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Abstract: In this work, the fluidized bed membrane reactor (FBMR) technology for the direct de-
hydrogenation of propane (PDH) was demonstrated at a laboratory scale. Double-skinned PdAg
membranes were used to selectively remove H, during dehydrogenation tests over PtSnK/Al,O3
catalyst under fluidization. The performance of the fluidized bed membrane reactor was experimen-
tally investigated and compared with the conventional fluidized bed reactor (FBR) by varying the
superficial gas velocity over the minimum fluidization velocity under fixed operating conditions (i.e.,
500 °C, 2 bar and feed composition of 30vol% C3Hg-70vol% Nj). The results obtained in this work
confirmed the potential for improving the PDH performance using the FBMR system. An increase
in the initial propane conversion of c.a. 20% was observed, going from 19.5% in the FBR to almost
25% in the FBMR. The hydrogen recovery factor displayed a decrease from 70% to values below 50%,
due to the membrane coking under alkene exposure. Despites this, the hydrogen extraction from the
reaction environment shifted the thermodynamic equilibrium of the dehydrogenation reaction and
achieved an average increase of 43% in propylene yields.

Keywords: propane dehydrogenation; Pd membranes; hydrogen permeation; fluidized bed
membrane reactors

1. Introduction

With a processing capacity of 107.9 MMT in 2020 that is expected to reach 128 MMT
by 2027, propylene is one of the most important raw materials in the petrochemical indus-
try [1]. The growth in propylene production is primarily driven by the industry demand
for polypropylene, which is used in a wide variety of applications, such as food packaging,
electronics, and construction [2]. The increasing global demand for propylene over the past
few years has given rise to the need for the development of more efficient conversion tech-
nologies and alternative feedstocks [3]. In this respect, Propane Dehydrogenation (PDH) is
emerging as an attractive alternative to traditional processes [4]. In this process, propylene
is directly produced from propane according to the following dehydrogenation reaction:

C3Hg <> C3Hg + Hy, AHZ®® = 124.3 kJ/mol

Since the dehydrogenation reaction is reversible and endothermic, it is often carried
out at high temperatures (550-650 °C) and atmospheric pressures using a platinum or
chromium catalyst. Platinum offers a superior activation of the paraffinic C-H bond and
low activity to C-C cleavage [4]. The activity towards dehydrogenation reactions originates
from its metallic (non-oxidative) state. It has been proven that a single platinum site
is able to break the C-H bond in propane [5]. The dehydrogenation reaction of light
paraffins is insensitive to the structure of the Pt-particles: both the exposed crystallographic
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plane and the particle size do not influence the reaction. Only the number of active sites
is relevant to the reaction, which means that small particles are preferred over larger
particles. Platinum-based dehydrogenation catalysts are typically supported on alumina,
due to its high thermal and mechanical stability, its high surface area, and its uniform
pore size distribution. These two last features make is possible to maintain the platinum
nanoparticles well dispersed on the support, which is crucial to attain stable catalyst
performance [6]. A critical aspect of alumina supports is represented by their acidity, which
promotes skeletal isomerization, cracking, and polymerization of olefinic materials, to
enhance coke formation, which rapidly deactivates the catalyst. Therefore, alkaline metals,
such as Li, Na and K, are added to poison the acidic sites of the support. Furthermore,
olefins react faster on platinum than paraffins, due to the interaction activity between olefins
and Pt being stronger than that of paraffins. The addition of platinum modifiers weakens the
Pt-olefin interaction selectively, without affecting the Pt-paraffin interaction. Arsenic, tin, or
germanium are among the metals reported as being platinum activity modifiers. They also
improve catalyst stability against fouling by heavy carbonaceous materials [7]. Although
Pt-based dehydrogenation catalysts are highly optimized, the process still suffers from side
cracking reactions, which are favored by the high dehydrogenation temperatures and the
consequent carbon formation, which rapidly deactivates the catalyst. These restrictions
lead to great challenges to the dehydrogenation technologies [8]. The emerging technology
of palladium-based membrane reactors shows a high degree of process intensification
for the direct dehydrogenation of propane, and has demonstrated significant advantages
over the conventional process [9-12]. The selective removal of H, from the catalytic bed
shifts the equilibrium beyond the thermodynamic limitations. In this way, it would be
possible to achieve the same propane conversion as in the conventional reactor, but while
working at lower operating temperatures, which results in a drastic reduction of the
reactor heat duty, as well as in a reduction of the coke formation rate. Ricca et al. [13]
carried out modeling and experimental work on a novel proposed process scheme for the
direct dehydrogenation of propane, where Pd-based membranes used for the recovery
of hydrogen were integrated in the fixed-bed reaction unit. Their results showed that
when using membranes in the reaction unit, the propane conversion increased above its
thermodynamic limitation, which also corresponded to the limit of a conventional reaction
unit (i.e., without the membranes). Such a solution allows for a higher stability of the
catalyst and, accordingly, a prolonged operation time that decreases the need for catalyst
regeneration. Didenko et al. [14] experimentally investigated the dehydrogenation of
propane in a combined packed-bed membrane reactor. In their work, they demonstrated
at a laboratory scale the potential of the membrane reactor technology in increasing the
feedstock conversion to propylene by a factor of 1.6-2.0 with respect to the conventional
equilibrium value, under optimized operating conditions. Another interesting work that
investigates the use of the membrane reactor technology for dehydrogenation processes
is presented by He et al. [15]. In this work, the authors performed a thermodynamic
analysis of a novel solar driven propane dehydrogenation system with a membrane reactor.
The results showed that, compared to the performance of a conventional reactor (without
membranes), an H, permeate pressure of 10~° bar increased the conversion rate of C3Hg
from 4.1% to 99.12% and the selectivity of C3Hg from 93.1% to 99.1% at 400 °C. Thus, the
membrane reactor has the potential to significantly increase the dehydrogenation reaction
yield at lower temperatures by means of H;, separation.

