UNIVERSAL WISER
PUBLISHER

Gas-Phase Ion Exchange into Zeolites: A Proposed Set-Up Design

Faouzi Ayaria’, Emna Manneia

University of Monastir, Faculty of Pharmacy of Monastir, Laboratory of chemical, galenic and pharmacological development of drugs,
5000 Monastir, Tunisia
E-mail: faouzi.ayari@fphm.rnu.tn

Abstract: The aqueous and solid-state ionic exchanges are widely used for introducing chromium ions into ZSM-5
zeolite (Si/2Al = 30 and 50). However, along with their benefits, these exchange methods presented some disadvantages,
essentially related to the wasted chemicals. As alternative, we investigated the exchange of Cr and Mo ions into ZSM-5
zeolite by conventional sublimation. Unfortunately, this method exhibited many constraints which were essentially related
to the discrepancy between the exchange and the sublimation temperature values (7,,,, and 7, respectively). In this work,
we proposed a general design of an experimental set-up required for introducing metallic ions into zeolites regardless 7.,
and T, values. Technically, the implementation of the proposed set-up requires two tubular furnaces, two temperature
regulators and a linear reactor.
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1. Introduction

Zeolites are currently attracting substantial attention on the laboratory scale due to their huge technological potential
in catalytic, adsorption and ion-exchange processes !"*. Among them, MFI, BEA, MOR, and FAU zeolites are basic and
typical catalysts ™ *. Following ion exchange, Na" ions in the framework are substituted by H" to form protonated zeolite,
which offers interesting catalytic properties in many reactions. On the other hand, the zeolites are often modified by
introducing /- and d-block metal ions, and good catalytic activities are achieved in different reactions .

Basically, the conventional aqueous exchange (AEX) is described in Eq. 1, where, for the sake of simplicity, a metal
chloride is used """,

a [M(OH,),]" +na CI' + b NaZ <>

xMZ, + (a-x) [M(OH,),]" + na CI' + nx Na" + (b-nx) NaZ (1)

Here, M is an n-valent metal cation and Z is a mono-valent zeolite fragment (ion exchange site) '\

Such an exchange method, which consists on the handling of large quantities of electrolyte solution, often suffered
from many issues due to thermodynamic and kinetic constraints. Indeed, one has to repeatedly perform the exchange
procedure in order to obtain a high ion exchange degree . On the other hand, the zeolites exhibit an alkaline reaction in
aqueous medium (Eq. 2), and in the presence of many transition metal cations, basic salts may be precipitated """,

+ + + -
Na (zeolite) +2 HZO — Na (solution) + H3O (zeolite) + OH (solution) (2)

The solid-state ionic exchange (SSIEx) is an alternative route to the preparation of zeolite-based catalysts "', As its
name indicates, the SSIEx involves the exchange of ions between two solids with little or no water present (Egs. 3 and 4):

MCI, + nNaZ — x MZ, + (1-x) MCl, + (n-nx) NaZ + nx NaCl — MZ, + n NaCl 3)

MCI, + n HZ — x MZ, + (1-x) MCl, + (n-nx) HZ + nx HCI 1 — MZ, + n HCI 1 (4)
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Here, M is an n-valent metal cation and Z is a mono-valent zeolite fragment in its sodium-, or H'- form "'’

Specifically, the solid-state ionic exchange method consists on preparing an intimate mixture of the zeolite and the
metal salt containing the entering ion. The mixture may be prepared by either intense milling or by suspending both
components in an organic solvent, mixing thoroughly and allowing the solvent to evaporate. This is followed by a thermal
activation under inert gas or oxygen stream for a couple of hours.

It is important to acknowledge the problems which may arise from the solid-state ionic exchange. In effect, the
experimental conditions involved in the SSIEx, e.g. the zeolites” hydration level ¥ the nature of carrier gas ', can have a
critical effect on the final metallic distribution. Ignorance of these parameters and consequent failure to choose the proper
experimental conditions can lead to meaningless and flawed interpretations.

