short distance between the
position of the two possible C2 carbon atoms, very close to the mirror plane and, consequently, to
each other. The high temperature displacement found for the atoms of the MTBE molecule (see

Table 2) supports this interpretation. The distances of the water molecule from a framework oxygen



(W1-05 =3.13 A) and a carbon atom (W-C1 = 3.17 A) (see Table 4) suggest that MTBE molecule
could be connected to the framework through water. It is worth noting that the amount of
extraframework content (MTBE molecules plus water about 9.7 wt.%) found by the structure
refinement is in close agreement with the data of TG analyses (8-9 wt.%) and adsorption isotherms.

The data reported in Table 7 shows the changes in the mordenite channels after MTBE adsorption.
The 12-ring channel hosting the organic molecule widens, in particular along the O10-O10 direction
(Table 4), an effect justified by the molecule orientation (see Figure 5). As a consequence of the 12-
ring widening, a narrowing and a distortion of the 8-ring channel to accommodate the structural
deformations is observed. The small variations noted in the unit cell volume are the consequence of
the combined effect of the widening/contraction of the two channels. It is worth noting that the 3
MTBE molecules found by the structure refinement correspond to 75% the adsorption capacity of

the Mordenite 12-ring channels .

2)Toluene

The TG curve of TOL-MOR reported in Figure 2, shows that the total weight loss (about
12%) is slightly greater than that for MTBE-MOR. However, the plot show that the two phases
behave in a very different way, with the TOL-MOR loss being faster in the early stage of heating
compared with the other sample. At about 200° C the MTBE-MOR loss is about 6%, while TOL-
MOR lost more than 9% in weight, which is more than % of the total loss. The remaining 3 % was
lost very slowly in the subsequent 600 °C, with the reaction almost completed at 800°C.
As noted above for the MTBE-MOR sample, the powder diffraction pattern of TOL-MOR reported
in Figure 1, shows variation in the intensities ratio of the peaks at low 20 angle, probably in relation
to the presence of the molecules in the cavities. Even if no new peaks appear in the pattern, the
Rietveld refinement suggested a lowering of symmetry. In fact, the R¢” factor was significantly
lower when the structure was refined in the Cmc2, space group, instead of the Cmcm used in the
previous refinements. Consequently, the starting coordinates for TOL-MOR refinement were taken
from the work of Alberti et al [21]. The cell parameters obtained after the refinement are reported in
Table 1, and it is evedent that only slight variations occurred, accounting for a small but significant
volume expansion. The Fourier differences maps allow localization of the hexagonal ring of toluene
molecule in the 12-ring channel (see Figure 7). The centre of the hexagonal ring of the organic
molecule lies on the screw axis running along ¢, so that two different toluene molecules are shifted
along the z axis of ¢/2 (at a distance of 3.7 A) as a consequence of the presence of the screw axis
parallel to [001]. It was not possible to unambiguously localize the methyl group, probably because
of disorder in its position. It is notable that the toluene molecule is not perpendicular to ¢ axis, as

evidenced by the z/c values of the carbon atoms of the toluene molecule. This tilting explains the
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loss of the mirror plane orthogonal to [001] and, consequently, the lowering of symmetry from the
space group Cmcm to the space group Cmc2;, induced by the adsorption of the organic molecules
onto the zeolitic pores.

The occupancy factors of the carbon sites (about 0.9 in Table 3) of the hexagonal ring (C1, C2, C3)
indicate adsorption of 3.6 toluene molecules per unit cell. This implies that slightly less than two
toluene molecules are hosted inside each 12-member channel. Considering the toluene molecule
orientation and the ¢ parameter of mordenite (about 7.4 A), no more than two molecules can be
hosted in each channel. Consequently, the absorption of toluene in the mordenite zeolite is very near
its maximum capacity (3.6 molecules of 4 maximum permitted).

In addition to the organic molecules, a crystallographic site, partially occupied by water molecules
(accounting for 3.6 molecules) was located inside the side pocket, very near the water molecule
found in MTBE-MOR. Overall, the electron density of the extraframework species corresponds to
a total weight of about 12%. This value is in very close agreement with that found from the TG
analysis and adsorption isotherm.

