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Abstract: In this work, the capability of two commercial high silica zeolites (HSZs), namely ZSM-5 [Commento [A2R1]: confirmed

and Y, for the removal of chlorobenzene (CB) from water was investigated by combining
chromatographic and diffractometric techniques. The adsorption isotherms and kinetics of CB on
ZSM-5 and Y zeolites were determined from batch tests. The adsorption kinetics were very fast; the
time to reach equilibrium was less than 10 minutes. The equilibrium data of CB on the two HSZs
showed dissimilarities that are particularly evident in the adsorption data concerning the low
concentration range, where Y zeolite is characterized by low adsorption. On the contrary, at higher
solution concentrations the adsorption capacity of Y is higher than that of ZSM-5. The crystalline
structures of Y and ZSM-5 saturated with CB were investigated by X-ray diffraction (XRD)
techniques. Rietveld refinement analyses of XRD data allowed for quantitative probing of the
structural modifications of both zeolites after CB adsorption and provided insight into the
preferred zeolite adsorption sites in both microporous materials. The refined framework-
extraframework bond distances confirm that interactions between the selected organic
contaminant and hydrophobic zeolites are mediated via co-adsorbed H20. The occurrence of
H>0-CB-framework oxygen oligomers explains variations in both the unit cell parameters and the
shape of the channels, clearly confirming that water plays a very relevant role in controlling the
diffusion and adsorption processes in hydrophobic zeolites.

Keywords: chlorobenzene; sorption; ZSM-5; X-ray powder diffraction; Rietveld structure
refinement; chromatography.

1. Introduction

Industrial and agricultural discharges, chlorine disinfection by-products (DBPs) of drinking
water and wastewater, and incineration of wastes are the main sources of chlorine and
organochlorine compounds (OCICs), such as chlorobenzene (CB). These compounds can cause toxic
effects on both human health and environmental systems, even at low concentration [1]. In
particular, the Environmental Protection Agency (EPA) fixed the maximum contaminant level
(MCL) of CB at 0.1 mg/L; above this threshold value CB can cause negative health effects, such as
gastrointestinal irritations, hepatoxicity and kidney damages [2]. Therefore, it is important to
remove this pollutant from the environment and different methodologies have been proposed.

Actually, the physical method based on adsorption processes is a recuperative method
exploited for in situ water treatments which combines high flexibility of the system, efficiency even
at low concentration levels, low energy, cheap operating costs, and possible waste reductions [3].
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Different adsorbent materials can be employed, and their efficiency depends on the host-guest
interactions between sorbent and sorbate [4-13]. In general, carbonaceous adsorbents are low cost
materials, widely employed in remediation technology. However, their applicability can be limited
by fouling that cause a pore blocking (i.e., to the presence of dissolved organic matter), to low
adsorption capacity, sharp rise of bed temperature and difficulty of regeneration [14-17]. In recent
years, organic contaminants removal by single-walled carbon nanotubes (SWCNTs) has attracted
great interest due to their chemical, electronic and mechanical properties [18]. However, the
saturation capacity of these adsorbents for OCICs is moderate and functional groups on the surface
of carbonaceous adsorbents can further reduce the adsorption features [19-21]. In the past few
decades, surfactant modified clays have been proposed as a potential alternative to carbonaceous
adsorbents for removing OCIC pollutants. Indeed, it has been proved that these materials are
efficient and they can be easily regenerated. One of the main disadvantages is their limited stability
due to a progressive release of surfactant which can have a negative impact on biota [22-25].
Synthetic and hydrophobic zeolites offer an attractive and efficient option for the removal of
chlorine, and organochlorine compounds from water. The main advantages are related to their high
surface area and porous structure, high specific capacity and organic pollutants selectivity.
Additionally, fast kinetics, mechanical, biological and chemical stability make them promising and
efficient adsorbents [4,6-8,26-28]. Furthermore, their high thermal stability guarantees the
possibility of regeneration through thermal treatments in order to reintroduce them in new
adsorption processes [5,29-33].