Most of the scientific research on H; selective membranes for dehydrogenation re-
actions has investigated the packed-bed membrane reactor (PBMR) configuration. This
configuration offers, as main advantages, the simplicity in construction and the presence
of consolidated and validated models for its design and scale-up. Moreover, packed-bed
configurations avoid any damage of the membrane surface due to erosion from catalytic
particles, since they are kept in a fixed position. However, the application of an integrated
packed-bed membrane reactor for dehydrogenation processes is limited by the inevitable
formation of carbon side products, which tend to adsorb on the surface of catalyst par-
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ticles and membranes and subsequently dissociate, leading to their deactivation. Even
though the coking of both the catalyst particles and the Hj-selective membranes has been
demonstrated to be reversible through regeneration with diluted oxygen, this requires
different conditions: a hot air stream at 700 °C is needed to regenerate the catalyst, while
Pd-based membranes can only be exposed to air up to 400 °C without compromising their
surfaces. Compared to packed beds, the fluidized-bed membrane reactor (FBMR) allows
for the movement of solid particles. When connected to an additional regeneration unit, in
a Dual Circulating Fluidized Bed Membrane Reactor (DCFBMR) configuration, it becomes
possible to have circulation of the solid particles from the reaction zone to the regeneration
zone, so that the catalytic bed is always active and separately regenerates the catalyst and
the membranes at the required operating conditions. Thus, the Dual Circulating Fluidized
Bed Membrane Reactor offers a valuable solution for the catalyst regeneration, which is one
of the main limitations of the PDH system. Prior to the evaluation of its industrial potential
application for PDH processes, it is worth focusing on the fluidized bed membrane reactor
configuration. The performance of the direct dehydrogenation of propane in a fluidized bed
membrane reactor is experimentally investigated in this work. The aim is to demonstrate,
at a laboratory scale, the higher efficiency of a membrane assisted fluidized bed reactor
for the direct dehydrogenation of propane. Firstly, the fluidized bed membrane reactor
technology is experimentally studied and compared with the conventional fluidized bed
reactor (FBR) technology, with particular attention to the performance and stability of
the membranes. Then, the experimental results are used to validate a one-dimensional
phenomenological model for the FBMR. This allows us to extrapolate simulation results
at a larger scale, which in turn can help in designing the DCFBMR configuration and get
insights on its potential application at industrial scales.

2. Phenomenological Fluidized Bed (Membrane) Reactor Model Description

The model used in this work is based on the work of Iliuta et al. [16] that was later
used by Medrano et al. [17]. The authors proposed a 1D continuum model describing
the three-phase system of a bubbling bed model derived by Kunii and Levenspiel [18].
Both the gas and the solid phases are described in this model. The model for the gas flow
consists of three phases: bubble, wake, and emulsion. The gas phase is fed into the reactor
at a superficial gas velocity above the minimum fluidization velocity. The gas forms a
bubble phase, with fraction f;, and with a characteristic bubble diameter dy, as functions
of the axial position, which flows upwards with a velocity u,. The bubble carries with
its movement a fraction of solid in the so-called wake phase. The volumetric fraction of
wake o is estimated to be 15% of the bubble volume. The remaining gas moves upwards in
the emulsion phase at the emulsion velocity u.. Mass transfer occurs between the gas in
the emulsion phase and the gas in the bubble phase, with a mass transfer coefficient Ky,.
On the other hand, the solids present a net downward flow in the emulsion phase with
an emulsion velocity uge, and they are exchanged with solids in the wake-bubble phase
with a mass transfer coefficient Kyyes. A summary of the hydrodynamics and mass transfer
correlations obtained from the literature and used in this work is reported in Appendix A,
Table Al.

For the gas phase, it is possible to write mass balances both in the bubble and in the
emulsion phase, as reported in Equations (1) and (2).

d
&[ubfb(l + fwemf)Cipw] = TRi pwlow (1 — ems) + Kipe(fp + fwems) (Cice — Ciw) (1)

d
iz [ug,e(fceemf)ci,ce] = iRi,cefce(1 - emf) - I<i,be (fb + fwemf) (Ci,ce - Ci,w) (2
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The balances are each solved per different instants of time at each axial position of
the bed. Similarly, for the solid phase, the model solves the mass balances for every axial
position in the wake and in the emulsion phases, as presented in Equations (3) and (4).

