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Abstract

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 molecules and
approximately 4 water molecules within the mordenite channel system, in very good agreement with the
weight loss given by TG analysis and the saturation capacity determined by the adsorption isotherm. This
relevant incorporation of DCE molecules caused a remarkable increase in the dimension of the 12-ring, when
compared to the parent zeolite. The distances between the oxygen atoms of the water molecules from the
chlorine atoms of the organic molecule (W—Cl1 =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 aqueous dilute solution
was selected based on the results of the structural investigation.
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Highlights

Evidences of DCE adsorption into mordenite are reported.
2.5 DCE and 4 water molecules were adsorbed into the mordenite framework.
The adsorption of DCE into mordenite caused distortions of the 12-ring channels.
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1. Introduction

Chlorinated volatile organic compounds (VOCs), such as dichloromethane (DCM) and 1,2-dichloroethane
(DCE) constitute an important environmental pollutants class due to their high toxicity, inertness and
widespread application in industry. Such compounds 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 production plants [1] and are present in air stripping and soil venting remediation
off-gases [2]. Other sources of entry into the ecosystem 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 (ZVI), which directly degrades
several contaminants appears to be ineffective on irreducible compounds such as DCE, chlorobenzenes, as
well as hydrocarbons [3] and [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 chloride (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 molecules,
such as BTEX (benzene, toluene, ethylbenzene and xylene) and halogen—benzene derivatives [6].

The DCE molecule has been the subject of a considerable number 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 conformations, 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°), respectively. Experimental and
theoretical molecular conformational studies in ambient conditions have revealed that in the gaseous phase,
DCE exists mainly in the #rans conformer, due to the steric effect, which is basically composed of exchange
and Coulombic repulsion [7], [8], [9], [10], [11] and [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 compared to the
trans conformer (with a near to zero dipole moment) [13], [14], [15], [16] and [17].

It is well known that the conformational equilibrium of molecules or atomic clusters can show strong
differences in confinement, 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 adsorbed molecules as with any polar solvent [18]. The wide applicability of zeolites
stems from their structural and compositional properties, such as their pore structures, acidic properties, good
thermal stability and ion exchange properties [19], [20], [21], [22] and [23]. The ability of zeolites with a low
Si/Al ratio to remove cations by ionic exchange has been largely demonstrated and utilised in water
treatment plants producing drinking water [24]. In contrast, zeolites characterised by a high Si/Al ratio are
hydrophobic and organophilic materials which are widely used in adsorption-related applications [25],



[26] and [27]. In fact, zeolitic networks of well-defined micropores may act as adsorption and reaction sites
whose selectivity 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 usually 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 present 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], [29],
[30], [31], [32], [33], [34], [35] and [36]. Unfortunately, these experiments are generally performed at low
temperatures by incorporating hydrocarbons 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 distribution coefficients. To date, studies and applications on organic pollutant adsorption in
microporous zeolitic materials from aqueous media have been relatively scarce [26], [27], [37] and [38]. The
presence of a small amount of water reduces the adsorption capacity of alkanes and olefins in zeolites,
especially at low adsorbate concentration [39]. In particular, water decreases saturated hydrocarbons
diffusivity, thus acting as a screen between the cationic 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], [41] and [42]. Beauvais et al. [42] reported a Monte Carlo molecular simulation
study of the equilibrium adsorption of water and aromatics in zeolite 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 resulted as the most active catalysts for chlorinated
VOC destruction due to the presence of strong Brensted acidity [22] and [23]. Mordenite (MOR) is a natural
or synthetic zeolite, with an idealised chemical composition NagAlgSisOos-24H,ONa8A18Si40096-24H20
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-membered rings running along the ¢ 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 [0 1 0] through 8-ring side pockets. In naturally 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 different 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 diameter >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 crystals
with c-elongation, which are usually thin in the [0 1 0] direction, whereas synthetic mordenite commonly
crystallises as large platelets with dominant (0 0 1) faces [45]. It seems that morphology 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 fibrous (along c¢) crystals have fewer large-
channel openings and diffusion is more sluggish [46] and [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] and [49] in order not to constrain the O8 oxygen on the
inversion centre, and consequently, to avoid a straight T-O-T angle. However, the crystal structure remains
strongly Cmcm pseudo-centrosymmetric so that all structure refinements of natural, synthetic and H-
mordenite were performed in this space group [50], [51] and [52]. Dehydrated, cation-exchanged mordenite
occurs with a Pbcn space group [52] and [53] whereas hydrated, cation- and molecule-exchanged samples
have been refined in lower monoclinic symmetry with the Cc space group [49] and [54].