This work is part of a wider study aimed at systematically evaluating the adsorptive capacity of
high silica zeolites (HSZ) (e.g., mordenite, ZSM-5, faujasite, beta, ferrierite [4,7,10,29,30]) for
fuel-based compounds differing in chemical properties (e.g., polarity, functional groups, size,
host-guest interactions, etc.), which can provide useful information to accurately predict the
behavior of HSZs as well as improve their individual performance.

The objective of this study is to evaluate the capability of two commercial HSZs, ZSM-5 (MFI
topology), and Y zeolite (FAU topology) [34], for removal of chlorobenzene (CB) from water. For
that purpose, the adsorption process from water was investigated in order to gain information on
the interactions between the selected organic contaminant and hydrophobic zeolites. The
information gathered from this work provides a tool for the selection of adsorbent materials for
environmental remediation. Additionally, the investigation of host-guest interactions can provide
information on the fate and transport of OCICs in the environment, and in particular for the
partition of those contaminants in the mineral fraction of soils, normally constituted by
aluminosilicate.

2. Experimental Methods

2.1. Materials and Methods
High-silica Y (code HSZ-390HUA, 200 SiO»/Al:0s molar ratio, 750 m?/g surface area, 0.05 wt %

Na20 content) and ZSM-5 (code CBV 28014, 280 SiO2/Al:Os molar ratio, 400 m?/g surface area,
0.01 wt % Na20 content) hydrophobic zeolites were purchased in their as-synthetized form by Tosoh
Corporation (Tokyo, Japan) and Zeolyst International (Conshohocken, PA, USA) respectively.

Chlorobenzene (CB) in its anhydrous form (purity of 99.8%) was provided by Sigma-Aldrich
(Steinheim, Germany) and used as received.

2.2. Batch Adsorption

The adsorption isotherm was determined using the batch method. Batch experiments were
carried out in duplicate in 20 mL crimp top reaction glass flasks sealed with PTFE septa (Supelco,
Bellefonte, PA, USA). The flasks were filled in order to have the minimum headspace and a
solid:solution ratio of 1:2 (mg-mL-') was employed. After equilibration, for 24 h at a temperature of
25.3 £ 0.5 °C under stirring, the solids were separated from the aqueous solution using centrifugation
(14,000 rpm for 30 min).
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The concentration of contaminants in the aqueous solution, before and after the contact with the
adsorbent was determined by Headspace Gas Chromatography coupled to Mass Spectrometry
(HS-GC-MS). The analysis was carried out using an Agilent GC-MS system (Santa Clara, CA, USA)
consisting of a GC 6850 Series II Network coupled to a Pal G6500-CTC injector and a Mass Selective
Detector 5973 Network.

HS autosampler injector conditions are: incubation oven temperature 80 °C, incubation time
50 min, headspace syringe temperature 85 °C, agitation speed 250 rpm, agitation on time 30 s,
agitation off time 5 s, injection volume 500 uL, fill speed 30 uL-s7, syringe pull-up delay 5 s, injection
speed 250 pL-s7, pre-injection delay 0 s, post injection delay 2 s, syringe flush 30 s with nitrogen. A
DB-624 UI GC column (L =20 m, I.D. = 0.18 mm, df = 1.00 um film thickness, Agilent, Santa Clara,
CA, USA) was used. High purity helium was the carrier gas with a constant flow rate of
0.7 mL-min"l. The oven temperature gradient started at 40 °C for 4 min and then ramped to
130 °C at 15 °C-min . The injector temperature was kept at 150 °C. All samples were injected in split
mode (10:1). The mass spectrometer operated in electron impact mode (positive ion, 70 eV). The
source temperature and the quadrupole temperature were set to 230 °C and 150 °C, respectively. The
mass spectra were acquired in full scan mode. The electronic scan speed was 1562 amu-s™ in a mass
range from 30 to 300 amu. For identification and quantification of the target analyte the SIM
(selected ion monitoring) chromatograms were extracted from the acquired signal by selecting the
most abundant characteristic fragments at m/z = 112. Chromatographic peak of analytes was
identified by comparison of the retention time and the mass spectrum with standard compound and
library data; quantitative analysis was performed using calibration curves.