d
& [ubfw(l - emf)ci,w] = iRi,wa(l - emf) + Ki,wefW(1 - emf) (Ci,ce - Ci,w) (3)

d

a4 [usefce(l - emf>Ci,ce] = iRi,cefce(1 - emf) - Ki,wefw(1 - emf)(Ci,ce - Ci,w) 4)

Overall, two solid phases are modeled in this work: the fresh and the deactivated
catalyst, on top of which coke is deposited. Commercial PtSnK/Al,O3 particles, which
have been extensively investigated in the literature for the dehydrogenation of propane
and for deriving gas—solid reaction rate expressions to model coke formation [19-22], are
considered as catalytic material in the model. The direct dehydrogenation of propane is
described by the following reaction scheme:

C3Hg +» C3Hg + Hy AHZ®K = 124.3 k] /mol (R1)
C3Hg «+» CHy + CoHy AHZ®K = 98.9 k] /mol (R2)
CHy+Hy © Gl AHZK — 136,61 /mol R®3)
C3Hg > 3CHy5 + 2.25H, AHZ®K = 119.5 kJ /mol (R4)

The heterogenous catalyzed gas-phase reactions R1-R3 and gas—solid reaction R4
are assumed to follow the kinetics of Lobera et al. [7]. The corresponding reaction rate
expressions are reported in Equations (5)—(8).

Ky (PCSHS - (7&3{2617“2 ))

©q

— 1T = X 5
! 1+ (Pc3nsKeams) ©)
— 1 = koPc3ns (6)
—r3 = ksPcons P ()

dC
aklc (Cmax - Cm)z + k2c (8)

To account for the catalyst deactivation due to carbon formation (R4), the parameter «
is multiplied by the propane dehydrogenation rate expression r;. This parameter correlates
the activity with the content of coke on the catalyst, and it is expresses as:

o= (1-v1Cm) +y2Cmexp<—y3 <(C:M)> )
m

Where Cpy,, Cpp, and Cay are the coke concentration in the monolayer, in the multilayer,
and the maximum coke concentration in the monolayer, respectively. The expression of all
the kinetic parameters present in the equations listed above are reported in Appendix A.1.
The PDH reactor model developed in this work can be simulated as a conventional fluidized
bed reactor (PDH-FBR), and as a fluidized bed membrane reactor (PDH-FBMR), in which
a dead-end Pd-based membrane is integrated to selectively remove hydrogen from the
reactor. The hydrogen flux permeating through the Pd-based membrane is described by

the following equation (Equation (10)):

1 E
]Hz = 0((’[) gPeO exp <_Rr}> (prﬁlz ret pﬁzperm) (10)

where Pe is the pre-exponential of the membrane permeability, E, is the activation energy,
6 is the membrane thickness, prp ret and pr2 perm are the hydrogen partial pressure at the
retentate and permeate side, respectively, and n is the pressure exponent. The hydrogen
flux expression is multiplied by the dimensionless transient deactivation term o(t), which
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correlates the activity of the Pd-based membranes to selectively separate hydrogen with
the carbon content formed on the membrane surface that is responsible for its deactivation
over time. In this way, it is possible to model the hydrogen flux decay over time, which
is representative of the membrane deactivation trend. The membrane activity coefficient
o(t) has been derived by the same authors in a previous work [23], and its expression,
together with the values of the kinetic parameters, are reported in Appendix A.1. The main
permeation parameters used in this modeling work are reported in Table 1, and result from
the fitting of the pure hydrogen permeation experiments, as already described by the same
authors in a previous work [24].

Table 1. Permeability parameters for the Pd-Ag membrane used in this work.

Parameter Units Value
Peg mol/(m? s Pa) 5.73 x 10710
E. kJ/mol 12.53
5 pum 1.75
- 0.75

The hydrogen flux permeating through the membrane is split in emulsion and bubble
phases that are proportional to their fractions in the bed. To account for the removal of
hydrogen from the reaction ambient, the flow rate of hydrogen permeated through the
membrane, calculated from the definition of the hydrogen flux (Equation (10)), is subtracted
from the differential mass balances of hydrogen compounds along the reactor length for
both the bubble and the emulsion phases.

The resulting system of partial differential equations has been discretized using a
simple first order upwind finite difference scheme for the convection terms, which is solved
using the Newton—-Raphson’s iterative method.

3. Materials and Methods
3.1. Fluidized Bed (Membrane) Reactor Setup

A schematic representation of the setup used for both the fluidized bed reactor and
the fluidized bed membrane reactor experiments is shown in Figure 1.