Recently, it has been proved that host—guest interactions in zeolitic systems have a strong influence on the
conformational properties 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
involving 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 removal from water and no studies have investigated the
effects of adsorbed DCE on the zeolite pore size. These results enabled an isotherm model which better
explains the experimental adsorption data to be selected. A combined diffractometric, thermogravimetric and
gas chromatographic study was used to:

1) Investigate the adsorptive properties of hydrophobic synthetic 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 organophilic zeolite.

5) Probe the interactions between DCE molecules, water molecules and framework oxygen atoms.
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,05 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 material characteristics are reported in
Fig. 1. The water used was filtered and purified by reverse osmosis using Milli-Q apparatus (Millipore, MA,
USA).

MORDENITE (MOR)

Surface Area | Mean Particle | SiO,/Al,0,
(BET, m?/g) Size (um)

420 5-7 200

Channels (Atlas)®
[001] 12-ring 6.5 x 7.0A<-> [001]8 2.6 x5.7A

Fig. 1. Structure and characteristics of zeolite mordenite under investigation.
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The solid-phase microextraction (SPME) fibres which were used were coated with polydimethylsiloxane
(PDMS) at 100 pm thickness (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 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 indicated that
mordenite is composed of particles with lamellar or plated morphology, the lamella lengths are in the 2—
3 um range.

Mag= 1356 KX 2um

2tpt 1o = DeslapFie Date 14 Dec 2010

Vacuum Meda = Hgh Viteum

EHT = 2000ky  Signal A = SE1

Fig. 2. Scanning electron microscopy (SEM) image of zeolite mordenite showing large platelets with dominant (0 0 1)
faces.
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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 K, o, radiation in the 4-116° 26 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, ¢ =7.447 A, V'=2715.5 A*]. Rietveld structure refinement was therefore
performed, using the GSAS package [57] with the EXPGUI interface [58]. The framework atoms for
hydrophobic mordenite reported 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
Chebyschev polynomial with 20 variable coefficients. The 26-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. Occupancy 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 positions, 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.

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

| | MOR I MOR-DCE |
|Space group ||Orthorhombic, Cmcem HOrthorhombic, Cmcem |
la (A) [18.069(1) 118.075(1) |
b (A) [20.219(1) 20.234(1) |
le (A) 17.456(3) 17.4602(2) |
=p=70C) [EC [0 |
V(A% 2723.902) 12728.3(2) |
|Wavelength of incident radiation (A)||1.54l7(1) ||1.5417(l) |
|Reﬁned pattern 26 range (°) ||471 16 ||471 16 |
|Proﬁle function ||T—C—H pseudo-Voigt correctionHT—C—H pseudo-Voigt correction|
|H-at0m treatment ||N0t refined ||Not refined |
Ry (%) |l9.82 [12.6 |
IR, (%) |[7.45 9.8 |

7

_IE- RF2 (%) 6.42 8.4
|No. of contributing reflections ||2246 ||2302 |
[Nos |[5665 15584 |
Nyar |47 65 |

Estimated standard deviations in parentheses refer to the last digit.