2.3. Thermal Analyses

The Netzsch STA 409 PC LUXX® (Gerdtebau, Germany) simultaneous TG/DTA
thermogravimetric balance was employed in order to carry out both thermogravimetric (TG) and
differential thermal analyses (DTA) on Y and ZSM-5 zeolites before and after CB loading. The
measurements were performed in constant air flux conditions using a heating rate of 10 °C/min,
from room temperature (RT) to 900 °C.

2.4. X-ray Powder Diffraction Data Collection and Refinement Strategy

X-ray diffraction patterns on powders of Y and ZSM-5 zeolites loaded with CB were carried out
on a Bruker D8 Advance (Karlsruhe, Germany) diffractometer (Cu Kau2 radiation) equipped with a
Sol-X detector. Diffraction data were collected at RT, in 3°-110° 26 (for ZSM-5) and 3°-100° 26 (for Y
zeolite) 20 ranges respectively, with a counting time of 12 s each 0.02° 260. Figure S1 reported
observed, calculated and difference X-ray powder diffraction patterns of Y-CB (a) and ZSM-5-CB
(b), respectively.

GSAS software [35] and the EXPGUI graphical interface [36] were employed for Y-CB and
ZSM-5-CB structural refinements through a full profile Rietveld analysis. Unit-cell and structural
parameters were determined starting from the monoclinic P21/n (for ZSM-5) and the cubic Fd-3 (for
Y) space groups of Martucci et al. [10], and Braschi et al. [11] structural models, respectively. The
Bragg peak profiles were modelled by a Pseudo-Voigt function with 0.001% cut-off peak intensity.
Refined coefficients were: two Gaussian terms (i.e., the tan?0 dependent GU and the 6 independent
GW), and two Lorentzian terms (i.e., cos6' dependent LX, tanf dependent LY), respectively. A
Chebyschev polynomial function with 24 and 22 coefficients was used in order to empirically fit the
instrumental background for Y and ZSM-5, respectively. In both structural refinements, scale factor,
20-zero shift and unit-cell parameters were also refined. Soft constraints were initially imposed on
Si-0, 0-O, C-C and C-Cl bond distances (tolerance (¢) value of 0.04 A) and completely removed in
the final cycles. Finally, atomic coordinates, site occupancy and isotropic atomic displacement
parameters were refined. Furthermore, the displacement parameters for a given atom type were
constrained to be equivalent (i.e., Si and O sites), thus limiting the number of refined atomic
displacement parameters to two. Additionally, in Y-CB x/a and y/b parameters of the chlorobenzene
molecule were constrained to be equal in order to maintain the planarity. Table 1 reports the details



Minerals 2018, 8, x FOR PEER REVIEW 40f15

of the data collection and Rietveld refinements. In Supplementary Materials (Tables S1 and S2,
respectively) the refined atomic coordinates, occupancies and isotropic thermal parameters of Y and
ZSM-5 loaded structures are reported. Extraframework atomic fractional coordinates, thermal
isotropic displacement factor and occupancy of Y-CB and ZSM-5-CB are in Tables S3 and 54,
respectively. Selected bond distances (A) and angles (°) within both the Y-CB and ZSM-5-CB
framework and extraframework atoms are listed in Tables S5 and S6, respectively. CIFs for all
reported crystal structures are added in Supplementary Materials as supplementary information.

Table 1. Details of the data collection and Rietveld refinements.