Vent
—@ Compact GC
B —T] | »Vent
A ) Analyzer

D

S
@

=al
@

N2

)= |
P
e
®

O

3H,

o

- ol o
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Figure 1. Schematic representation of the experimental setup for fluidization tests. FC indicates mass
flow controllers, TC represents thermocouples, and PT indicates pressure transducers.
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The setup consists of a stainless-steel reactor with an internal diameter of 0.043 m and
a bed height of 0.44 m, and with a porous plate distributor made of Hastelloy X (40 um pore
size). The reactor is placed in an electrically heated oven to maintain isothermal conditions.
The temperature was measured by three thermocouples placed inside the reactor bed, one
at the bottom, one in the middle, and the last one at the top. The flow rate of the process
gases was regulated by Bronkhorst digital mass flow controllers. A back-pressure controller
was installed to regulate the operating pressure in the reaction side. The reactor system can
be operated both as a conventional fluidized bed reactor and as a fluidized bed membrane
reactor by opening/closing the permeate line. The permeate side of the membrane was
either operated at atmospheric pressure or at a vacuum pressure. An automated soap
bubble flow meter from Horibastec, with a measuring range of 0-0.2 LSTP/min, was used
to measure the volumetric flow rate at the permeate side. The composition of both the
retentate and the permeate streams was analyzed with a compact gas chromatograph
GC (Global Analyzer Solution TM, G.A.S., Breda, The Netherlands) equipped with a TCD
detector and three packed columns (HayeSep Q 60-80 mesh and 5A molecular sieve) for the
analysis of permanent gases (i.e., Hy, CO,, CO and N;) and an FID detector with capillary
columns (Rtx-1, MTX-1 and MTX-QBond) was used for the analysis of the hydrocarbons.

3.2. Hy-Selective Membrane

A novel type of Pd-alloyed membrane, known as a double-skinned membrane, was
used in this work. This membrane was prepared following the procedure described by
Arratibel at el. [25]. A thin Pd and Ag selective layer was deposited by the electroless plat-
ing technique onto a Al,O3 porous tubular substrate, with an external/internal diameter
of 14/7 mm and an external pore size of 100 nm provided by Rauschert Kloster Veilsdorf.
After the Pd—-Ag layer deposition, the sample was turned into a double-skinned membrane
by placing an additional thin (<1 um) mesoporous ceramic (50wt% YSZ- 50wt% y-Al,O3)
layer on top of the Pd—-Ag layer through a vacuum-assisted dip coating technique at room
temperature. The morphology and the chemical composition of the double-skinned mem-
brane were determined by Scanning Electron Microscope (SEM) and Energy Dispersive
X-Ray (EDX) analysis, using a FEI Quanta 250 FEG equipment.

The additional ceramic layer has already been demonstrated to have a protective effect
against mechanical erosion of the selective Pd—Ag layer by particle attritions in fluidized
beds by Arratibel et al. [26], and it was proven for the direct dehydrogenation of propane
in this work. The membrane has one end closed (i.e., fingerlike configuration), while the
other end was sealed with graphite ferrules and a metallic connector using a hydraulic
crimping machine (FINN-POWER), as shown in Figure 2.

Figure 2. Double-skinned membrane with a fingerlike configuration and the other end sealed.

The membrane, with a total active length of 11 cm, was integrated from the top flange
of the reactor with a stainless-steel tube, leaving a distance of 5 cm between the bottom
plate distributor and the closed end of the membrane. Prior to the catalytic tests, membrane
stability tests were performed to assess the absence of any chemical interaction between the
catalyst particles and the membrane selective layer. The membrane was exposed for almost
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7 h under a gas mixture of 60vol% Hj and 40vol% Ny, in a continuous bubbling fluidization
regime, working at 500 °C with 1 bar of pressure difference across the membrane.

During the reaction tests, the membrane performance was monitored by measuring
the hydrogen recovery factor, defined as:

FHZ ,permeate

Hj Recovery Factor = (11)

FHz,retentate + F Hj,permeate

3.3. Catalyst

The catalyst used in this work was prepared following the procedure reported in
the literature [27]. A sequential wet impregnation procedure was used to synthetize the
Pt-Sn-K catalyst, which was impregnated onto a 160-250 pm y-Al,O3 supplied by Sasol.
The resulting nominal composition of the catalyst was 0.05, 0.14, and 0.10wt% of Pt, Sn,
and K, respectively (Table 2). The specific surface area (S.A.) and pore volume (P.V.) were
determined via the BET and BJH elaboration of the N, adsorption—desorption isotherms
at —196 °C, obtained using a Micromeritics ASAP 2020 gas adsorption device. Before the
measurement, the sample was degassed at 250 °C for 2 h. The morphology and the chemical
composition of the fresh catalyst were analyzed by Scanning Electron Microscope (SEM)
and Energy Dispersive X-Ray (EDX) analysis, using a FEI Quanta 250 FEG equipment. The
catalyst reducibility was studied via temperature programmed reduction (TPR) analysis
performed using a Micromeritics AutoChem 2920 equipment with a TCD detector. The
analysis was carried out in the range of 100~700 °C with a heating rate of 10 °C-min~!, while
feeding 50 mL-min ! of a 10% Hy/Ar mixture. Prior to the TPR analysis, the sample was
outgassed under inert conditions for the N, physisorption. X-ray diffraction (XRD) analysis
in the 20 range of 10-120° was performed on the reduced catalyst with a MiniFlex600
machine (Rigaku) operating with a Ni B-filtered Cu-K« radiant at 40 kV and 30 mA and
a scan step of 0.05° /min. The results of these characterization techniques are reported in
Appendix A.2.

Table 2. Catalyst and filler particles physical properties.

