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Adsorption is important for many applications including catalysis and water remediation tech-
nology. To improve the performances of such applications, it is essential to have a deep un-
derstanding of adsorbent-—−adsorbate interactions, and of the dynamics involved in adsorp-
tion/desorption processes of porous adsorbent materials. In this study, the thermal desorption
of high-silica (HS) ZSM-5 zeolite loaded with mixtures of organic compounds (namely, methyl
tert-butyl ether/toluene, and methyl tert-butyl ether/1,2 dichloroethane) was investigated in
real time using in situ high-temperature synchrotron X-ray powder diffraction (HT-XRPD). A
picture of both kinetics and dynamic behavior of this adsorbent during thermal regeneration
is presented, including the evolution of refined occupancies of the host molecules as a func-
tion of temperature. The adsorption enthalpy and entropy of the organic compound were also
evaluated and compared with desorption temperature. It was found that configurational effects
can affect the mobility of the molecules inside the framework, and,—in particular, the desorp-
tion temperature seems to be mainly related to the position of the molecule inside the porous
structure.
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1. Introduction

Zeolites are crystalline, microporous materials characterized by high porosity and large surface area. The well-de-
fined pore structure confers on them the ability to host atoms or molecules inside cages or channels delimited by the
framework as well as c—o—n—t—r—o—l—s—to control the concentration and thermodynamic state of sorbed molecules. 1 -—− 11More-
over, affinity t—o—w—a—r—d—s—toward organic species may be appropriately tuned by varying the SiO2/Al2O3 ratio (SAR) and,
consequently, the hydrophobicity of these materials. The combination of steric hindrance and chemical interactions
inside the zeolitic pore system in combination with their excellent thermal and chemical stability makes these materi-
als suitable for many applications including adsorption. 12 -—− 17 Indeed, it has been recently highlighted that high -silica
(HS) zeolites such as zeolite beta (BEA), mordenite (MOR), ferrierite (FER), Y (FAU), and ZSM-5 (MFI) exhibit good
properties for fuel-based compounds adsorption from aqueous solutions. 14 -—− 26Additionally, as adsorbents, zeolites
can be easily regenerated by several methods including solvent extraction, microwave and ultrasounds, photochemical,
biological, vacuum, electrochemical, and thermal treatments 27 -—− 29 in the latter case, the full recyclability of the sorbent
has been also demonstrated. 18,20
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Zeolites with MFI topology have been extensively studied, due their interesting pore system, which define three
different sorption sites: straight channel (SC), sinusoidal channel (ZZ) and intersection. 30 -—,31 In particular, in R—e—f—.—ref
17 the adsorption of methyl tert-butyl ether (MTBE)/toluene (TOL),—and 1,2 dichloroethane (DCE) /MTBE binary
mixtures in aqueous solution on ZSM-5 has been described by a competitive model, namely, a dual site Langmuir ad-
sorption isotherm. Rietveld structure refinements provided information about the relative position of the MTBE-TOL
and MTBE-DCE mixtures inside the porous structure of ZSM-5 a—s—w—e—l—l—a—s—t—h—e—y—and clearly highlighted the structural
interactions between the zeolite lattice and sorbate molecules. It has been found that MTBE and DCE molecules
(ZSM-5-MTBE-DCE sample) are located in two independent e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework sites: MTBE is hosted
near the SC channel (MTBE1 site, see Figure 1 a), whereas DCE is in the ZZ channel (DCE2 site, Figure 1 a). O—n—
t—h—e—o—t—h—e—r—h—a—n—d—However, in ZSM-5-MTBE-TOL, TOL and MTBE molecules are confined near the SC (TOL1 site) and
ZZ channels (MTBE2 site), respectively17 (see Figure 1 b). These results suggested that MTBE can occupy different
positions in the ZSM-5 porous system, depending on the composition of the investigated mixture.

Figure 1. Unit cells with the modeled atoms of (a) ZSM-5-MTBE-DCE,—and (b) ZSM-5-MTBE-TOL a—d—s—o—r—b—e—d—. Ad-
sorbed molecules along a and b directions, respectively.

In this study, we provide detailed information on the thermal desorption behavior of high -silica ZSM-5 zeolite
loaded with MTBE-DCE and DCE-TOL binary mixtures. In situ high-temperature synchrotron X-ray powder diffrac-
tion (HT-XRPD) has allowed to c—o—n—t—i—n—u—o—u—s—l—y—continuous monitoring of the dynamic b—e—h—a—v—i—o—u—r—behavior of ZSM-5-
loaded structures. This study has also involved the analysis of the occupancies of the host molecules inside the ze-
olitic framework during the temperature-induced desorption process. Finally, the thermodynamics of adsorption (from
aqueous solutions) h—a—s—have also been investigated in order to compare the order of release of organic compounds with
their adsorption enthalpy. Indeed, the ultimate scope of this work has been to investigate whether temperature -induced
desorption correlates to traditional thermodynamic parameters, such as the adsorption enthalpy of adsorbed molecules,
or i—n—s—t—e—a—d—if instead other effects of kinetic nature should be considered (e.g., steric hindrance, constrained diffusion
in the zeolite framework, etc.). To the best of our knowledge, this is the first example of this kind of investigation.