The interatomic distances found in the refined structure make it possible to postulate a stronger
interaction between toluene and the mordenite framework compared with the MTBE molecule.
Even if it was not possible to localize the methyl group, due to its probable statistically disordered
position, it can be presumed that its carbon atom should have a distance lower than 3.00 from an
oxygen atom of the framework. In fact, the distances of C1 and C2 from the framework oxygen
atoms O2 and O10 are 3.10 and 3.21 A, respectively (see Table 5), and if a methyl group is bonded
to one of these carbon atoms the result is a relatively strong interaction of the molecule with the
framework. Considering the geometry of the toluene molecule it is reasonable assume that the
methyl group is bonded to C1 and oriented towards framework oxygen O2. Similarly to MTBE
adsorption, the presence of the toluene molecules induces a widening of the 12-ring channel with a

consequent deformation and narrowing of the 8-ring (see Table 7).

4. Conclusions

X-Ray powder diffraction experiments allowed the localization of host molecules and showed a
loading of 75% and 80% of the mordenite total capacity for MTBE and toluene respectively. In both
the experiments the organic molecules were found to in the 12-membered ring. . The short distance
between the carbons of the toluene 6-ring and framework oxygen atoms indicated a possible strong
interaction between the molecule and the guest zeolite, whereas a weaker interaction was observed

between MTBE molecules and the mordenite framework.
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Figure Captions:

Figure 1: XRPD patterns of untreated, MTBE-sorbed and toluene-sorbed mordenite.

Figure 2: Thermogravimetric analyses of untreated, MTBE-sorbed and toluene-sorbed mordenite.
Figure 3: Adsorption kinetics of MTBE and toluene on mordenite

Figure 4: Adsorption isotherm of MTBE and toluene on mordenite: circle symbols: measured
equilibrium concentrations; (a) solid line: fitted Langmuir equation; dashed lines: 95% confidence
prediction bounds. (b) Solid line: linear fit equation.

Figure 5: Projection of the MTBE sorbed mordenite along the [001] direction

Figure 6: Details of the location of MTBE molecules in the 12- ring channel viewed along [111].

Figure 7: Projection of the toluene sorbed mordenite along the [001] direction
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Table

Table 1: Lattice parameters and Rietveld refinement details before (MOR, data from Martucci et al.
[24]), and after MTBE (MTBE-MOR) and toluene (TOL-MOR) adsorption.

MOR [24] MTBE- MOR | TOL-MOR

Space group Cmcm Cmcm Cmc2,
a(A) 18.069(1) 18.0572(6) 18.0709(9)
b(A) 20.219(1) 20.2323(6) 20.2372(8)
c(A) 7.456(3) 7.4572(2) 7.4577(3)
V(A% 2723.9(2) 2724.3(1) 2727.3(2)

Rup 14.05 12.03

R, 11.05 9.08

R¢’ 9.2 10.04

N° Reflections 2204 2295

N°Obs 5674 5680

N° Variables 87 114




Table 2

Table 2: MTBE-MOR atomic coordinates, occupancies (F) and displacement parameters (UISO A*

x100)
x/a y/b zlc F Uiso

Si1 | 0.3054(3) 0.0730(2) 0.0416(7) 1.0 0.0274(9)
Si2 | 0.3049(3) 0.3113(2) 0.0423(6) 1.0 0.0274(9)
Si3 | 0.0860(4) 0.3812(4) 0.25 1.0 0.0274(9)
Si4 | 0.0828(5) 0.2223(4) 0.25 1.0 0.0274(9)
o1 0.1204(5) 0.4084(5) 0.4343(10) 1.0 0.032(2)
02 | 0.1226(5) 0.1891(6) 0.4199(12) 1.0 0.032(2)
03 | 0.2349(4) 0.1187(4) 0.9949(14) 1.0 0.032(2)
O4 | 0.0887(8) 0.3017(4) 0.25 1.0 0.032(2)
O5 | 0.1704(8) | 0.1876(11) 0.75 1.0 0.032(2)
06 | 0.1702(9) 0.4194(9) 0.75 1.0 0.032(2)
O7 | 0.2254(7) 0.50 0.50 1.0 0.032(2)
08 0.25 0.25 0.5 1.0 0.032(2)
09 0.00 0.4026(11) 0.25 1.0 0.032(2)
010 0.00 0.1930(11) 0.25 1.0 0.032(2)
Cc1 0.50 0.393(4) 0.25 0.74(2) 0.38(3)
C2 0.50 0.469(4) 0.25 0.74(2) 0.38(3)
C3 0.422(2) 0.5019(34) 0.25 0.74(2) 0.38(3)
C4 0.00 0.063(5) 0.042(3) 0.39(2) 0.38(3)
o1 0.00 -0.001(4) 0.080(1) 0.39(2) 0.38(3)
w1 0.481(7) 0.2368(25) 0.25) 0.33(1) 0.38(3)