Avg. Skeletal Apparent

Material Dp [um] Density [g/cm®]  Density [g/cm?®] Wisl
AlL,O3 150-250 3.300 1.691 175
0.05 PtSnK/Al,O3 200-250 3.317 1.204 20

To cover the full active membrane surface under gas-solid suspension at minimum
fluidization velocity, the catalyst was diluted with inter alumina in a mixture of 195 g of
particles (10wt%/90wt%). Blank tests were conducted on both the empty stainless steel
reactor and on the reactor filled solely with y-Al,O3 particles to confirm the absence of any
activity towards the dehydrogenation of propane of both the reactor walls and the filler
particles, as reported in Appendix A.3.

Prior to the catalytic fluidization tests, the catalyst was exposed to 5 consecutive
cycles of reduction-reaction-oxidation to make the catalyst stable and aged [7]. The catalyst
pre-treatment was repeated after each reactive test as a reference to assess the stability
and the reusability of the catalyst. The experimental conditions and results of those
tests are reported in Appendix A.3. The minimum fluidization velocity was determined
experimentally for the filler particles at different temperatures and atmospheric pressures
using the standard pressure drop method [28]. According to this method, the volumetric
flow rate at the inlet of the reactor is varied in a range of 0-100 mL/min and the pressure
difference along the reactor bed is measured by a pressure drop transducer that reaches
up to 50 mbar. The minimum fluidization velocity is found when the pressure difference
in the reactor is constant. The results reported in Table 3 were used to select the feed
flow rate for the reactive experiments necessary to keep the catalyst bed in the bubbling
fluidization regime.
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Table 3. Experimental values of minimum fluidization velocity as function of temperature.

Parameter Value
Temperature [°C] 20 400 500
Ups [m/s] 0.036 0.009 0.008

4. Results and Discussion
4.1. Hy-Selective Membrane Characterization

The different layers of the double-skinned Pd—Ag membrane and their chemical com-
positions were determined by Scanning Electron Microscope (SEM) and Energy Dispersive
X-Ray (EDX) analysis. Figure 3 shows the cross-section image of the membrane. Looking at
Figure 3a from the left to the right, it is possible to distinguish the ceramic support (left),
the dense selective layer (middle) and the thin protective ceramic layer (right).

Pd @
Ag @
Al

oe

Ceramic Support

(b)

Figure 3. SEM (a) and EDX (b) image of the cross-section of the double-skinned Pd—-Ag membrane
used in this work.

The darker areas in Figure 3a mainly consist of oxygen and aluminum (Figure 3b),
which represent the protective ceramic layer. The lighter areas show the presence of
palladium and silver (Figure 3b), which was detected with a high atomic ratio of 24:1. This
is an indication of the hydrogen selective Pd-Ag layer. The SEM-EDX of the top protective
layer is reported in Figure 4. In this case, oxygen and aluminum were retrieved over the
whole surface with high atomic concentrations of 65.6% and 25.6%, respectively, which
indicated the presence of y-Al,Oj3 in the top ceramic protective layer, while palladium
and silver of the underlying selective layer were detected in lower amounts (7.6% and
1.2%, respectively).

(a) (b)

Figure 4. SEM (a) and EDX (b) image of the top layer of the double-skinned Pd-Ag membrane used
in this work.



Membranes 2022, 12,1211

90f23

4.2. Preliminary Simulation Study to Identify Optimum Operative Conditions

Prior to the experimental activities, a simulation study was carried out using the
phenomenological reactor model described in Section 2. The aim of this study was to
identify the optimum operating conditions to be used at a laboratory scale for propane
dehydrogenation reaction tests. The criteria were calculated to maximize propane con-
version and thus to be able to appreciate any difference between the FBR and the FBMR
configurations under this regime. The simulations were performed by modeling the re-
action unit with same geometry and catalyst bed composition used for the experimental
activities, as described in Section 3. The effects of temperature, feed composition, and
pressure on both propane conversion and carbon concentration, expressed in kg oke /Kgcat,
were investigated, and the total feed flow rate was set to have a superficial gas velocity
over minimum fluidization velocity ratio equal to 3.75. It is worth mentioning that the
simulations were performed for the conventional fluidized bed reactor configuration, while
the comparison between the FBR and the FBMR were investigated experimentally with the
chosen operating conditions.

Figure 5a,b shows the effects of temperature on propane conversion and carbon
concentration, respectively, at 2 bar and using a feed composition of 30vol% C3;Hg and
70vol% Njy.
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Figure 5. Effect of reaction temperature on (a) propane conversion and (b) carbon concentration, at
2 bar, u/upy¢ = 3.75 and feed composition of 80vol%C3Hg and 20vol%N,. Effect of feed composition
on (c) propane conversion and (d) carbon concentration, at 500 °C, 2 bar, u/uy,s = 3.75. Effect of
operating pressure (e) on propane conversion, at 500 °C, u/up¢ = 3.75 and feed composition of
30vol%C3Hg and 70vol%N,.
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These preliminary results show that the higher the operating temperature, the higher
the initial propane conversion, due to the endothermic nature of the system. However,
the evolution of the conversion with time displays a faster decrease at higher temperature.
Propane conversion drops of c.a. 40% occurred at 475 °C, while it experienced a reduction
up to 86.2% at 550 °C after 30 min. This can be explained by the more severe catalyst deac-
tivation, since the higher the temperature increased, the higher the carbon concentration
was (Figure 5b).