ZSM-5 ZSM-5-CB Y Y-CB
h’arametel{ rrrrrrrrrrrrrrrrrrrrrrr [SisOisa] | [31960192]HG(C6H5C1)S(HZO) rrrrrrrr [Sit92038] [511920384].'3'2(C6H5C1 Commento [M5] We added it, plef
F/ARY) | confirm.
Space group P21/n P21/n Fd-3m Fd-3 NS
a (/S\) 19.899(5) 19.919(1) 24.259(1) 24.263(1) Commento [M6]: According to out
b(A) 20.117(6) 20.107(1) 24.259(1) 24.263(1) .
c(A) 13.389(4) 13.3967(1) 24.259(1) 24.263(1) knowledge, it should be dot, please
a ) 90 90 90 90 confirm
B ) 90.546(3) 90.528(3) 90 90 b
v 90 90 90 90
V(A% 5359.9(3) 5365.7(5) 14,277.1(1) 14,284.4(6)
Wavelength (A) Cu Kau 1.540593 1.540593 1.540593 1.540593
1.544427 1.544427 1.544427 1.544427
Refined 20 (°) range 3°-110° 3°-110° 3°-100° 3°-100°
Contributing reflections 5861 6362 620 620
Nobs 5350 5350 4850 4850
Noar 289 301 40 40
Rup (%) 103 133 12.8 12.9
Rp (%) 94 104 12.5 12.6
R (%) 7.00 7.25 9.95 10.0

Ry = Z[Yio — Yicl/Z Yio; Raop = [Zawi(Yio — Yie)2/Zawi Yio?]5; Re? = £|F? — E2|/|EA)

3. Results and Discussion

3.1. Adsorption Isotherms from Aqueous Solutions

The uptake g (mg-g™) was calculated as follows:

(€, — OV

g= X M)

where Co is the initial concentrations in solution (mg-L), C is the concentration at time ¢ in kinetics
experiments (mg-L), V is the solution volume (L) and m is the mass of sorbent (g). In Figure 1 the
uptake data for CB on Y and ZSM-5 are reported.
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tFigure 1. ‘Chlorobenzene (CB) uptake vs. contact time for ZSM-5 (a) and Y (b) for initial

concentration of 35, 25, 15 mg/L . The insets: enlarged image of the boxed regions.

It can be seen that the kinetics of the adsorption process was very fast; the equilibrium was
reached in about 10 min. Similar behaviors were also observed for the adsorption of other aqueous
contaminants, such as dichloroethane and toluene onto ZSM-5 and Y zeolites [5-10,13].

We have previously verified [5-10,13] that uptake data of the investigated zeolites can be fitted
by the pseudo-second order model as:

kaqit

%= T3 kyaut @)
where g: and g. are the amounts of solute adsorbed per mass of sorbent at time t and at equilibrium,
respectively, and k2 is the second-order adsorption rate constant. The values of equilibrium uptake g.
and the adsorption rate constant k2 were obtained from non-linear fit of g: vs. t (see Table 2).
Analogous to what was observed for the adsorption of other aqueous contaminants, the uptake data
of CB can be modelled by a pseudo-second order kinetic model, as indicated from the high
coefficient of determination.
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Table 2. Estimated kinetics parameters (see Equation (2)). The confidence limits at 95% of probability
of the estimated parameters are reported in brackets.

Co(mg'L?) qumgg?) k(gLmg?) R2

1 (23if§§5) (042%547) 0.9845

e B (442?223) (Q;gi;41) 0.9803
67.6 1

® (67.5, 67.6) (012,023) 0.9985

» (39i3§§4) (012?517) 0.9822

! % (702?;23) (013?315) 0.9969

© e 010 0.9935

(82.4,82.5)  (0.085,0.12)

Furthermore, for the adsorption of CB it can be noted that the kinetic constant decreases by
increasing the initial concentration [37], and that the adsorption onto Y zeolites is characterized by a
lower kinetic constant than that found for ZSM-5. These findings allow us to generalize the
difference observed in the adsorption kinetics of these two zeolites. In particular, the adsorption
kinetics of neutral organic molecules (namely, toluene, dichloroethane, methyl tert-butylether and
CB), which differ from each other in physicochemical properties and molecular dimensions, is faster
on ZSM-5 than on Y zeolite.