Table 2. MOR-DCE atomic coordinates, occupancies and thermal parameters.

|At0m“ x/a “ y/b “ 7le |IMultiplicityHFractionH Uiso I
1 0.3068(3) ]/0.0752(2) [[0.0401(5) |16 1.0 Jo.010(D)|
T2 ]0.3051(3) ][0.3103(2) ]|0.0447(6) ||16 1o Jo.o10D)
T3 /0.0852(4) |[0.3786(4) [[0.25 8 1.0 Jo.010(D)|
T4 ]/0.0843(4) ][0.2205(4) ]|0.25 |8 1o Jo.o100D)
01 0.1190(4) ]/0.4076(5) [|0.4326(9) |16 1.0 J0.01402)|
102 ]0.1229¢4) |[0.1874(5) Jj0.4212(11)|[16 1.0 Jo.01402)
103 ]0.2368(4) [[0.1215(4) ]0.9973(13)|[16 1o Jo.01402)
104 0.0910(7) ][0.2959(3) [[0.25 8 1.0 |0.01402)|
|05 ]0.1676(7) ][0.1898(10)][0.75 8 1o Jo.01402)
o6 0.1727(8) ][0.4216(8) [0.75 8 1.0 J0.01402)|
07 ]0.2158(8) ][0.5 0.5 8 1o Jo.01402)
08 0.25 l0.25 0.5 |8 Lo Jo.01402)
09 o 10.4011(10)[[0.25 |4 1.0 [0.01402)|
010 o [[0.1957(11)][0.25 |[4 Lo Jo.01402)
lcit Jjo.s 10.4287(17)[[0.25 |4 10.30(1) [l0.16(1) |
ic2 0.5 [[0.5566(26)]0.25 |4 0.31(1) Jj0.15(1) |
ic o 110.4927(21)][0.0918(13)||8 10.33(1) [l0.14(1) |
W ]0.3861(15)|[0.4840(17)][0.25 8 l0.48(1) ]/0.09(1) |

Table 3. Selected bond distances (A) and angles (°) for mordenite before (MOR) and after DCE adsorption (MOR-
DCE).

| || MOR |MOR-DCE| | MOR |MOR-DCE]|
IT1-01  |[1.5992)][1.602(2) |T2-02  ][1.6002) |[1.597(2)
T1-03  ][1.6052)|[1.607(2) |[T2-03  |[1.606(2) |[1.606(3)
T1-06  |[L613(D)|[1.6102) [T2-05  |[1.601(2) |[1.610(2)
T1-07  ][1.59902)|[1.6022) |T2-08  |[1.6052) |[1.608(3)

iT3—01 [x2][[1.602(2)||1.603(2)  ||T4-02[x2] |[1.606(2) ||1.602(2)
T3-04  |[1.610Q)|[1.604(2) |T4-02  |[1.6092) |[1.605(2)
IT3-09  |[1.613(2)][1.605(2) |T4-010 ][1.6102) |[1.604(3)

|
|
|
|
|
|
- |
IT1-01-T3 |[151.3(8)|[145.5(8)  |[T1-06-T1 |[147.4(11)|[153.0(12) |
[T2-02-T4 |[143.4(8)[[143.4(8)  |[T1-07-T1 |[142.6(10)|[150.5(11) |
I
|
|
|
|
|

IT1-03-T2[152.5(7)|[155.7(7)  |[T2-08-T2 |[1I80  |[180
IT3-04-T4 |[172.5(9)][171.99)  |[T3-09-T3 |[162.8(16)|[147.2(17)
[T2-05-12 |[150.1(8)|[144.2(10) ||T4-010-T4|[135.2(16)|[143.6(18)

lccn | [1.75()  Jlcn—crz || 2.592)
lccr | [175()  Jlce-w ]| [2.53(4)
lc—C | [1400)  Jlcu-w || [2.344)

lci2-010 || 2.815) |lc-w | 12.38(3)
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Fig. 3. The observed (red), calculated (green), and difference (pink) profiles of MOR-DCE. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.5. Thermal analyses

Thermogravimetric (TG), differential thermogravimetric (DTG) and differential thermal analyses (DTA)
measurements of exhausted 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 thermal curves are reported in Fig. 4.