The effects of the feed composition were investigated at 500 °C and 2 bar, and the results
in terms of propane conversion and coke deposition are reported in Figure 5c,d, respectively.

These results show that, with only 30vol% of propane in the feed, it was possible to
increase the initial propane conversion by almost 10% when compared to the case in which
the feed contained 80 vol% of reagent. This would not affect the catalyst deactivation much,
as shown by the similar carbon concentration formed as a function of the vol% of propane
in the feed. On the other hand, when hydrogen is also present in the feed composition (i.e.,
blue lines), it acted as a diluent that lowered the final coke concentration by 2.28% when
compared to the case of 30vol% of propane in the feed. At the same time, the presence
of hydrogen in the feeding mixture reduced the overall propane conversion due to the
nature of the main dehydrogenation reaction (R1) being limited by the thermodynamic
equilibrium. Finally, the effects of the operating pressure were investigated at 500 °C under
a feed composition of 30vol% C3Hg and 70vol% Nj. As shown in Figure 5e, the higher
the operating pressure, the lower the propane conversion was, due to the thermodynamic
nature of the main dehydrogenation reaction. Based on the above reported considerations,
a temperature of 500 °C, a pressure of 2 bar, and a feed composition of 30vol% CsHg
and 70vol% N, were identified as the optimum operating conditions to perform propane
dehydrogenation reaction tests under fluidization at a laboratory scale.

4.3. Conventional Fluidized Bed Reactor

Figure 6a shows the experimental results in terms of propane conversion and propy-
lene selectivity as a function of time obtained for the catalytic fluidized bed reactor (without
membrane) for the direct dehydrogenation of propane at two different superficial gas
velocities over minimum fluidization velocity ratios (ug/uys), at 500 °C and 2 bar.
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Figure 6. Fluidized bed reactor (a) performance and (b) carbon balance for different ug/uy ratios, at
500 °C, 1 bar and with a feed composition of 30vol% C3Hg-70vol% Nj.

The higher is the ratio of ug/uyy, the faster the inlet gas was and the lower the total
residence time in the reactor was. As expected, propane conversion increased for lower
Ug /Uy, since the gas had longer time to be in contact with catalyst particles and, as a
consequence, to be converted. However, this led to higher carbon formation due to the
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faster catalyst deactivation. This can be observed in Figure 6b, which reports the carbon
balance over time, expressed according to the following equation (Equation (12)):

Cout _ Y rliFi,out

C balance = =
Cin Y iniFiin

(12)

where i indicates all the components with carbon atoms, n; is the number of carbon atoms,
and F; is the molar flow rate.

Moreover, a lower selectivity towards propylene (Figure 6a) was obtained for the
lower ug/uny ratio, since the cracking reactions prevailed over the main dehydrogenation
reaction for longer residence times. Therefore, for a fixed reaction temperature, an increase
in the inlet flow rate will result in a reduced C3Hg conversion rate but at the same time will
allow to reach higher propylene selectivity by reducing the total amount of carbon formed
during the dehydrogenation process.

4.4. Fluidized Bed Membrane Reactor
4.4.1. Membrane Stability Tests

The presence of the protective layer on top of the selective Pd-based layer of the
double-skinned membrane used in this work has already been demonstrated to improve
the mechanical stability under long-term (~600 h) fluidization conditions [26]. With this
test, we aimed at verifying the absence of any chemical interaction between the selective
Pd-based layer of the membrane and the Pt-based catalyst particles. For this purpose, a
short term permeation test of hydrogen was sufficient, since a chemical interaction between
the palladium and the catalyst used in the test would lead to a sharp drop in the perfor-
mance of the membrane after several minutes, as already observed by Fernandez et al. [29]
and Okazaki et al. [30]. Figure 7 shows the stability performance of the double-skinned
membrane, in terms of hydrogen permeance, under fluidization conditions for almost 6 h.
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Figure 7. Membrane performance over time under fluidization conditions at 500 °C, AP = 2 bar,
ug/ums = 5 and feeding a mixture of 60 vol% H; and 40 vol% Np.

The H, permeance of the membrane showed an initial increasing trend (first hour
of test), due to the activation of the Pd-selective layer under exposure to hydrogen.
Afterward, the membrane reached a plateau with a value of hydrogen permeance of
2.1 mol m~2 Pa~! s~!. The membrane did not suffer from any decay in the hydrogen per-
meance with time. This confirmed the absence of any chemical interaction between the
Pt-based catalyst and the membrane surface.

4.4.2. Reaction Tests

Once the membrane stability under fluidization conditions was verified, the fluidized
bed membrane reactor concept for the PDH was experimentally proven. The reaction tests
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were conducted under similar operating conditions as those used for the conventional
fluidized bed PDH reactions to maintain consistency and comparability between the results.
The effects of the superficial gas velocity over minimum fluidization velocity ratios (ug/um¢)
on the FBMR performance were investigated at 500 °C, with an inlet feed composition of
30vol% C3Hg and 70vol% N, working at 2 bar in the retentate side and using a vacuum
in the permeate side. The reactor performance in terms of propane conversion, propylene
selectivity, and carbon balance are reported in Figure 8a,b, respectively.
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Figure 8. Fluidized bed membrane reactor (a) performance and (b) carbon balance for different
Ug/ upg ratios, at 500 °C, 2 bar and with a feed composition of 30vol% C3Hg-70vol% Ny.