The outcome of this research could be useful to fine-tune industrially relevant adsorption and separation processes.
Indeed, the design and development of many emerging separation and catalytic process technologies require a proper
quantitative description of diffusion of mixtures of guest molecules within microporous structures. 32 -—− 34Consequently,
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they are relevant both for zeolite characterization and application,—because the response to heating of microporous
crystalline materials can vary dramatically not only from one material to another but also d—e—p—e—n—d—i—n—g—can depend on the
nature and concentrations of embedded species. 35 -—− 37

2. Experimental Section
2.1. Materials

The ZSM-5 sample used in this work was a hydrophobic zeolite (code CBV 28014) provided by Zeolyst Interna-
tional in its ammonium form (NH4 + content was lower than 1%—wt %) and used as received. The manufacturer of the
CBV 28014 zeolite reports a SiO2/Al2O3molar ratio equal to 280, a Na2O content lower than 0.05 wt.—%, and a surface
area of 400 m2 g-—−1.
2.2. Batch e—x—p—e—r—i—m—e—n—t—s—Experiments

Adsorption isotherms were determined through batch method. Batch experiments were carried out in duplicate in
20 m—l—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-—−1) was employed. The samples were equilibrated
for 24 h—o—u—r—s—h at different temperatures (5, 10, 15, and 22.5 °C). During the adsorption, temperature was controlled (±
0.5 °C) bymeans of a jacketed glass beaker, and a temperature controller was used to circulate water through the reactor
jackets (Lab Companion RW-0525G). The samples were kept under stirring by a 10-place magnetic stirrer (IKAMAG
RO 10 power, IKA, Stanfer, Germany) at a stirring speed of 500 rpm. After equilibration, the solids were separated
from the aqueous solution using centrifugation (1—4—0—0—0—14000 rpm for 30 min). To determine both adsorbed quantities
(q) and equilibrium concentrations (C—e—C e ), TOL, MTBE, and DCE were determined in solutions before and after
equilibration with the zeolite. All experiments were carried out in d—u—p—l—i—c—a—t—e—s—duplicate (deviations were within 5%).
2.3. Gas Chromatography

The concentration of contaminants in the aqueous solution 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 aMass Selective
Detector 5973 Network.

Hs autosampler injector conditions are as follows: 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, injec-
tion volume 500 µ—L—μL, fill speed 30 µ—L—μL s-—−1, syringe pull-up delay 5 s, injection speed 250 µ—L—μL s-—−1, p—r—e—-—i—n—j—e—c—-—
t—i—o—n—preinjection delay 0 s, post injection delay 2 s, and syringe flush 30 s with nitrogen.

A DB-624 UI GC column (L = 20 m, I.D. = 0.18 mm, d—f—d f = 1.00 µ—m—μm 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-—−1. The oven
temperature gradient started at 40 °C for 4 m—i—n—u—t—e—s—min and was then ramped to 130 °C at 15 °C min-—−1. 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-—−1 in a mass range
from 30 to 300 amu. For identification and quantification of the target analyte t—h—e—, SIM (selected ion monitoring)
chromatograms were extracted from the acquired signal by selecting the most abundant characteristic fragments at m/z
= 62.49 (DCE), m/z = 73.57 (MTBE) and m/z= 91.92 (TOL). The 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.
2.4. Thermal a—n—a—l—y—s—e—s—Analyses

Thermogravimetric (TG) and derivative thermogravimetry (DTG) measurements of zeolite samples after mixtures
adsorption were performed in air using an STA 409 PC LUXX®—-Netzsch operating at 10 °C min-—−1 heating rate, from
room temperature (RT) to 900 °C.
2.5. Time-r—e—s—o—l—v—e—d—d—i—f—f—r—a—c—t—i—o—n—m—e—t—h—o—d—s—Resolved Diffraction Methods and r—e—fi—n—e—m—e—n—t—s—t—r—a—t—e—g—y—Refinement Strategy

In this work t—h—e—, in situ high -temperature X-ray diffraction is used in order to follow pollutants mixtures release/de-
composition process as well as the structural modifications undergoing on ZSM-5 during the thermal treatment. With
this purpose, ZSM-5 powders loaded with MTBE-DCE and MTBE-TOL mixtures have been studied with time –—-re-
solved diffraction technique on the ID22 beamline at ESRF (Grenoble), using a fixed wavelength of 0.400031(1)A—̊—
Å and an X-ray transfocator with compound refractive lenses. Using this technique, the presence of the third har-
monic has been reduced as well as the suppression of all higher-order harmonics to fi—v—e—5 orders of magnitude using
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monochromator detuning.38 The data were collected in the 30°—-—6—0—0—−600 °C temperature range. Diffracted X-rays
were directed through nine Si(111) a—n—a—l—y—s—e—r—analyzer crystals (channels separated by ≈—~2°) and then scanned in a con-
tinuous mode, thus registering high-resolution diffraction patterns in parallel. X-ray diffraction patterns were recorded
in the 0.5–—−19.5 2θ range. The automatic indexing of the peaks, performed by means of the HighScore Plus v.3.0
software3—9— ,39 revealed the monoclinic P—2—P 21 //—n symmetry.

Table 1. Refinement d—e—t—a—i—l—s—Details of the d—a—t—a—c—o—l—l—e—c—t—i—o—n—Data Collection and u—n—i—t—c—e—l—l—p—a—r—a—m—e—t—e—r—s—Unit Cell Parameters
of ZSM-5 and ZSM-5 l—o—a—d—e—d—Loaded with b—i—n—a—r—y—m—i—x—t—u—r—e—s—Binary Mixtures of MTBE, DCE, and TOL at 30, 100, and
400°C.—