It has been already shown that adsorption of organics in aqueous solutions onto ZSM-5
hydrophobic zeolites are well fitted by the Langmuir equation [5,6,8,13], that assumes monolayer
adsorption onto energetically equivalent adsorption sites and negligible sorbate-sorbate
interactions. The relationships describing the Langmuir isotherm is [38]:

_ _asbCe
1= T3,

®)

where b is the binding constant (L-mg) and gs is the saturation capacity of the adsorbent material
(mg-g™). The experimental data obtained for the adsorption of CB on both ZSM-5 and Y are shown
in Figure 2. It can be observed that the isotherms are shaped differently from each other; they can be
classified as concave (Type I) and sigmoidal (Type V) isotherms, respectively.

T " T g ] T T v
u = ||

Bce zsus
[ 2%

m
40 50 80 70 80 an
Ce (mg-L)

Figure 2. Adsorption isotherms of CB for ZSM-5 (red squares) and Y (blue squares).
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Similar differences in the adsorption of polar organic compound from aqueous solution onto
ZSM-5 and Y were also observed for methyl tert-butylether and toluene. In such cases, a Hill
isotherm model was employed:

ce

Sra

q 4)

where Ku is the Hill constant, and n is the Hill coefficient which is related to the degree of
cooperativity. The Hill isotherm is often employed to describe cooperative adsorption in biological
systems, and it has also been used to model adsorption data on zeolites due to evidence of the
presence of water-organic compound clusters [39] inside the zeolite frameworks. Since the tendency
to form clusters increases by increasing the porosity dimensions, the clusters are more probably
formed in the large cage of Y than in the channel system of ZSM-5 [40]. To evaluate if clusters can be
formed for CB, a structural investigation was carried out (vide infra).

In Table 3, the isotherm parameters for ZSM-5 and Y estimated by non linear fitting of
Equations (3) and (4) respectively, are reported. It can be seen that the saturation capacity of these
zeolites are higher than those obtained with graphite materials (i.e., 28.3 mg/g for dichlorobenzene)
[41], and in particular Y zeolite has a saturation value higher than adsorbents single-walled carbon
nanotubes, especially if they are partially oxidized [42]. In addition HSZs can be regenerated
without significant loss of their adsorption properties [5,6,29,30]. Therefore hydrophobic zeolites are
very promising adsorbents for the removal of chlorinated aromatic compounds from water.

Table 3. Isotherm parameters for the adsorption of CB on ZSM-5 and Y.

R SSE*
Langmuir
B—ZSM- qs 76.6 (74.8, 79.5)
< SM-> 0.9874 198
b 5.0 (3.7, 6.6)
Hill
qs 227 (218, 245)
CB-Y
Ku 9.2 (6.6, 12.1) 0.9654 2135
n 5.5 4.3, 6.7)

* SSE: sum of squared errors
3.2. Structural Modifications upon Chlorobenzene Adsorption on High Silica Zeolites

3.21.Y-CB

Y zeolite (FAU framework topology [34]) is built up of large cavities (« cages or supercages)
with a diameter of 12 A linked to four other supercages through 12 membered-ring windows
(diameter of 7.4 A) and cuboctahedral B cages connected each other through double hexagonal rings
(D6R). Topological symmetry of the unloaded material is cubic Fd-3m, but it has been highlighted
that the embedding of organic compounds can decrease the symmetry to Fd-3 [10-13,43]. A careful
examination of powder diffraction patterns after chlorobenzene adsorption highlights that Y-CB
peak positions are quite similar to those of the as-synthetized material in all the 20 range
investigated. Contrariwise, peak intensities strongly decrease after pollutant incorporation,
especially at low 20 angles (Figure 3).
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Figure 3. Observed powder diffraction patterns of Y-CB (a) and ZSM-5-CB (b), respectively,
showing differences both in intensity and position of the diffraction peaks in the low and
intermediate 26 regions. Blue lines represent the unloaded samples, red lines the loaded ones.