As already observed in the conventional FBR (see Section 4.2), propane conversion
increased with the lower ug/uy ratio, since the reactive mixture had longer contact time to
convert with catalyst particles. At the same time, the activity initially decreased faster at
lower ug/uy¢ ratios, again due to a faster coke formation, as shown in Figure 8b. The main
advantage of using the FBMR configuration is represented by the different trend obtained
for the propylene selectivity, compared to the one shown in Figure 8a for the FBR. When
hydrogen was extracted from the catalytic bed, the equilibrium was shifted to the product
side, and thus the propylene selectivity increased at the beginning and then stabilized to
constant values of c.a. 78% over time. Even though initially the propylene selectivity was
lower at the lower ug/uy ratio, it increased faster with respect to the case of the higher
ug/up¢ ratio. This is because hydrogen extraction makes the dehydrogenation reaction
predominant over cracking side reactions. Thus, the use of a FBMR configuration for PDH
allowed for work at a lower inlet gas flow rate, which reached a higher C3Hg conversion
rate and higher propylene selectivity, and overcame the trade-off between conversion and
selectivity that is typical of the FBR configuration (see Figure 6a).

4.5. FBR vs. FBMR and Model Validation

In this section, the performance of the conventional fluidized bed reactor is compared
with the ones of the fluidized bed membrane reactor obtained under the same operating
conditions. In particular, the conversion of propane (expressed in mol%) obtained at 500 °C
and 2 bar, with a feed composition of 30vol% C3Hg and 70vol% N for two different ug/um¢
ratios, is compared for the FBR and the FBMR configurations. The experimental results were
compared with modeling results to validate the 1D phenomenological model at different
operating conditions. Figure 9a,b shows the results obtained from both experiments and
model simulations with ug/up¢ =3 and ug/uns =1.5, respectively.
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Figure 9. Propane conversion versus time obtained experimentally (dots) and with model simulation
(dashed lines) for the FBR and the FBMR, working at 500 °C, 2 bar, with a feed composition of 30vol%
C3Hg-70vol% Ny, with (a) ug/uys =3 and (b) ug/uye = 1.5.

In general, the model described the experimental results quite well for the two differ-
ent ug/uys considered, and for both the FBR and the FBMR configurations. Deviations
between +10-20% were observed for the first experimental points within the first 5 min of
the test. This could be related to the fact that the catalyst particles at the beginning showed
a higher reactivity under the experimental conditions used in this test compared to the one
predicted by the model. The average deviations in the model predictions compared with
the experimental data were below 10%. Therefore, it can be concluded that the phenomeno-
logical model has been validated and that it can adequately predict the performance of the
PDH system in a fluidized bed membrane reactor. However, this model was developed
under the assumption of neglecting radial dispersions. Since lateral concentration profiles
can affect the overall reactor performance, additional work is needed to account for those
additional phenomena and make the model more robust. This will allow it to be used for
the design and scale-up of the fluidized bed membrane reactor for PDH, as well as for
the fundamental understanding of all the phenomena that are involved. This will help to
identify the main limitations of the system and to consequently investigate the DCFBMR
configuration as a reaction intensification strategy.

As already observed in the previous section, the higher CsHg conversion was obtained
when working at the lower ug/uy,¢ for both the FBR and the FBMR. For this reason, the
main advantage of utilizing hydrogen selective membrane (FBMR) to circumvent the
thermodynamic equilibrium limitation was obtained at the lower ug/uyy ratio, as is clearly
shown in Figure 9b. This would result, at the same time, in a higher total flow rate of
hydrogen produced during the dehydrogenation reaction, and therefore it would have a
bigger impact on the shift in the thermodynamic equilibrium when extracted through the
Hj selective membrane. The initial propane conversion could be increased by almost 21%,
going from 19.5% in the FBM to 24.5% in the FBMR, when working with a ug/uy, ratio of
1.5, resulting in an average increase of almost 32% for the entire reaction time compared to
the average increment of 19% that was obtained working with a uy/up¢ ratio equal to 3.
The positive effect of removing hydrogen to shift the equilibrium toward propylene was
confirmed by the trends of the propylene yield over time, which are reported in Figure 10
for both the FBR and the FBMR at the two different ug/u,,¢ ratios tested in this work. The
propylene yield was always higher in the FBMR than in the FBR configuration, and this
was even more evident for a lower ug/up¢ ratio, which reached an average increase of 43%
at a ratio of 1.5 up/uys compared to the one obtained at a ratio of 3 uy/uy,¢, which was
equal to 24%.
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Figure 10. Propylene yield in the FBR (blue symbols) and FBMR (green symbols) working at 500 °C,
2 bar, with a feed composition of 30vol% C3Hg-70vol% Ny, for ug/ups = 1.5 (W) and ug/ups = 3 (A).

The performance of PDH under fluidization obtained in this work are compared with
the ones reported in the literature. Most of the scientific works have been conducted in
packed-bed reactor (PBR) configurations with the integration of membranes, but in only a
few of them was the fluidized bed membrane reactor technology investigated. The propane
conversion, operating conditions, catalyst, and reactor configuration used are summarized
in Table 4.