A more interesting approach for introducing metallic cations into zeolites was found to be the sublimation of a volatile
salt, e.g. CoCly, ™ '%, CoBry, ', FeClyy,, """, CuCl, """, InCl, ", MoCly,, " and Mo(CO), ***, in contact
with the zeolite under a continuous circulation of carrier gas. From a practical point of view, performing the exchange by
sublimation (denoted also as chemical vapour deposition, CVD) cuts down on the costs of wasted chemicals as a wide
range of chemical precursors (halides, hydrides, organometallics, etc.) can be used.

There are many publications on the subject of sublimation that include books **
journals 7. Krishna et al. *” introduced FeCl, into H'/ZSM-5 zeolite by sublimation. In their experimental protocol, the
authors " placed the zeolite powder between two quartz wool plugs inside a U-shaped quartz reactor and the metallic
precursor (anhydrous FeCl,) inside a glass vial. The reactor inlet was connected to the carrier gas flow (He, 10" dm’ min™)
throughout a flexible plastic tube, while the exit was connected to the exhaust.

It is worth to note that the glass vial was, firstly, corrugated from one end, and then correctly placed inside the flexible
plastic tube in order to assure continuous circulation of the carrier gas . Prior the thermal treatment, the U-shaped quartz
reactor was placed inside a programmable furnace, while the glass vial was kept outside the furnace (the corrugated
end facing the zeolite). Thereafter, upon a thermal treatment performed at 873 K for 2 hours under helium stream, the
corrugated end of the glass vial was broken and FeCl, fell on the quartz wool placed above the zeolite sample (check
Figure 1 in reference *").

The exchange of gaseous salts into the zeolite may result in a non-uniform loading in larger scale preparations.
Therefore, the use of a sophisticated reactor and/or vacuum system by CVD variants such as low pressure or ultrahigh
vacuum CVD, plasma assisted CVD and photo-assisted CVD tends to increase the cost of fabrication %,

First of all, and especially referring to zeolites, we will address the long-standing issues related to solid-state ionic
exchange and aqueous exchange. Secondly, we will shed light on the conventional sublimation method. Thirdly, we
consider the design of a set-up involving the introduction of metallic ions into zeolites regardless the exchange and the
sublimation temperature values.

24] 25, 26]

, review articles ' as well as

2. Experimental

In this work, we used NH, /ZSM-5 (Si/2Al = 30; 50 and 80), NH, /mordenite (Si/2Al = 20), H'/USY (Si/2Al = 30)
and NH,"/Y (Si/2Al = 5.1) zeolites. The inorganic salts, i.e. Cr'" acetate, Cr'" nitrate, Cr'"" sulphate, ammonium dichromate,
Cr" chloride and Mo" chloride were used without further purification.

2.1 Preparation of Cr/zeolite mechanical mixtures

The dry mixtures were prepared by intense milling the ZSM-5 zeolite and the inorganic salt in an agate mortar for
few minutes. The theoretical Cr/Al molar ratio was fixed at 1 based on the empirical formula of zeolite. The mixtures were
labelled as Cr-P-ZSM-(Si/2Al). P stands for acetate, ammonium dichromate, chloride, nitrate and sulphate.

2.2 Preparation of Cr-containing samples

For solid-state ionic exchange, the samples were prepared by intensively milling the ZSM-5 zeolite (Si/2Al = 30) and
the inorganic salt (Cr/Al = 1) in an agate mortar for few minutes. The powder was then heated under helium for 12 hours (2
K min™) at 773 K (3 x 107 dm’ min™). The obtained samples were labelled as Cr-P-SSIEx.

For aqueous exchange, the ZSM-5 zeolite (Si/2Al = 50) was exchanged in three consecutive steps by using a metallic
solution (107 M, 1 x 10" dm3 g"') between 343 and 353 K for 24 hours. After each exchange, the solution was centrifuged
(1100 min") during 20 minutes and the sample was washed with de-ionized water. After the third exchange, the sample
was dried at 383 K and then treated under helium at 773 K for 3 hours (3 x 107 dm’ min”, heating rate 2 K min™'). The
samples were labelled as Cr-P-AEx.