These differences suggest variations in the extraframework species content as well as in the
lattice parameters (Table 1), thus attesting to CB adsorption into the porous structure of the zeolite.
After adsorption, the T1-O and T2-O mean distances are 1.621 and 1.620 A, respectively, the O-T-O
angles range from 103.3° to 112.3° (Table S5). The T-O-T bond angles adopt a wide range of values
from 125° to 171° (mean value = 142°). The T-O, T-O-T and O-T-O grand mean values (Table S5) are
in high agreement with those reported for other pure silica zeolites (PSZ) [44]. Furthermore, after
adsorption the channel ellipticity & (defined as the ratio between the smaller and larger O-O “free
diameters” of the 12-rings) changed (¢ =1.02 in Y, &£ = 1.21 in Y-CB) and at the same time, the
openings reached a wider Crystallographic Free Area (C.F.A., sensu Baerlocher [34]) when
compared with the as-synthesised material (Table 4), thus confirming the high flexibility of
FAU-type materials [45,46].
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Table 4. Crystallographic Free Area and ellipticity (¢) comparison between unloaded Y [11] and
Y-CB systems. C.F.A. = 7(mean radius)? (A?); & = ratio between the longest and the shortest pore
dimensions.

t[’arameteﬂ Y-CB Y][11]

04-04 distance (A) 11.16  9.81
01-01 distance (A) 9.68  9.70
Free diameter O4-O4 (A) 846  7.11
Free diameter O1-O1 (A) 698  7.00

Mean diameter (A) 7.72 7.06
Mean radius (A) 3.86 3.53
CF.A. (A2 46.81  39.07

€ 1.21 1.01

Rietveld structural refinement allows us to detect 32 CB molecules per unit cell (corresponding
to ~22.0% dry weight, dw %) located within the Y supercage (Figure 4a). Chlorobenzene molecules
occupy one crystallographic independent and partially occupied site (C and CI atoms in Table S3),
and statistically can assume six different orientations (Figure 4a).

(a) (b)

Figure 4. Distribution of CB molecules in Y (a) and ZSM-5 (b) zeolites, respectively. Chlorine (red
circle) and carbon (green circle) are shown. Drawings produced by VESTA 3 [47].

Moreover, the evidence of relatively short CI-O1 bond distances (i.e., CI-O1 = 2.723(1) A and
2.680 A, respectively) proves that chlorobenzene directly interacts with framework oxygens.

Furthermore, difference-Fourier maps of the electron density analysis revealed the presence of
co-adsorbed H20 molecules hosted in three additional extraframework sites (W1, W2 and W3 sites,
respectively, Table S3). Additionally, based on the W sites refined distance these sites interact with
both each other and chlorine atoms forming oligomers (W2-W2 =293 A, W3-Cl =3.21 A and W1-
W2 =293 and 2.74 A, respectively) that strongly interact with the framework oxygen atoms via
chlorine (Figure 4a). According to the recent literature [5-8,10-13,29,44], the strong interactions
among organic molecules—H>O short chain-frameworks play a relevant role in stabilizing the guest
structures within the zeolite porosity.