KZSM-5T
Z—S—M—-—5— KZSM-5-MTBE-DCET Z—S—M—-—5—-—M—T—B—E—-—D—C—E— KZSM-5-MTBE-TOLT Z—S—M—-—5—-—M—T—B—E—-—T—O—L—

K30 °Cad T

3—0—°—C—a—d—
K30 °Cbe T

3—0—°—C—b—e—
K100 °CT

1—0—0—°—C—
K400 °CT

4—0—0—°—C—
K30 °Cbe T

3—0—°—C—b—e—
K100 °CT

1—0—0—°—C—
K400 °CT

4—0—0—°—C—

S—p—a—c—e—
G—r—o—u—p—space
group

K P21/n T P—2—
1—/—n—

K P21/n T P—2—
1—/—n—

P—n—m—a—Pnma P—n—m—a—Pnma K P21/n T P—2—
1—/—n—

P—n—m—a—Pnma P—n—m—a—Pnma

K a (Å)T a—
(—A—̊̊̊———)—

1—9—.—9—0—0—K19.9
00(1)T (—1—)—

1—9—.—9—0—0—K19.9
00(1)T (—1—)—

1—9—.—9—3—6—K19.9
36(1)T (—1—)—

1—9—.—9—2—6—K19.9
26(1)T (—1—)—

1—9—.—8—9—5—K19.8
95(1)T (—1—)—

1—9—.—9—3—2—K19.9
32(1)T (—1—)—

1—9—.—9—1—9—K19.9
19(1)T (—1—)—

K b (Å)T b—
(—A—̊̊̊———)—

2—0—.—1—1—7—K20.1
17(1)T (—1—)—

2—0—.—1—1—6—K20.1
16(1)T (—1—)—

2—0—.—1—1—5—K20.1
15(1)T (—1—)—

2—0—.—0—8—7—K20.0
87(1)T (—1—)—

2—0—.—1—1—4—K20.1
14(1)T (—1—)—

2—0—.—1—1—4—K20.1
14(1)T (—1—)—

2—0—.—0—8—1—K20.0
81(1)T (—1—)—

K c (Å)T c—(—A—̊̊̊———)— 1—3—.—3—8—9—K13.3
89(1)T (—1—)—

1—3—.—3—8—7—K13.3
87(1)T (—1—)—

1—3—.—4—0—9—K13.4
09(1)T (—1—)—

1—3—.—3—9—6—K13.3
96(1)T (—1—)—

1—3—.—3—8—3—K13.3
83(1)T (—1—)—

1—3—.—4—0—5—K13.4
05(1)T (—1—)—

1—3—.—3—9—3—K13.3
93(1)T (—1—)—

Kβ (deg)T β—
(—°—)—

9—0—.—5—5—K90.55(
1)T (—1—)—

9—0—.—6—K90.6(1)
T (—1—)—

90 90 9—0—.—5—9—K90.59(
1)T (—1—)—

90 90

K V (Å3)T V—
(—A—̊̊̊———3—)—

5—3—5—9—.—9—K5359
.9(3)T (—3—)—

5—3—5—8—.—6—K5358
.6(1)T (—1—)—

5—3—7—7—.—4—K5377
.4(1)T (—1—)—

5361.
9—K9(1)T (—1—)—

5—3—5—5—.—2—K5355
.2(1)T (—1—)—

5—3—7—4—.—1—K5374
.1(1)T (—1—)—

5—3—5—7—.—2—K5357
.2(1)T (—1—)—

wavelength
(A—̊—Å)

1—.—5—4—1—7—K1.54
17(1)T (—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

0—.—4—0—0—0—3—1—K0
.400031(1)T
(—1—)—

refined
pattern 2θ
range (°—deg)

3—K3−110T
-—1—1—0—

1—K1−24T -—2—4— 0—.—5—K0.5−19.5
T -—1—9—.—5—

0—.—5—K0.5−19.5
T -—1—9—.—5—

1—K1−24T -—2—4— 0—.—5—K0.5−19.5
T -—1—9—.—5—

0—.—1—K0.1−24.5
T -—2—4—.—5—

d hkl lattice
spacing (A—̊—Å)

1—4—.—7—3—K14.73
−0.82T -—0—.—8—2—

1—1—.—4—6—K11.46
−0.49T -—0—.—4—9—

2—2—.—9—2—K22.92
−0.60T -—0—.—6—0—

2—2—.—9—2—K22.92
−0.60T -—0—.—6—0—

1—1—.—4—6—K11.46
−0.49T -—0—.—4—9—

2—2—.—9—2—K22.92
−0.60T -—0—.—6—0—

1—1—4—.—6—0—K11
4.60−0.48T
-—0—.—4—8—

K R wp (%)a T

R—w—p—(—%—)—
9.12 12.4 13.2 13.9 15.4 18 14.5

K R p (%)b T

R— p—(—%—)—
8.4 9.2 9.9 10.3 11.04 13.7 11.2

K R F 2 (%)c T
R—F—2—(—%—)—

9.1 8.8 8.2 8.4 9 11.8 10.7

n—no. of
contributing
reflections

14142 11760 9397 9397 11783 9392 11899

N obs 5601 6357 1892 1888 6477 1828 3559
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KZSM-5T
Z—S—M—-—5— KZSM-5-MTBE-DCET Z—S—M—-—5—-—M—T—B—E—-—D—C—E— KZSM-5-MTBE-TOLT Z—S—M—-—5—-—M—T—B—E—-—T—O—L—

K30 °Cad T

3—0—°—C—a—d—
K30 °Cbe T

3—0—°—C—b—e—
K100 °CT

1—0—0—°—C—
K400 °CT

4—0—0—°—C—
K30 °Cbe T

3—0—°—C—b—e—
K100 °CT

1—0—0—°—C—
K400 °CT

4—0—0—°—C—

N var. 289 356 208 210 359 209 176

R— p—=—∑—[—Y— i—o—-—Y— i—c—]—/—∑—Y— i—o—;— R—w—p—=—[—∑—w— i—(—Y— i—o—-—Y— i—c—)—2—/—∑—w— i—Y— i—o—2—]—0—.—5—;— R—F—2—=—∑—|F— o—2—-—F— c—2—|/—∑—|F— o—2—|

a R wp = [∑w i (Y io − Y ic )2/∑w i Y io 2]0.5.
b R p = ∑[Y io − Y ic ]/∑Y io .
c R F 2 = ∑|F o 2 − F c 2|/∑|F o 2|.
a—dRef.—25 .
b—eRef.—17 .