For the conventional sublimation method, the zeolite was heated under vacuum for 4 hours at room temperature and
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subsequently introduced in a U-shaped quartz reactor as can be visualized in Figure 1.
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Figure 1. Conventional sublimation reactor

The reactor was placed inside a programmable furnace before adding the desired amount of salt. It is worth to note
that the reactor inlet was connected to the carrier gas flow, while the exit was connected to a saturator. The reactor was then
heated up to a particular temperature and maintained at this temperature for several hours.

2.3 Characterization

The X-ray photoelectron spectroscopy (XPS) analyses were performed on a SSX 100/206 photoelectron spectrometer
from Surface Science Instruments (USA) equipped with a monochromatized microfocused Al X-ray source (1486.6
eV, powered at 20 mA and 10 kV). Before analyses, the powders were pressed in small stainless steel troughs of 4 mm
diameter and were placed on an aluminium conductive carousel. The C-(C, H) component of the Cls peak of carbon had
been fixed to 284.8 eV to set the binding energy scale. Data treatment was performed with the Casa XPS program (Casa
Software Ltd., UK). Some Cr2p peaks were decomposed into several doublets taking into account that the theoretical
distance between Cr2p1/2 and Cr2p3/2 peaks is 9.8 eV and the area ratio is 2/3. The energy-dispersive X-ray spectroscopy
(EDX) was performed with a JEOL-JEM 2100F instrument (X-MAX detector, accelerating voltage of 200 kV and energy
resolution of 20 eV). The thermal analysis was executed using a Labsys/Setaram TG-DSC 111 apparatus under air stream
(5 x 10? dm’ min™) between room temperature and 1050 K at a heating rate of 10 K min". The pH-metric measurements
were performed with an adwa AD 1020 apparatus.

3. Results and discussion

3.1 Disadvantages of aqueous exchange

The zeolite hydrolysis would give rise to a large number of impurity species which modify the pH of the solution.
In our study, the hydrolysis was performed by mixing 1 gram of ZSM-5 zeolite in 5 x 10” dm’ of water for 4 hours. The
zeolite was then separated by centrifugation (1100 min™' for 1 hour) and the aqueous phase was recuperated. The pH of the
solution was measured and the results are compiled in Table 1.

Table 1. Zeolite hydrolysis: Final pH as a function of Si/2Al ratio

Sample pH
H,O (reference) 591
NH,/ZSM-5 (Si/2A1 = 30) 6.71
NH,'/ZSM-5 (Si/2Al = 50) 6.07
NH,'/ZSM-5 (Si/2Al = 80) 5.63
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It can be deduced from Table 1 that the pH measurements correspond to a marked alkalinity, which could be ascribed
to the equilibrium:

NH, /ZSM-5 + H,0 = H'/ZSM-5 + NH,’, OH" 5)

Apparently, the higher the amount of aluminium forming part of the framework, the greater the number of ammonium
ions initially present in the zeolite. Consequently, the hydrolysis degree increases with a declining Si/2Al ratio. This
systematic trend has been experimentally observed for trace level exchange of calcium ions in zeolites X and Y ***” as
well as for caesium exchange in synthetic mordenite °°.

In the case of NH,/ZSM-5 (Si/2Al = 80), the pH value is lower than the one recorded with pure H,O. Due to the
presence of low aluminium quantity, the dissolution of acidic gases present in the atmosphere (e.g. CO,) decreases the pH
of the solution.

The alkaline reaction (Eq. 5) may lead to other secondary phenomena. In effect, some metallic ions (M"") can be
precipitated according to Eq. 6.

M" + OH — M(OH)n (6)

The solubility product (K,) is given by Eq. 7.