100
98
<
»
3 96
&
o 94
=
92

100 200 300 400 500 600 700 830 900 1000
Temperature (°C)

Fig. 4. Thermogravimetric (TG), differential thermogravimetric (DTG) and differential thermal (DTA) curves in
mordenite after DCE-dry air atmosphere adsorption.
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2.6. Gas chromatography

Headspace-gas chromatography (HS-SPME-GC) solid phase-micro extraction was used to extract 1-2-
dichloroethane from each aqueous sample and to subsequently perform to GC analysis. Preliminary
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,
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.

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 x 0.25 mm ID: 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 (196 kPa) was employed as a make-
up gas at a constant flow-rate (1 mL/min). The detector and injector temperatures were held constant 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 linearity 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 observed 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 (Supelco, 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 modelled using the traditional Langmuir isotherm [60]:

-lfjfh.Klr_Cf_.
4= | +K;C.

where ¢ (mg g ') is the equilibrium adsorbed concentration, C, (mg L") is the equilibrium concentration in
water, K, (L mg ') is the Langmuir coefficient (binding constant), and ¢, (mg g ') the saturation 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

_ l/n
fitting the Freundlich equation = K Cu g=KCel/n are also reported in Table 4. In several papers
devoted to adsorption from dilute solutions, Dubinin—Astakhov (DA) or Dubinin—Radushkevich (DR)
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adsorption isotherms have been applied. The Dubinin—Astakhov equation was derived from Polanyi’s
potential theory for a vapour phase system and extended from Manes [61] to aqueous systems by defining
the Polanyi adsorption potential 5,=RTIn(S/C.)eSW=RTIn(S/Ce), where RR is the ideal gas constant

(J mol™' K", T the temperature (K), and S is the water solubility (mg L™"). The Polanyi—Dubinin-Manes
(PDM) model [62] is given by:

) RTInS/C.]"
g = Vopgexp B

where V,V0 and pep0 are the maximum volume of adsorbed compound for unit mass of adsorbent (cm® g™')
and compound density (mg cm ), respectively. EE (kJ mol™") is the free energy of the adsorption process
compared to that of a reference compound [63]. bb is an exponent which can be obtained by fitting or set to a
given (integer) value, when b=2b=2 it becomes the Dubinin—Radushkevich equation. To apply Eq. (2), the
water solubility of 1,2-dichloroethane was set to 8700 mg L', DCE had a vapour pressure of 81 hPa at

20 °C, a log K, of 1.45, and a density of 1.25 (g cm ) [64]. In Fig. 5b it can be seen that the experimental
data are well fitted 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 71.5 mg g ' and that
this value is in agreement with the pore volume obtained from fitting 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 literature data on Y zeolite [65]. The exponent parameter of the Freundlich equation is in agreement
with those found for VOC [66]. In Table 4, it is notable that the goodness of fit (coefficient of determination)
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
materials. However, it has been found that the PDM isotherm underestimates pore volume at a low aqueous
concentration range (<2 mg/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 vapour phase indicated that the liquid phase did not
penetrate the silicalite-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.
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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, @Lmgh  Jgsmge [JRZ ]
0.9 |
0.065,0.12) (59,84 | ][0.9942]
|Freundlich |

OF_
B e 0
6.0,9.7) (13, 1.8) ][ ]fo.9832]
|PMD |
Voem’kg ) E I mol N[[B][RF ]
l62.5 |18 | o001
(49.4, 74.0) (11, 26)