Table 3

Table 3: TOL-MOR atomic coordinates, occupancies (F) and displacement parameters (UISO A*

x100).
X/a y/b z/c F Uiso
Si1 0.3076(10) 0.0740(15) 0.04326 1 0.0078(8)
Si1a 0.6991(10) 0.9267(15) 0.9539(16) 1 0.0078(8)
Si2 0.3060(13) 0.3114(13) 0.043(4) 1 0.0078(8)
Si2a 0.6950(13) 0.6889(13) 0.964(4) 1 0.0078(8)
Si3 0.0850(6) 0.3811(5) 0.233(3) 1 0.0078(8)
Si4 0.0849(5) 0.2232(5) 0.244(4) 1 0.0078(8)
o1 0.1226(15) 0.4033(20) 0.420(4) 1 0.0068(1)
O1a 0.8777(16) 0.5877(19) 0.558(5) 1 0.0068(1)
02 0.1260(14) 0.1861(16) 0.408(4) 1 0.0068(1)
O2a 0.8840(14) 0.8039(19) 0.554(4) 1 0.0068(1)
03 0.2345(17) 0.1181(15) 0.006(5) 1 0.0068(1)
O3a 0.7707(17) 0.8851(14) 0.020(5) 1 0.0068(1)
04 0.0895(7) 0.3028(5) 0.260(5) 1 0.0068(1)
05 0.1675(8) 0.1917(11) 0.754(4) 1 0.0068(1)
06 0.1621(9) 0.4189(8) 0.7522(17) 1 0.0068(1)
o7 0.2251(8) 0.4986(16) 0.498(6) 1 0.0068(1)
08 0.2487(23) 0.2524(18) 0.518(6) 1 0.0068(1)
09 0 0.4115(11) 0.240(9) 1 0.0068(1)
010 0 0.1945(13) 0.245(10) 1 0.0068(1)
w1 0.5 0.231(1) 0.250(11) 0.90(2) 0.129(2)
C1 0.5413(2) 0.427 (1) 0.096(5) 0.89(1) 0.062(9)
C2 0.5414(2) 0.545 (1) 0.140(4) 0.89(1) 0.062(9)
C3 0.5867(7) 0.484 (1) 0.165(5) 0.89(1) 0.062(9)




Table 4

Table 4: T-O framework distances (A) and selected interatomic distances for MTBE-MOR

Distance Angle Degrees
Si1- O1 | 1.604(4) 01-Si1-03 114.7(7)
03 | 1.611(4) 01-Si1-06 103.3(6)
06 | 1.622(4) 01-Si1-07 114.0(7)
07 | 1.610(4) 03-Si1-06 111.5(9)
03-Si1-07 102.2(5)
Si2- 02 | 1.595(4) 06-Si1-07 111.4(8)
03 | 1.612(4)
05 | 1.612(3) 02-Si2-03 105.8(6)
08 | 1.619(3) 02-Si2-05 108.9(6)
02-Si2-08 112.8(6)
Si3- O1 | 1.606(3) 03-Si2-05 106.1(9)
01 | 1.606(3) 03-Si2-08 111.4(5)
04 | 1.609(4) 05-Si2-08 111.6(8)
09 | 1.612(4)
01-Si3-01 117.6(10)
Si4- 02 | 1.604(3) 01-Si3-04 109.4(5)
02 | 1.604(3) 01-Si3-09 106.3(4)
04 | 1.609(4) 01-Si3-04 109.4(5)
010 | 1.609(4) 01-Si3-09 106.3(4)
04-Si3-09 107.4(12)
c1- €2 | 1.552(4)
02-Si4-02 104.3(10)
C2- C3 | 1.552(4) |x2| 0O2-Si4-04 112.9(7)
O11| 1.410(5) 02-Si4-010 105.2(4)
02-Si4-04 112.9(7)
C3- C2 | 1.552(4) 02-Si4-010 105.2(4)
O11| 2.499(4) 04-Si4-010 | 115.3(12)
O11- C4 | 1.552(4)
C2 | 1.410(5)
C4- O11| 1.552(4)
wW1i- C1 3.17(2)
05 | 3.13(4)




Table 5

Table 5: T-O framework distances (A) and selected interatomic distances for TOL-MOR.