K, (T)=[M"]x [OH ]"=[M"] x ( Re j (7
i [H"]

K. (T) is the ionic product of H,O (= 14 at 298.15 K). Therefore:

1 +
pH=14 — ;(I)Ks+ log [M"]) ®)

The pH at which the M"" precipitates depends essentially on the K, and n values. For example, Ni*" at 10" M
precipitates at pH = 6.45 (K, (Ni(OH),,,) = 7.94 x 10" at 298.15 K ")) and, as a matter of fact, the solution would contain
Ni(OH),,, during aqueous exchange into ZSM-5 zeolite (Si/2Al = 30). It is judicious therefore to choose the appropriate
concentration of M"" and the temperature values in order to avoid the precipitation.

3.2 Comparison between aqueous exchange and SSIEx

According to Eq. 8, the precipitation of Cr’* (107 M) into Cr(OH)y(,y occurs at pH = 4.61 (K, (Cr(OH); ) = 6.44 x
107" at 298.15 K ). In order to increases the solubility of Cr(OH),,, we performed the aqueous exchange of Cr’" into
ZSM-5 zeolite (Si/2Al = 50) between 343 and 353 K.

The XPS and EDX results obtained with samples issued from aqueous exchange and solid-state ionic exchange
methods using Cr nitrate and acetate are compiled in Tables 2 and 3, while Figure 2 represents the XPS spectrum of the
sample prepared by AEx using Cr nitrate.

Table 2. XPS results of samples prepared by solid-state ionic exchange and aqueous exchange using Cr nitrate and Cr acetate

Cr-nitrate-AEx Cr-acetate-AEx Cr-nitrate-SSIEx Cr-acetate-SSIEx
Atomic surface concentration (%)
Cr2p 0.32 0.49 0.54 0.64
Si2p 27.0 29.0 30.4 30.1
Al2p 1.05 1.73 0.88 0.89
Atomic surface ratio
Cr/Si 0.012 0.017 0.018 0.021
Al/Si 0.039 0.060 0.029 0.030
Cr/Al 0.31 0.28 0.62 0.70
Binding energy (eV)
Cr2p3/2 (Cr™) 580.0 580.0 580.0 580.0
Cr2p3/2 (Cr') 576.0 576.3 576.7 576.5
Si2p 103.4 103.6 104.1 104.2
Al2p 74.5 74.7 75.4 75.3
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Table 3. EDX results

Sample Al (wt. %)* Si (wt. %)* O (wt. %)" Cr (wt. %)
NH,/ZSM-5 (Si/2Al = 50) 1.46 41.53 56.93 -
Cr-acetate-AEx 1.39 45.74 52.20 0.61; 0.61; 0.61; 0.82
Cr-nitrate-AEx 1.49 45.07 53.05 0.11; 0.18; 0.11; 0.06
Cr-acetate-SSIEx 1.25 49.57 46.85 2.62;1.92; 1.11, 3.64
Cr-nitrate-SSIEx 2.21 45.12 46.29 3.90;2.89; 16.51; 2.20

*: Average value of four individual points at the surface, ": Determined by EDX in four individual points at the surface
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Figure 2. XPS spectrum of Cr-nitrate-AEX, i.e. the sample prepared by aqueous exchange using NH,/ZSM-5
zeolite (Si/2Al = 50) and Cr nitrate

According to Tables 2 and 3, the samples issued from aqueous exchange contained low amounts of chromium at the
surface (check the Cr/Al ratios and Figure 2). On the other hand, the data compiled in both tables also indicate that the
surfaces of the samples obtained from SSIEx contain higher amounts of chromium (16.51 wt. % for Cr-nitrate-SSIEx
sample) than those prepared by AEx. Apparently, the size of [Cr(OH,),]’" complex is too high to diffuse, during aqueous
exchange, throughout the ZSM-5 channels (dimensionality: (5.3 x 5.6) A and (5.1 x 5.5) A P')),

3.3 Disadvantages of solid-state ionic exchange
3.3.1 Effect of the nature of salt and Si/2Al ratio

In Figure 3, we illustrated the thermogravimetry and differential scanning calorimetry (TG/DSC) curves of pure (Figure