The GSAS40 package with the EXPGUI graphical interface41 was used for Rietveld structure refinements starting
from the framework fractional atomic coordinates reported by Pasti et al.17 1—7—.—Difference Fourier maps, calculated for
both ZSM-5-MTBE-DCE and ZSM-5-MTBE-TOL samples, indicates the occurrence of extra-framework sites host-
ing organic and c—o—-—a—d—s—o—r—b—e—d—coadsorbed water molecules. The scale factor was allowed to vary for all histograms.
In the final cycles, the refined structural parameters for each data histogram were t—h—e—f—o—l—l—o—w—i—n—g—as follows: fractional
coordinates for all atoms, occupancy factors for e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework organics and water oxygen atoms,
and thermal isotropic displacement factors. Soft constraints were imposed on Si–—−O and O-—−O framework (1.60 and
2.60 Å, respectively A—̊—)—, distances with tolerance values (σ) of 0.04 A—̊—Å), a—n—d—then released after the initial stages of
refinement. Furthermore, the displacement parameters for a given atom type were constrained to be equivalent (i.e., Si
and O sites), in order to reduce the number of refined atomic displacement parameters. The refinement of the atomic
coordinates, the atomic site occupancies for extra-framework positions, and the isotropic thermal parameters has been
performed with the aid of soft constraints (with an initial weight of 1—0—0—0—0—10000) on the bond lengths, used as addi-
tional observations in the earlier stages of the refinement and progressively reduced to zero.42 The Bragg peak shape
was m—o—d—e—l—l—e—d—modeled using a modified pseudo-Voigt function43 4—3—with 0.01% c—u—t—-—o—f—f—cutoff peak intensity. The instru-
mental background was empirically fitted using a Chebyschev polynomial of the first kind with 16 variable coefficients
for room temperature and 24 variable coefficients for high -temperature data set. The evolution of unit cell parame-
ters as a function of temperature are reported in F—i—g—u—r—e—s—Figure 2 a a—n—d—,2—b for the system ZSM-5-MTBE-TOL and
ZSM-5-MTBE-DCE, respectively. Table 1 summarizes the refinement details40 of three selected patterns, collected at
30, 100, and 400 °C, respectively, for comparison the refinement details of ZSM-5 at 30°—°C are also reported. The
refined atomic coordinates, occupancy factors, and thermal parameters for the corresponding structures at these tem-
peratures are given as s—u—p—p—o—r—t—i—n—g—i—n—f—o—r—m—a—t—i—o—n—Tables S1−S6 i—n—T—a—b—l—e—s—S—1—,—S—2—,—S—3—,—S—4—,—S—5—a—n—d—S—6—. The evolution of the
thermal isotropic displacement factors for framework T and O atoms in ZSM-5-MTBE-DCE and ZSM-5-MTBE-TOL
systems is reported in F—i—g—u—r—e—S—1—a—n—d—F—i—g—u—r—e—S—2—r—e—s—p—e—c—t—i—v—e—l—y—,—i—n—s—u—p—p—o—r—t—i—n—g—i—n—f—o—r—m—a—t—i—o—n—Figures S1 and S2.
3. Results and d—i—s—c—u—s—s—i—o—n—Discussion
3.1. Temperature-d—e—p—e—n—d—e—n—t—v—a—r—i—a—t—i—o—n—Dependent Variation of c—e—l—l—p—a—r—a—m—e—t—e—r—s—Cell Parameters and c—r—y—s—t—a—l—-—s—t—r—u—c—t—u—r—e—
m—o—d—i—fi—c—a—t—i—o—n—s—Crysta Structure Modifications upon m—i—x—t—u—r—e—s—d—e—s—o—r—p—t—i—o—n—Mixtures Desorption

The results of our Rietveld refinement of ZSM-5-MTBE-TOL and ZSM-5-MTBE-DCE crystal structures at room
temperature are in close agreement to what recently reported by Pasti et al.17 The parameters of the P—2—P 21 //—n cell at
room temperature are a 0 = 19.900(1) A—̊—Å, b 0 = 20.116(1) A—̊—Å, c 0 = 13.387(1) A—̊—Å, β = 90.6(1), V 0 = 5358.6(1) A—̊—Å3

in ZSM-5-MTBE-DCE and a 0 = 19.895(1) A—̊—Å, b 0 = 20.114(1) A—̊—Å, c 0 = 13.383(1), β = 90.59°(1), V 0 = 5355.2(1)
A—̊—Å3 in ZSM-5-MTBE-TOL, respectively. The e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework refined occupancies confirmed that
organics (~3.8 TOL and 3.4 MTBE molecules per unit cell (p.c.u.) in ZSM-5-MTBE-TOL; ~3—M—T—B—E—3MTBE and 2.5
DCE in ZSM-5-MTBE-DCE p.c.u.) interact with coadsorbed water molecules thus forming organic–—−water complexes
(clusters or short chains) interacting with the framework oxygens.

Figure 2. Temperature evolution of (a) ZSM-5-MTBE-DCE and (b) ZSM-5-MTBE-TOL, unit cell parameters during
in situ thermal organic desorption. All values are normalized compared to those refined at room temperature. Errors
are smaller than symbols.
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A careful examination of the unit cell parameters plotted in Figures 2 a and 2b as normalized values, a(T)/a 0, b(T)/b
0, c(T)/c 0, and V(T)/V 0 revealed that after heating up to 100 °C a slight increase in the unit-cell volume is observed in
both samples. At the same time, no changes are observed in e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework site occupancies reported
in F—i—g—u—r—e—s—Figure 3 a a—n—d—,b, indicating that this transient framework expansion is mainly related to the release of host-—
−guest interactions.

Figure 3. Evolution of the number of host molecules per unit cell as a function of temperature in:—(a) ZSM-5-MTBE-
TOL,—and (b) ZSM-5-MTBE-DCE. Errors are smaller than symbols.