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
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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 (water and/or DCE). The
weight loss which occurred at higher temperatures (temperature range 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% (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 relevant differences both in the intensity and position of the diffraction peaks (Fig. 6),
indicating that the mordenite crystal structure was markedly modified by the DCE adsorption experiment.
Rietveld 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 increased and its Crystallographic Free Area (C.F.A.) sensu
Baerlocher et al. [68] became 35.9 A’ as compared with the 33.0 A* C.F.A. of the untreated mordenite. This
increase was remarkably compensated by a decrease in the 8-membered ring (C.F.A. = 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 molecules from the aqueous
solution but also to a remarkable modification in the extraframework content, i.e. to the adsorption of a
significant amount of DCE molecules.
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Fig. 6. Observed powder diffraction patterns of MOR (blue line), and MOR-DCE (red line), at low and intermediate 26
angles, showing strong differences both in the intensity and position of the diffraction peaks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Free diameter (A) of the 12- and 8-ring channels of MOR and MOR-DCE, viewed normal to [0 0 1]. Oxygen is
assumed to have an ionic radius of 1.35 A.

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 molecules (Cl1 and CI2 in Table 2 and Table 3). With this
assumption, it was easy to localise a third peak to be attributed to a carbon atom (C in Table 2 and Table 3).
Moreover, using this assumption, reasonable values were also obtained for C—C and C—CI 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 A*) obtained for
the carbon and chlorine atoms confirmed that the observed peaks had been correctly attributed to the DCE
compound. Fig. 8 shows the location of these sites in the Cmcm 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 constrained by symmetry elements, so that only one of these could
be present. However, the very similar occupancy levels for the Cl11 and CI2 sites ( Table 2) exclude this
possibility. The dihedral angle between the C1-C—C—Cl atoms, commonly referred to as ¢¢, is 180°. On the
contrary, when the Cl11 and CI2 sites are contemporarily occupied, DCE occurs in gauche-configurations.
The presence of symmetry elements of the Cmcm space group (inversion centre at Y%, %2, %2 and diad at x, 1%,
14) 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 C11-C—
C—CI12 atoms, is 60°. In conclusion, 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. Consequently, X-ray diffraction does not give a clear indication on the most favoured DCE
configuration in mordenite structural confinement, but this is beyond the scope of this work. As reported
previously, the occupancy of Cl and C atoms is only 30%, and consequently, DCE molecules, whatever their
configuration, alternate randomly with non-occupied positions. Fig. 8 shows that DCE molecules run parallel
to the ¢ direction, i.e. along the 12-ring channel.
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Fig. 8. MOR-DCE projections along [1 0 0] (top) and [0 0 1] (bottom) showing DCE (Cl represented with red, C with
green spheres) and water molecules (with blue spheres) which run parallel to the ¢ direction, i.e. along the 12-ring
channel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

In MOR-DCE, the DCE molecule distance from the framework oxygens is larger than 3.5 A, thus indicating
the absence of electrostatic interaction with the framework. Only a few examples of molecule-framework
contacts in zeolite or layered materials have been reported [[69] and references therein]. Most of them
concern systems 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 and, when
localised, establish interactions with framework oxygen atoms which can be classified as medium to weak
[[27] and references therein]. In particular, Porcher et al. [69] determined the crystal structure of mordenite
after the inclusion of p-N,N-dimethylnitroaniline 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 delimitate the channels. The 12-
membered-ring channels also host both thionin blue [49] and methylene blue molecules [54] which interact
with the framework and show a strongly disordered arrangement.
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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—CI1 =2.34 A, 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 independently 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 correspond 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 analysis 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 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-conformers can be present. Wang and Huang [70]
found that the anti or trans rotational conformer of 1-Bromo-2-chloroethane in organophilic silicalite-1 and
siliceous Y zeolites prevails at room temperature, whereas the gauche conformer is the dominant conformer
in hydrophilic L and Na-Y zeolites. Since 1-bromo-2-chloroethane differs 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 chromatographic approach
enabled clear evidence of DCE adsorption in the mordenite channel system to be obtained as well as to be
localised the exact position occupied by the organic species in the structure. Rietveld refinement revealed the
incorporation of 2.5 DCE molecules 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 organic molecule chlorine atoms (W—C11 =2.34 A, W-CI2 =2.53 A)
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 refinement 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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