3A) and mixed (Figuer 3B and 3C) Cr sulphate recorded under air stream (5 x 10” dm’ min™, 10 K min™).
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Figure 3. Thermal treatment of Cr sulphate (Cr,(SO,);-9H,0) under air stream (5 x 107 dm’ min™, 10 K min™): TG/DSC curves of (A) pure Cr
sulphate, (B) Cr-sulphate-ZSM-(30) (28.3 wt. % of salt), and (C) Cr-sulphate-ZSM-(50) (16.6 wt. % of salt)
q: Heat flow

According to Figure 3A, the total decomposition of Cr sulphate requires a very high temperature (~ 980 K).
Nevertheless, the reaction of Cr sulphate and the zeolite occurred between 800 and 950 K whatever the Si/2Al ratio (Figure
3B and 3C).

In Figure 4, we reported the TG/DSC curves of Cr acetate, ammonium dichromate, Cr chloride and Cr nitrate treated
under air stream (5 x 107 dm’ min™', 10 K min™"). Likewise, in Figure S1, we reported the TG/DSC curves of Cr-P-ZSM-
(Si/2Al) mixtures treated under air stream (5 x 10> dm’ min™', 10 K min™).
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Figure 4. TG/DSC curves of pure (A) Cr acetate (Cr;(OH),(OOCCHj;),), (B) ammonium dichromate (NH,),Cr,0,),
(C) Cr chloride (CrCly), and (D) Cr nitrate (Cr(NO,),- 9H,0) treated under air stream (5 x 10> dm® min™, 10 K min™)
q: Heat flow

Fine Chemical Engineering 52 | Faouzi Ayari, ef al.



Our thermal analyses focus also on the interaction developed between the different Cr precursors and the zeolites. A
proposed measure of the interaction strength is a-parameter ™! which is defined as:

a=—"YLs 100 ©)
%WLUI’IS
Here, WL, is the total mass loss observed with unsupported Cr salts, while WL, is the total mass loss observed upon
the treatment of Cr-P-ZSM-(Si/2Al) mixtures.
The results obtained with pure ammonium dichromate, Cr acetate, Cr chloride, Cr nitrate, Cr sulphate and Cr-P-ZSM-
(Si/2Al) mixtures are compiled in Table 4.

Table 4. The different mass losses and a-parameter for several (un)supported chromium salts

Mixture WL, (%) WL, (%) a (%)
Ammonium dichromate 82.33 - -
Cr-ammonium dichromate-ZSM-(30) - 15.10 18.34
Cr acetate 66.46 - -
Cr-acetate-ZSM-(30) - 22.37 33.66
Cr-acetate-ZSM-(50) - 15.66 23.56
Cr chloride 51.38 - -
Cr-chloride-ZSM-(30) - 23.40 45.54
Cr nitrate 87.72 - -
Cr-nitrate-ZSM-(30) - 32.05 38.75
Cr-nitrate-ZSM-(50) - 27.01 32.35
Cr sulphate 67.23 - -
Cr-sulfate-ZSM-5-(30) - 24.48 36.41
Cr-sulfate-ZSM-5-(50) - 23.81 35.42

According to the data collected in Table 4, the mixtures exhibited different a-parameter values, i.e. each salt
experiences its own affinity towards the zeolite. The highest a-value was recorded with Cr-chloride-ZSM-(30) mixture,
while the lowest one belongs to Cr-ammonium dichromate-ZSM-(30). A fortiori, the compatibility of the salt and the
zeolite should be taken in consideration before performing the SSIEx by the calculation of a-parameter.
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3.3.2 Effect of temperature on the zeolite structure
In Figure 5, we depicted the DSC curves of mordenite, Y, ultrastable and ZSM-5 (Si/2Al = 30 and 50) zeolites treated
under air stream (5 x 10> dm’ min”, 10 K min™).
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Figure 5. Thermal treatment of different zeolites under helium stream (5 x 10” dm’ min™, 10 K min™): DSC curves
q: Heat flow

The obtained results indicate that the zeolites exhibited a dehydration process below 600 K. However, at high
temperatures, the dehydroxylation of the zeolites takes place.