The weakening of hydrogen bonding network is well -known in the zeolite frameworks during the initial heating
stages (e.g., in hydro-sodalite4—4—,44 i—n—analcime,45 a—n—a—l—c—i—m—e—wairakite4—5—,46 i—n—w—a—i—r—a—k—i—t—e—4—6—,—i—n—silica sodalite,47 cavansite,48
;—i—n—ZSM-5-toluene,18 and DCE-loaded2—0— ,20 and in the same as-synthesized-high silica-ZSM-549 used in this work)
a—n—d—; recently, it was described by Martucci et al.48 as a “pore-mouth-breathing motion”. This breathing is associated
t—o—with a transient slight opening and regularization of the pore apertures, which is followed by a contraction. Upon
100 °C the gradual overlapping of groups of peaks reveals the monoclinic P—2—P 21 //—n to orthorhombic Pnma phase
transition (see F—i—g—u—r—e—s—Figure 4 a a—n—d—,4—b, for ZSM-5-MTBE-DCE,—and F—i—g—u—r—e—s—Figure 4 c a—n—d—,d for ZSM-5-MTBE-
TOL ) which was already recently observed in the same unloaded ZSM-5 before49 4—9—and after loading with toluene1—8—
,18 1,2 dichlorethane,20 and methyl-tert-butyl-ether1—9— .19

Figure 4. Evolution of powder diffraction patterns in the 25-—−100 °C temperature range: (a) ZSM-5-MTBE-DCE
spectra (for the range of 1.7–—−3.5° 2θ), (b) ZSM-5- MTBE-DCE spectra (for the range of 5.5–—−7.9° 2θ), (c) ZSM-5-
MTBE-TOL spectra (for the range of 1.7–—−3.5° 2θ), and (d) ZSM-5-MTBE-TOL spectra (for the range of 5.5–—−7.9°
2θ).
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After the phase transition, the unit cell volume decreases and the release/decomposition of the host organic
molecules occurs (see Figure 2 ). Further insights on the sequence of the organics molecules release, can be gained by
following the refined occupancies of the TOL, DCE and MTBE sites as a function of temperature plotted in Figure 3 .
The release/decomposition of TOL and MTBE starts at about 100 °C and continuously proceeds up to ~250 °C (see
Figure 3 a),—; beyond this temperature the sites are completely emptied. The onset of both MTBE and DCE loss from
the adsorbent ( also occurs at ~100 °C and these sites are fully emptied above 350 °C (see Figure 3 b). The evolution
of refined occupancies versus temperature suggests that species hosted in the ZZ or at the channel intersections,—
move more slowly than those adsorbed in or near SC,—in very good agreement with experimental adsorption enthalpy
measured through batch experiments (vide infra). As far as concerns water molecules, they are completely released
from the cavities at ~500 °C. Thus, based on the e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework site occupancy refinements, the
T-dependent distortion mechanism in the framework takes place in correspondence with guest organic molecule
release. Table 2 reports the C—r—y—s—t—a—l—l—o—g—r—a—p—h—i—c—F—r—e—e—A—r—e—a—crystallographic free area (CFA) of both ZZ and SC channels,
as well as the ellypticity (ε) of the apertures at 30, 100, and 400 °C temperatures, respectively.

Table 2. Dimensions of the a—p—e—r—t—u—r—e—s—Apertures (A—̊—Å) of ZSM-5 u—n—l—o—a—d—Unloaded a— and after m—i—x—t—u—r—e—s—a—d—s—o—r—p—-—
t—i—o—n—Mixtures Adsorption of DCE, TOL, and MTBE m—o—l—e—c—u—l—e—s—Molecules at 30, 100 and 400°C.—a
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S—t—r—a—i—g—h—t—straight
channel (—K(SC-A)T