On a whole, on the basis of Rietveld refinement 70 H20O molecules (~8% dw %) were detected in
good agreement with the TG curve (Figure 5a), which shows two main weight losses: the first one
(about 7.3 dw % zeolite, 25-110 °C) is related to desorption of species retained on the surface, the
second one (23.5 dw % zeolite, 110-900 °C) to the removal from the structure of loaded CB and H20
molecules.
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3.2.2. ZSM-5-CB

The ZSM-5 zeolite framework consists of two intersecting channel systems: a straight channel
parallel to [010] direction and a sinusoidal one parallel to [100] direction [34]. Both channels are
limited by 10MR of TOs tetrahedra with free diameters of 5.4-5.6 A and 5.1-5.5 A for sinusoidal and
straight channel, respectively. After CB adsorption, the evolution of the powder diffraction pattern
indicates that ZSM-5 maintains its crystallinity as well as the monoclinic P21/n symmetry. In Table 1,
the comparison between refined lattice parameters of starting material and of the ZSM-5-CB system
highlights the occurrence of chlorobenzene adsorption in the ZSM-5 micropores. The structural
characterization was carried out starting with the model proposed by Rodeghero et al. [6] and an
examination of the difference Fourier maps of the electron density suggested the presence of
extraframework content. In detail, some of recognized maxima were reasonably attributed to
chlorobenzene adsorption sites in both the sinusoidal channel (CB2 sites) and the intersection
between sinusoidal and straight channels (CB1 sites) (Table S4, Figure 4b). On the whole, a total
amount of about 6 molecules per unit cell (p.u.c.) of organics were detected. Besides, residual
maxima of difference Fourier maps also indicate the presence of co-adsorbed H20 molecules (~1.5
dw %) hosted at W1 and W2 sites. In particular, based on the refined distances between the
extraframework content and framework oxygen atoms strong interactions among chlorobenzene
molecules hosted in both adsorption sites (CB1 and CB2), H2O molecules (W1 and W2 sites), and
framework oxygen atoms occur (i.e.,, 04-C10 = 3.01(1) A, 018-C9 = 2.61(1) A, 031-ClI1 = 2.69(1) A,
047-CI1 = 2.99(1) A, W2-W2 =3.15(1) A, 026-CI2 = 3.03(3) A, W1-C1 = 3.16(3) A) (Figure 4b and
Table S6). Additionally, thermogravimetric analysis (Figure 5b) indicated that relevant weight loss,
occurring at temperatures higher than 100 °C (7% in weight), is due to the expulsion from the
structure of extraframework ions embedded in the ZSM-5 channels. The residual one at lower
temperature can be ascribed to the expulsion of water and/or CB molecules bonded to the surface
(3% in weight below ~100 °C).

These results are quite well supported by the total amount of adsorbed molecules detected
through both saturation capacity determined by the adsorption isotherm and the results obtained by
Rietveld analysis. After adsorption, the T-O bond length ranges from 1.602 to 1.608 A, the O-T-O
angles varies from 96° to 125°, with a mean value of 109.4° (Table S6). According to Wragg et al. [44]
the T-O-T bond angles adopt a wide range of values from 124° to 178° (Table 6 SI). Regarding the
channel geometry, after organics adsorption, any changes in both shape and channel dimension
were also evaluated. Specifically, both straight and sinusoidal channels hosting the organic
molecules change their shape and become more elliptical (Table 5).

4. Conclusions

This work aims to highlight the adsorptive capacity of commercial high silica zeolites ZSM-5
(MFTI topology), and Y zeolite (FAU topology), for removal of chlorobenzene (CB) from water. Both
high silica ZSM-5 and Y zeolites are characterized by fast kinetics, that combined with good
adsorption capacity, suggest they can be efficiently used as a sorbent media to control the
concentration of chlorobenzene in water systems. In particular, ZSM-5 is more efficient in the
removal of CB at low concentration level, while Y shows higher saturation capacity than ZSM-5.
Difference Fourier maps of the electron density provide insight into the preferred zeolite adsorption
sites in both microporous materials. The refined framework—extraframework bond distances
highlight the existence of CB, and hydrophobic zeolites interactions mediated via co-adsorbed H20
molecules. Adsorption of CB on ZSM-5 and Y zeolites is accompanied by structural changes, i.e.
variations in both unit-cell parameters and channel shape when compared to the as-synthesized
microporous materials, clearly confirming the very relevant role of H2O molecules in both the
diffusion and adsorption processes in hydrophobic zeolites. After adsorption, the channels become
more distorted, thus indicating remarkable framework flexibility for both ZSM-5 and Y zeolites.
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Table 5. C.F.A. and ellipticity (¢) comparison between unloaded ZSM-5 [13] and ZSM-5-CB systems. C.F.A. = 7-(mean radius)?
shortest pore dimensions.
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(A?); & = ratio between the longest and the