During the solid-state ionic exchange, the temperature of the thermal treatment should be optimized in order to avoid
the zeolites’ dehydroxylation.

3.4 Disadvantages of conventional sublimation

The conventional sublimation was performed using the apparatus presented in Figure 1. Firstly, the NH, /ZSM-5
zeolite powder (Si/2A1 = 50) was dehydrated at 823 K under argon (5 x 10 dm’ min", 3 K min™) for 10 hours. The reactor
was then cooled to room temperature and MoCl; was introduced (17.00 wt. %). The reactor was later heated under helium
to 633 K (3 K min) and was kept for 12 hours at this temperature. The same method was used for CrCl, (14.30 wt. % of
CrCl,) thought in this case, the reactor was heated at 773 K and kept for 12 hours.

Following the thermal treatment, we were unable to exchange Cr’" into ZSM-5 at 773 K since CrCl, sublimates
at 1073 K under helium flow ¥, As for the exchange of MoCly into zeolite at 633 K, it was also impractical as MoCl;
is decomposed into MoOCIl; and MoOCI, which sublimate above 586 K ¥ and at the end of experiment, a significant
fraction of MoCl, was transformed into the stable MoO, (which sublimates at 898 K "*)).

3.5 How to overcome the problems related to conventional sublimation

As seen above, the conventional sublimation method exhibited many constraints which were essentially related to
the discrepancy between the exchange and the sublimation temperature values (7, and T, respectively). As a matter of
fact, we proposed a general design of an experimental set-up which allows the introduction of metallic ions into zeolites
regardless the 7., and T, values.

3.5.1 Apparatus description
The proposed experimental apparatus is presented in Figure 6.

1 Carrier gas

Tubular furnace 2 (F2)

Zeolite grains — |
—
Quartz wool
Ceramic cylinder
Metallic precursor—|
Tubular furnace 1 (F1)

Linear reactor (R) -

‘\Thermocouple

N

Temperature regulator 2 (TR2)
“~ Thermocouple

N

Temperature regulator 1 (TR1)

t

Carrier gas

Figure 6. Proposed set-up for non-conventional sublimation
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The apparatus presented in Figure 6 is composed of two tubular furnaces (denoted as F1 and F2) which were placed
vertically and maintained by anchors. Each furnace was connected to two temperature regulators (TR1 and TR2). The
linear reactor (R), which contains, separately, the zeolite grains and the metallic precursor, was placed horizontally.

The zeolite grains and the metallic salt should be placed inside the linear reactor (R) as demonstrated in Figure 7.

Quartz wool plug
Metallic precursor ( \) Z°°Q’ grains

Diameter o;k
P

Fritted disc

1 01 1 [

(A) (B) ) (D)
Figure 7. The different steps required for introducing the zeolite and the metallic salt in the reactor: (A) Empty reactor,

(B) Metallic salt inside the reactor, (C) Metallic salt and quartz wool plug and metallic salt inside the reactor,
and (D) Reactor ready for use (which contains the salt, the quartz wool and the zeolite)

Specifically, the metallic precursor (symbolized by a pink-coloured square in Figure 7) should be placed inside the
large section of the reactor, i.e. above the fritted disc. Thereafter, a quartz wool plug (grey-coloured square in Figure 7)
should be placed inside the reactor in order to sustain the zeolite grains (orange-coloured square in Figure 7).