S—C—-—A—)— ε CFA

S—i—n—u—-—
s—o—i—d—a—l—sinusoidal
channel (—K(ZZ-A)T

Z—Z—-—A—)— ε CFA

Z—S—M—KZSM-5a T -—5—
a—

1.03 22.68 Z—S—M—KZSM-5a T -—5—
a—

1.04 21.65

Z—S—M—KZSM-5-
MTBE-DCE-30
°Cb T -—5—-—M—T—B—E—-—
D—C—E—-—3—0—°—C—b—

1.07 24.16 Z—S—M—KZSM-5-
MTBE-DCE-30
°Cb T -—5—-—M—T—B—E—-—
D—C—E—-—3—0—°—C—b—

1.05 24.28

Z—S—M—KZSM-5-
MTBE-DCE-100
°CT -—5—-—M—T—B—E—-—
D—C—E—-—1—0—0—°—C—

1.09 23.84 Z—S—M—KZSM-5-
MTBE-DCE-100
°CT -—5—-—M—T—B—E—-—
D—C—E—-—1—0—0—°—C—

1.04 24.06

Z—S—M—KZSM-5-
MTBE-DCE-400
°CT -—5—-—M—T—B—E—-—
D—C—E—-—4—0—0—°—C—

1.08 23.72 Z—S—M—KZSM-5-
MTBE-DCE-400
°CT -—5—-—M—T—B—E—-—
D—C—E—-—4—0—0—°—C—

1.04 24.13

Z—S—M—KZSM-5-
MTBE-TOL-30
°Cb T -—5—-—M—T—B—E—-—
T—O—L—-—3—0—°—C—b—

1.09 24.06 Z—S—M—KZSM-5-
MTBE-TOL-30
°Cb T -—5—-—M—T—B—E—-—
T—O—L—-—3—0—°—C—b—

1.06 24.35

Z—S—M—KZSM-5-
MTBE-TOL-100
°CT -—5—-—M—T—B—E—-—
T—O—L—-—1—0—0—°—C—

1.05 23.88 Z—S—M—KZSM-5-
MTBE-TOL-100
°CT -—5—-—M—T—B—E—-—
T—O—L—-—1—0—0—°—C—

1.01 23.99

Z—S—M—KZSM-5-
MTBE-TOL-400
°CT -—5—-—M—T—B—E—-—
T—O—L—-—4—0—0—°—C—

0.94 23.72 Z—S—M—KZSM-5-
MTBE-TOL-400
°CT -—5—-—M—T—B—E—-—
T—O—L—-—4—0—0—°—C—

1.00 24.10

S—t—r—a—i—g—h—t—straight
channel (—K(SC-B)T

S—C—-—B—)— ε CFA

S—i—n—u—-—
s—o—i—d—a—l—sinusoidal
channel (—K(ZZ-B)T

Z—Z—-—B—)— ε CFA

Z—S—M—KZSM-5a T -—5—
a—

1.02 22.68 Z—S—M—KZSM-5a T -—5—
a—

1.06 22.65

Z—S—M—KZSM-5-
MTBE-DCE-30
°Cb T -—5—-—M—T—B—E—-—
D—C—E—-—3—0—°—C—b—

1.04 23.67 Z—S—M—KZSM-5-
MTBE-DCE-30
°Cb T -—5—-—M—T—B—E—-—
D—C—E—-—3—0—°—C—b—

1.10 23.15

Z—S—M—KZSM-5-
MTBE-TOL-30
°Cb T -—5—-—M—T—B—E—-—
T—O—L—-—3—0—°—C—b—

1.05 23.59 Z—S—M—KZSM-5-
MTBE-DCE-100
°CT -—5—-—M—T—B—E—-—
D—C—E—-—1—0—0—°—C—

1.07 22.92

Z—S—M—KZSM-5-
MTBE-DCE-400
°CT -—5—-—M—T—B—E—-—
D—C—E—-—4—0—0—°—C—

1.07 22.81
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S—t—r—a—i—g—h—t—straight
channel (—K(SC-B)T

S—C—-—B—)— ε CFA

S—i—n—u—-—
s—o—i—d—a—l—sinusoidal
channel (—K(ZZ-B)T

Z—Z—-—B—)— ε CFA

Z—S—M—KZSM-5-
MTBE-TOL-30
°Cb T -—5—-—M—T—B—E—-—
T—O—L—-—3—0—°—C—b—

1.1 22.95

Z—S—M—KZSM-5-
MTBE-TOL-100
°CT -—5—-—M—T—B—E—-—
T—O—L—-—1—0—0—°—C—

0.93 24.08

Z—S—M—KZSM-5-
MTBE-TOL-400
°CT -—5—-—M—T—B—E—-—
T—O—L—-—4—0—0—°—C—

1.08 24.23

aRef.—25 .

bRef.—17 .

The C.F.A. values smaller than the maximum value (diameter 7.6 A—̊—Å) for an ideal circular 10-ring channel (CFA
= 24.5 A—̊—Å2) accounts for the cell volume contraction observed upon heating. Above 500 °C, the unit-cell volume
contraction continues until the end of the heat treatment without any mass loss giving rise to a negative thermal expan-
sion (NTE) process (Figures 2 and 3). This phenomenon, already described not only in MFI-zeolites 20,50 -—− 52 but also
in other microporous materials 5—3—-—5—4—, 53,54 is due to the relaxation in the framework distortions induced by e—x—t—r—a—f—r—a—m—e—-—
w—o—r—k—extra-framework molecules diffusing through the framework during the desorbing stage. 55,56 In summary, Ri-
etveld refinement has evidenced structural modifications of both framework and e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework com-
ponents. In particular, evolved differently depending on the investigated compound. Additionally, the study of binary
systems has evidenced that desorption of single components depends on the mixture composition. Differences in the
desorption of MTBE among the two investigated competitive systems (ZSM-5-MTBE-DCE and ZSM-5-MTBE-TOL)
is an example of this. To gain information on the host−guest interactions, the adsorption isotherms from aqueous so-
lutions of the three investigated compounds on ZSM-5 were investigated.

T—o—g—a—i—n—i—n—f—o—r—m—a—t—i—o—n—o—n—t—h—e—h—o—s—t—-—g—u—e—s—t—i—n—t—e—r—a—c—t—i—o—n—s—,—t—h—e—a—d—s—o—r—p—t—i—o—n—i—s—o—t—h—e—r—m—s—f—r—o—m—a—q—u—e—o—u—s—s—o—l—u—t—i—o—n—s—o—f—t—h—e—t—h—r—e—e—
i—n—v—e—s—t—i—g—a—t—e—d—c—o—m—p—o—u—n—d—s—o—n—Z—S—M—-—5—w—e—r—e—i—n—v—e—s—t—i—g—a—t—e—d—.—
3.2. Effects of t—e—m—p—e—r—a—t—u—r—e—Temperature on a—d—s—o—r—p—t—i—o—n—Adsorption

Adsorption isotherms were measured in dilute aqueous solutions. I—n—Under these conditions, adsorption isotherms
are generally linear. The thermodynamic parameters obtained from linear adsorption isotherms measured at different
temperatures allow to determine the adsorption enthalpy.

Figure 5. Adsorption isotherms in the low concentration range at four different temperatures (from 5.5 to 23 °C): (a)
TOL, (b) MTBE, and (c) DCE.
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The TOL adsorption isotherms,—in the low concentration range,—at four different temperatures (from 5.5 to 23 °C)
are reported in Figure 5 a. It is seen that the adsorbed quantity is directly proportional to the solution concentration and
the proportionality constant is the adsorption constant of TOL from aqueous solutions. Similar behavior has been ob-
served for the adsorption of diluted aqueous solution of MTBE and DCE (see F—i—g—u—r—e—s—Figure 5 b a—n—d—,5—c, respectively).

Table 3. Enthalpy c—h—a—n—g—e—Change for t—o—l—u—e—n—e—Toluene, MTBE, and DCE a—d—s—o—r—p—t—i—o—n—Adsorption onto ZSM-5 from
g—a—s—Gas and a—q—u—e—o—u—s—s—o—l—u—t—i—o—n—.—Aqueous Solution
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ΔΔ—H—H adsorption (gas
phase, from literature)
(—K(kJmol −1)T k—J—m—o—l—-—1—)—

ΔΔ—H—H adsorption
(aqueous solution,
experimental) (—K(kJ
mol −1)T k—J—m—o—l—-—1—)—

ΔΔ—H—H adsorption (gas
phase, calculated from
E—q—.—eq 2 ) (—K(kJ mol −1)T

k—J—m—o—l—-—1—)—

ΔΔ—S—S adsorption
(aqueous solution,
calculated from E—q—.—eq

3 ) (—K(J mol−1 K−1)T
J—m—o—l—-—1—K— -—1—)—

-—−84 a -—−42 -—−78 82

-—−100 b

-—−83 c

T—o—l—u—e—n—e—toluene

-—−86 d

MTBE -—−90 e -—−28 -—−75 72

DCE -—−50 f -—−33 -—−66 57

aRef.—57 .

bRef.—58 .

cRef.—59 .

dRef.—60 .

eRef.—61 .

fRef.—62 .