Straight Channel
0O-O distance (A) 07-01 08-02 031-037 044-046 047-048 €
ZSM-5-CB 8.22 8.20 8.02 8.22 7.97 1.03
ZSM-5 7.90 7.94 8.04 8.41 7.80 1.08
Free diameter (A) 07-01 08-02 031-037 044-046 047-048
ZSM-5-CB 5.52 5.50 5.32 5.52 5.27 -
ZSM-5 5.20 5.24 5.34 5.71 5.10 -
Mean diameter (A) Mean radius (A) C.F.A. (A)
ZSM-5-CB 543 271 23.12 -
ZSM-5 5.32 2.66 22.20 -
0-O distance (A) 011-05 020-018 021-022 027-033 028-034 €
ZSM-5-CB 8.08 7.89 8.11 8.22 8.08 1.04
ZSM-5 8.19 8.35 7.98 8.13 7.76 1.08
Free diameter (A) 011-05 020-018 021-022 027-033 028-034
ZSM-5-CB 5.38 5.19 5.41 5.52 5.38
ZSM-5 5.49 5.65 5.28 543 5.06
Mean diameter (A) Mean radius (A) C.EA. (A)
ZSM-5-CB 5.37 2.69 22.67
ZSM-5 5.38 2.69 22.74
Sinusoidal Channel
0-0 distance (A) 020-015 024-026 027-02 028-01 041-046 €
ZSM-5-CB 8.08 7.87 7.76 8.16 8.69 1.12
ZSM-5 8.15 8.07 7.97 7.76 8.51 1.10
Free diameter (A) 020-015 024-026 027-02 028-01 041-046
ZSM-5-CB 5.38 5.17 5.06 5.46 5.99
ZSM-5 5.45 5.37 5.27 5.06 5.81
Mean diameter (A) Mean radius (A) C.FE.A. (A)
ZSM-5-CB 541 2.71 23.01
ZSM-5 5.39 2.70 22.82
0-O distance (A) 017-018 023-025 030-05 031-04 044-043 €
ZSM-5-CB 7.50 8.58 8.20 7.89 7.75 1.14
ZSM-5 7.30 8.31 8.32 8.05 7.95 1.14
Free diameter (A) 017-018 023-025 030-05 031-04 044-043
ZSM-5-CB 4.80 5.88 5.50 5.19 5.05
ZSM-5 4.60 5.61 5.62 5.35 5.25
Mean diameter (A) Mean radius (A) C.EA. (A)
ZSM-5-CB 5.28 2.64 21.92
ZSM-5 5.29 2.64 21.93
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Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1 reported
observed, calculated and difference X-ray powder diffraction patterns of Y-CB (a) and ZSM-5-CB (b),
respectively. Framework atomic fractional coordinates and thermal isotropic displacement factor of Y-CB and
ZSM-5-CB are in h"ables S1 and SZL respectively. Extraframework atomic fractional coordinates, thermal

isotropic displacement factor and occupancy of Y-CB and ZSM-5-CB are in Tables S3 and S4, respectively. '

Selected bond distances (A) and angles (°) within both the Y-CB and ZSM-5-CB framework and
extraframework atoms are listed in rTables S5 and S6L respectively. KIFS‘ for all reported crystal structures are
added as Supplementary Information.
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