In a second step, the tubular furnaces (F1 and F2) should be intensely anchored into a metallic pillar and connected to
the temperature regulators (TR1 and TR2) as illustrated in Figure 8A. It is worth to note that the furnace F2 is placed above

F1.
E— e
(F2)| (F2) (F2
(TR2) (TR2) (TR2)
(F1) (F1) (F1)
Q 0
(A) (B) (C) (D)

Figure 8. Introduction of the linear reactor inside the furnaces: (A) Open furnaces anchored to a metallic pillar
and linked to the temperature regulators, (B) The linear reactor is coaxially placed inside the open furnaces,
anchored to the metallic pillar and linked to the thermocouples, (C) The two furnaces F1 and F2 are clogged,

and (D) The ceramic cylinder is placed between the two furnaces

Afterwards, the linear reactor R, which contains the salt and the zeolite (Figure 7D), should be coaxially placed inside
the two furnaces (previously connected to the thermocouples). The reactor should be softly anchored to the metallic pillar
(Figure 8) and the two furnaces should be clogged from each side with quartz wool (Figure 8C) before being separated by
a ceramic cylinder (Figure 8D). In reality, the ceramic cylinder is composed of two half-discs and should be drilled in the
middle as demonstrated in Figure 9.
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(F2) The ceramic cylinder
viewed along z-axis

(TR2) G D

(TR1) The ceramic cylinder
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Figure 9. The ceramic cylinder placed between the two furnaces. D and d" stands, respectively,
for external and internal diameter of the ceramic cylinder, while D' and d’ represents, respectively,
the external and internal diameter of the tubular furnace

According to Figure 9: d' < D < D'. Here, D is the diameter of the ceramic cylinder, while D' and d' stand,
respectively, for external and internal diameter of the tubular furnace. Moreover, d" should exceed the reactor diameter,
denoted as d in Figure 7A.

3.5.2 Operating instructions

At room temperature, the reactor (R), which contains the metallic precursor and the zeolite grains, is placed inside the
furnaces (Figure 8). The inlet of the reactor is connected to an inert gas flow, while the outlet is connected to the exhaust as
indicated in Figure 6.

The first step of the exchange by sublimation is the zeolite dehydration under a suitable atmosphere (and a desired gas
flow). In order to carry out this procedure, the second regulator (TR2) is programmed at a chosen temperature (7,,4,4ion)
and the furnace F2 is turned on. Following the dehydration of the zeolite under the appropriate atmosphere (at a desired
temperature and for a specific time duration), TR2 is fixed at the exchange temperature (either 7, < Ty OF T, > Tposa)-
Once the furnace F2 is heated/cooled to the elected exchange temperature under the desired gas, the fixed bed containing
the dehydrated zeolite will be kept at 7.

The second step of the exchange corresponds to the thermal treatment of the metallic salt under the desired gas stream
at the specific sublimation temperature (either 7, < 7., or 7., > T,.,). Consequently, the first temperature regulator (TR 1)
is programmed at a chosen T,,, value, while the second furnace (F2) is still turned on. Once the furnace (F1) reaches the
sublimation temperature under the selected atmosphere, the carrier gas will transport the gaseous molecules to the zeolite
sample, previously maintained at 7 ,. It is possible to modify 7, during the sublimation process by maintaining F1 at
Tsub, while subsequently heating F2 to 7', (# T....)-

The condensation of gaseous molecules at the exit of F1 could be avoided if the residence time between the reactors is
decreased. In order to reach this aim, several points are underlined:

- The fritted disc should be placed sufficiently close to the quartz wool plug inside the reactor;
- Each furnace should be placed sufficiently close to the other;

- Due to its high thermal conductivity, helium should be used as carrier gas;

- The carrier gas flow should be increased.

It is worth to note that the exit of reactor could be connected to a mass spectrometer which permits the continuous
analysis of gaseous products to enable the exchange mechanism.

4. Conclusion

Using conventional methods, we pointed out that the exchange of Cr ions into ZSM-5 zeolites displayed many
disadvantages. On the other hand, the exchange of Cr and Mo by conventional sublimation method displayed several
constraints, which are essentially related to the discrepancy between the exchange (7,,,) and the sublimation (7,,,)
temperature values. In this work, the proposed sublimation set-up would offer a real solution for the introduction of
metallic ions into zeolites irrespective of 7., and 7,, values. The proposed set-up requires two tubular furnaces, two
temperature regulators and a linear reactor.

Despite the deep literature research, no similar sublimation set-up was found, and the design presented in this work is
a positive step towards a real conception.
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