The adsorption constant values differ from those measured from gas phase mixture since the measured value takes
into account of the interactions in the solution phase and in the adsorbed phase. Additionally, since K ads from aqueous
solution at a range of temperatures are available, we can calculate the enthalpy change associated with transfer of TOL
to zeolites from aqueous solutions. According to the van’t Hoff equation:—

ln=−R— (1)

where K ads,2 and K ads,1 are the equilibrium constants at temperatures T 2 and T 1, respectively, Δ—H—ΔH is the enthalpy
change for the process, and R is the universal gas constant.

The van’t Hoff plot for the ZSM-5-TOL system is shown in Figure 6 a, and by multiplying the slope of the van’t
Hoff plot and the gas constant, a Δ—H—ΔH value of -—−42 kJ mol−1 for TOL was obtained (see Table 3 ). Analogously,
the enthalpy change for MTBE and DCE, obtained from data plotted in F—i—g—u—r—e—s—Figure 6 b a—n—d—,6—c, respectively, were
calculated, and the data are reported in Table 3 . The adsorption of all of the three investigated compounds on ZSM-5
is exothermic. Therefore, the adsorption constant decreases with the increasing of system temperature. To compare the
experimental data of adsorption enthalpy to that obtained in gas phase system a thermodynamic cycle was considered.
The cycle includes:—a—(1) removal of the organic compound from the aqueous solution, (2) vaporization of the organic
compound, and (3) adsorption of the organic compound in gas phase into the zeolite pores. The enthalpy change
corresponding to the immersion of the HS zeolite into water was neglected since it is of the order of few mJ mol-—−1 as
reported in R—e—f—.—ref 55. Consequently, the adsorption process of the organic from aqueous solution can be divided up
as f—o—l—l—o—w—follows:

ΔH—=ΔH—+ΔH—+ΔH— (2)

where ΔH ads,aq is the enthalpy calculated from the aqueous adsorption isotherms, ΔH mix is the partial molar heat of
mixing, and ΔH vap is the heat of vaporization. The enthalpies data available from literature are reported in Table 4 .
By substituting the data of Tables 3 and 4 into eq 2 , the calculated adsorption enthalpy from gas phase into ZSM-5
were comparable to those experimentally obtained in previous works (see Table 3 ). 57,58

i—s—t—h—e—p—a—r—t—i—a—l—m—o—l—a—r—h—e—a—t—o—f—m—i—x—i—n—g—,—a—n—d—Δ—H— v—a—p— i—s—t—h—e—h—e—a—t—o—f—v—a—p—o—r—i—z—a—t—i—o—n—.— T—h—e—e—n—t—h—a—l—p—i—e—s—d—a—t—a—a—v—a—i—l—a—b—l—e—f—r—o—m—
l—i—t—e—r—a—t—u—r—e—a—r—e—r—e—p—o—r—t—e—d—i—n—T—a—b—l—e—4—.— B—y—s—u—b—s—t—i—t—u—t—i—n—g—t—h—e—d—a—t—a—o—f—T—a—b—l—e—s—3—a—n—d—4—i—n—t—o—e—q—.— 2—t—h—e—c—a—l—c—u—l—a—t—e—d—a—d—s—o—r—p—t—i—o—n—
e—n—t—h—a—l—p—y—f—r—o—m—g—a—s—p—h—a—s—e—i—n—t—o—Z—S—M—-—5—w—e—r—e—c—o—m—p—a—r—a—b—l—e—t—o—t—h—o—s—e—e—x—p—e—r—i—m—e—n—t—a—l—l—y—o—b—t—a—i—n—e—d—i—n—p—r—e—v—i—o—u—s—w—o—r—k—s—(—s—e—e—T—a—b—l—e—
3—)—.—5—7—-—5—8—
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Figure 6. van’t Hoff plot for the adsorption of:—(a) TOL, (b) MTBE, and (c) DCE on ZSM-5.

A—d—d—i—t—i—o—n—a—l—l—y—,—t—h—e—p—r—o—c—e—s—s—e—n—t—r—o—p—y—c—h—a—n—g—e—(—Δ—S—)—c—a—n—b—e—c—a—l—c—u—l—a—t—e—d—f—o—r—e—a—c—h—t—e—m—p—e—r—a—t—u—r—e—b—y—:—
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l—n—K—=—Δ—H—−—T—Δ—S— (—3—)—

Additionally, the process entropy change (ΔS ) can be calculated for each temperature by

ln=Δ−TΔ (3)

The values obtained are -—−82 a—n—d—-—, −72, and -—−57 J mol−1 K−1 for TOL, MTBE, and DCE, respectively. The negative
Δ—S—ΔS indicates that the degrees of freedom of the system decrease during the adsorption process. As a matter of fact,
the organic molecules experience a strong confinement within the zeolite micropores due to the framework oxygen
interactions. By comparing the adsorption enthalpy of the three investigated compounds, the more strongly adsorbed
species is TOL. This finding seems to be in contrast to the order of the sequence of the organics molecules release
observed by XRPDRietveld analysis (see Figure 3 ). In fact, TOL is released at lower temperature than is DCE possibly
indicating a lower binding energy.

Table 4. Physical and c—h—e—m—i—c—a—l—p—r—o—p—e—r—t—i—e—s—Chemical Properties of t—o—l—u—e—n—e—Toluene, MTBE, and DCE.—a

MW

W—a—t—e—r—water
solubility

(—K(g/L)T g—/—L—)—
Klog K ow T

l—o—g—K—o—w— T—b—T b (°C)

ΔΔ—H—H
vaporization
(—K(kJ mol −1)T
k—J—m—o—l—-—1—)—

ΔΔ—H—H
mixing (—K(kJ
mol −1)T k—J—
m—o—l—-—1—)—

ΔΔ—H—H
solvation

(—K(kJ mol −1)T
k—J—m—o—l—-—1—)—

11 b

0.75 d

T—o—l—u—e—n—e—tolu-
ene

92.14 0.52 2.77 110.6 -—−37

1.8 e

-—−32 c

-—−17 bMTBE 88.15 48 1.2 55.2 -—−30

-—−17 f

-—−49 c

-—−35 g -—−33 gDCE 98.95 8.6 1.79 83.5

-—−35 h

2.4 g

-—−28 c

aData from NIST Chemistry WebBook when reference is not reported. Data are approximated to two significant digits.

bRef.—63 .

cRef.—64 .

dRef.—65 .

eRef.—66 .

fRef.—67 .

gRef.—68 .

hRef.—62 .