Distance Angle Degrees
Si1- 01 1.626(10) 01_Si1_03 112.3(23)
o3 1.620(10) 01_Si1_06 104.5(17)
06 1.658(10) 01_Si1_07 115.0(20)
o7 1.618(10) 05_Si1_06 112.6(17)
O5_8Si1_07 99.6(21)
Sila- O1a | 1.615(10) 09_Si1_07 113.2(22)
O3a | 1.620(10)
06 1.653(10) O1a_Si1a_O3a 116.5(26)
o7 1.618(10) O1a_Si1a_06 94.1(18)
O1a_Si1a_07 108.7(20)
Si2- 02 1.589(10) O3a_Si1a_06 123.4(19)
O3a | 1.631(10) O3a_Si1a_07 101.1(20)
05 1.645(10) 06_Si1a_07 113.1(22)
08 1.638(10)
02_Si2_03a 102.0(21)
Si2a- O02a | 1.583(10) 02_Si2_04 112.5(19)
o3 1.629(10) 02_Si2_09 114.9(28)
05 1.649(10) O3a_Si2_04 104.4(20)
08 1.615(10) O3a_Si2_09 118.2(23)
05_Si2_09 104.6(21)
Si3- O1 1.617(10)
O1a | 1.600(10) O2a_Si2a_03 113.3(22)
04 1.599(9) 0O2a_Si2a_05 97.4(16)
09 1.656(8) O2a_Si2a_08 113.3(28)
03_Si2a_05 110.1(21)
Si4- 02 1.617(10) 0O3_Si2a_08 108.8(25)
O2a | 1.618(10) O5_Si2a_08 113.6(23)
o4 1.618(9)
010 1.640(9) 01_8Si3_O1a 114.8(12)
01_8Si3_04 98.4(19)
C1- C1 1.493(8) 01_Si3_09 105.0(22)
C3 1.504(7) O1a_Si3_04 118.2(18)
02 3.100(8) O1a_Si3_09 105.7(21)
04_8Si3_09 114.3(13)
C2- C2 1.497(8)
C3 1.492(7) 02_Si4_0O2a 110.1(12)
010 3.210(8) 02_Si4_04 112.5(21)
02_Si4_010 105.0(23)
C3- C1 1.504(7) O2a_Si4_04 112.7(24)
C2 1.492(8) O2a_Si4_010 102.2(26)
O3a 3.441(7) 04_Si4_010 113.6(13)




Table 6

Table 6: Fitted Parameters of the Isotherm Models (see eqs. 2-4)

Zeolite - K, qs R?
Organic Adsorption model (L mg™) (mg g™
MOR - MTBE Langmuir 0.293 (0.262, 0.324) 70.8 (57.0, 84.6) 0.9826
MOR - Tol Langmuir 0.138 (0.117,0.160)  150.5 (139.1, 161.9)  0.9964
KF
1 1 R?
(mg g )(L g)" n
MOR- MTBE Freundlich 19.4 (18.1, 20.6) 0.574 (0.552,0.595) 0.9935
MOR - Tol Freundlich 21.0 (17.8,24.2) 0.615 (0.544, 0.686) 0.9763
K R’
MOR - MTBE Linear 47.6 (44.5,49.7) 0.9832
MOR - Tol Linear 17.3 (16.0, 18.6) 0.9881




Table 7

Table 7 Free diameter (A) of the 12-ring and 8-ring channels and free area (A%) before (MOR, data
from Martucci et al. [24]), and after MTBE (MTBE-MOR) and toluene (TOL-MOR) adsorption.

(* sensu Baerlocher et al. [32]). Labels refer to Figure 5.

Untreated MOR MTBE-MOR TOL-MOR
010-010 5.74 5.95 6.01
o 03-03 6.91 7.05 6.92
z 02-02 6.14 6.2 6.25
& 07-07 7.15 7.22 7.24
Free Area® 33.14 34.31 36.63
> 07-07 5.41 5.44 5.43
£ 09-09 3.01 2.72 2.47
© 01-01 3.20 3.10 3.18
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