However, this apparent data mismatch is not unusual for MFI zeolite. Indeed, it has already reported a similar
behavior for the hexane isomers in MFI zeolite,—; in this case too, the more strongly adsorbed species n—C—6—n C6 is more
mobile in the structure with respect to the less strongly adsorbed species 2—m—e—t—h—y—l—2-methyl pentane. 32,55 -—,56

Figure 7. (a) Discrete numerically differentiation of the data of Figure 3 a,—. (TOL-) MTBE and TOL (-MTBE) are
the differentiation of the of MTBE and TOL occupancies as a function of the temperature of the ZSM-5-TOL-MTBE
system, respectively; TOL-MTBE is obtained as a sum of (TOL-) MTBE and TOL (-MTBE), (b) discrete numerically
differentiation of the data of Figure 3 b, (DCE-) MTBE and DCE (-MTBE) are the differentiation of MTBE and DCE
occupancies as a function of the temperature of the ZSM-5-DCE-MTBE system, respectively; DCE-MTBE is obtained
as a sum of (DCE-) MTBE and DCE (-MTBE), (c) DTG curve of ZSM-5-MTBE-TOL, and (d) DTG curve of ZSM-
5-MTBE-DCE..
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This result confirms that the opposite order between strength of the adsorption interactions and mobility is mainly
due to configurational effects of the molecules inside the framework. This hypothesis is further confirmed by compar-
ing the release of DCE from MFI20 in which it can be seen that the mobility of DCE in the straight channel is higher
than that localized close to the intersection. F—i—g—u—r—e—s—Figure 7 a a—n—d—,7—b s—h—o—w—shows the discrete numerically differen-
tiation of the data of F—i—g—u—r—e—s—Figure 3 a a—n—d—,3—b, respectively, obtained from Rietveld refinement of XRPD patterns.
These transformed data can be qualitatively employed to enhance differences in the thermal desorption process of a
given molecule localized at different positions in the zeolitic e—x—t—r—a—f—r—a—m—e—w—o—r—k—extra-framework. Figure 7 also shows
DTG curves of the ZSM-5 saturated with binary mixtures (see F—i—g—u—r—e—s—Figure 7 c a—n—d—,7—d). Strong similarities can
been observed between the shape profiles of DTG and the ones obtained as a sum of the differential occupancy data
of the two components of the zeolite saturated with binary mixtures (see Figure 7 ). In particular, by comparing the
mass weight loss and the sum of the differential of the refined occupancies of the sites as a function of temperature,
it can be seen that at least two peaks are present and that their maxima occur at similar temperature. Additionally, by
comparing the differential occupancy of MTBE in the two mixtures (see F—i—g—u—r—e—s—Figure 7 a a—n—d—,7—b) it can be observed
that the second peak of MTBE, is located at higher temperature, and it is more pronounced when the compound is
principally adsorbed in the site close to the intersection (i.e., MTBE1 in Figure 1 a) than when it is localized in ZZ
channel (i.e., MTBE2 in Figure 1 b). Moreover, from these data it can be inferred that a compound mainly adsorbed in
a given site is desorbed in a range of temperature. Therefore, the desorption temperature, seems to be mainly related
to position of the molecule inside the porous structure. On the contrary, by comparing the profiles of DCE and TOL in
F—i—g—u—r—e—s—Figure 7 a a—n—d—,7—b, it appears that different compounds having different adsorption enthalpy can be desorbed
at similar temperature. This finding is consistent with earlier interpretation of adsorbed molecules at high coverage
reported by Sastre et al.69 and Corma et al.70 7—0— In conclusion, location of the molecules inside the structure plays an
important role the desorption process and it seems critical to estimate the binding energies of the adsorption sites based
only on the mass desorbed as a function of temperature.
4. Conclusions
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This paper, for the first time,—provides detailed information on the thermal desorption behavior of high silica ZSM-5
zeolite loaded with MTBE-DCE and DCE-TOL binary mixtures.

This process was studied in real time using different parallel approaches: (1) macroscopic (i.e., adsorption
isotherms) information and (2) microscopic ones (i.e., structural refinements) provided by in situ high-temperature
(HT) synchrotron X-ray powder diffraction (XRPD). In situ h—i—g—h—-—t—e—m—p—e—r—a—t—u—r—e— (—HT)—synchrotron X-ray powder
diffraction (XRPD) allowed us to monitor the evolution of this adsorbent medium during thermal regeneration. A
detailed study of the ZSM-5-loaded structure during the heating is presented, including the analysis of the occupancy
variations during the temperature-induced-desorption process. The time evolution of the occupancies of MTBE as
a function of temperature, in the ZSM-5 saturated with TOL-MTBE and DCE-MTBE mixtures, is different, and it
depends on the location of MTBE inside the ZSM-5 structure when adsorbed from the two different binary solutions.17

Adsorption enthalpy of the three different compounds do not correlate with desorption suggesting that configura-
tional effects can affect the mobility of the adsorbent molecules inside the framework. The hypothesis was confirmed
by the negative Δ—S—ΔS values indicates that the degrees of freedom decrease during the adsorption process. The infor-
mation obtained from structural refinements was employed for interpretation thermogravimetric analysis. To the best
of our knowledge, this is one of the first works showing detailed experimental evidence at microscopic level of the
desorption process of binary mixtures. In particular, it gives experimental evidence of the relevance of the location of
the compound inside the porous structure on the desorption process.
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