Table 4. Experimental values of minimum fluidization velocity as function of temperature.

—1
Reactor T[°Cland p Feed‘ . WHSV [h™1] Conversion
. . Catalyst Composition or o Ref.
Configuration [bar] o [%]
[vol%] uo/upys
PBR Pt-Sn/yAl,O5 580, 1 80% C%HS'ZO o 5h-1 25% [22]
2
PBMR Pt-Sn based 500, 6 80% (13{3%8'20 o 8h! <8% [13]
2
FBR Pt-Sn-K/vAlLO; 500, 1 50% CZI:IS'S 0% 4 <10% [31]
FBR Pt-Sn/Al-SAPO-34 590, 1 80% C%Hs'm o 9h! 30% [32]
2
FBR CrOy-based 550, 1 100 C3Hg 249h7! 25% [33]
FBMR Pt-Sn/MgAl,Oy 525, 1 50% CZI;IS'S 0% 2.5 15% [34]
FBR Pt-Sn-K/vAlL, O3 500, 2 30% C§Hs-70 o 1.5 19% This work
2
FBMR Pt-Sn-K/yAlL O3 500, 2 30% CKIHS#O % 1.5 24.5% This work
2

During the test performed with uy/uy¢ equal to 1.5, the performance of the mem-
brane was monitored by measuring the total flow rate permeated and by analyzing its
composition. The total flow rate of hydrogen in the permeate side was compared with the
total flow rate of hydrogen produced in the retentate side during the dehydrogenation
reaction, as shown in Figure 11a. The corresponding hydrogen recovery factor is reported
in Figure 11b.
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Figure 11. (a) Hydrogen flow rates measured in the retentate and permeate side of the FBMR and

(b) the corresponding hydrogen recovery factor, measured at 500 °C, 2 bar, ug/uys of 1.5, and with a
feed composition of 30vol% C3Hg-70vol% Nj.
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The total amount of hydrogen produced during the dehydrogenation reaction (red
line in Figure 11a) had a decreasing trend over time, which could be attributed to the
continuous extraction of hydrogen through the membrane, but also to the reduced activity
of the catalyst. On the other hand, a typical transient deactivation trend of the hydrogen
permeated through the membrane, due to the deactivation of the Pd-based membrane
when exposed to alkenes, as already reported by other authors. This made the hydrogen
recovery factor go from an initial value of 70.2% to a value of 40.1% in the first 5 min of
the test, with a resulting average H; recovery factor of 40%. Even though the hydrogen
recovery factor followed a decreasing trend and stabilized at values around 40%, the main
advantage of using the FBMR technology can still be attributed to the positive effect of
hydrogen removal from the reaction ambient. This led to a higher conversion of propane
towards propylene (see Figure 10), which reduced the extent of side cracking products
formation, such as ethane, ethylene, and methane, for which the selectivity in the FBMR is
reduced. These observations were also confirmed by the analysis of the permeated outlet
stream compositions, which reported in Figure 12.
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Figure 12. Permeate composition measured at 500 °C, 2 bar, ug/up,¢ of 1.5, and with a feed composi-
tion of 30vol% C3zHg-70vol% N».

The GC did not detect any C3Hg in the permeate side of the system, which was
attributed to the shift in the thermodynamic equilibrium of the main dehydrogenation
reaction to the extraction of hydrogen. For this component, the vol% detected in the
permeate side was almost constant in the first 15 min of test, while it started to decrease in
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the remaining part of the test. This can be attributed to the membrane coking, as confirmed
by the continuous growing vol% of methane in the permeate side. The presence of small
traces of other components, i.e., N, and CHy, in the permeate site could be attributed to
defects on the membrane sealing, which increased under operation.

5. Conclusions

In this work, we demonstrated at a laboratory scale the fluidized bed membrane reac-
tor technology for the direct dehydrogenation of propane. We analyzed the performance
of the FBMR configuration, and we compared it with the conventional FBR for different
ug/up¢ ratios. According to the results obtained, propane conversion was increased when
working at lower ug/uy ratios in both the FBR and FBMR, which gave higher contact time
to the catalyst particles to interact with the reactive mixture. This resulted in a reduced
propylene selectivity in the FBR, since the cracking reactions became predominant over the
main dehydrogenation reaction for longer residence times. On the contrary, the hydrogen
extraction in the FBMR made the dehydrogenation reaction predominant over cracking
side reactions for longer residence times. This led to an increase of almost 21% in propane
conversion when working at the lower ug/up¢ ratio, which went from 19.5% in the FBM to
24.5% in the FBMR. These experimental results confirmed the main advantage of utilizing
the hydrogen selective membrane (FBMR) to circumvent the thermodynamic equilibrium
limitation, despite the limited performance of the Pd-based membrane used. The FBMR
system for PDH can be further improved by mitigating the coking behavior of Pd-based
membranes, for which an average hydrogen recovery factor below 50% was experimentally
measured during the tests. This would require the development of improved Pd-based
membrane configurations. Finally, the experimental results validated the 1D phenomeno-
logical model developed in this work, which observed an overall discrepancy lower than
10% for the propane conversion. From here, we can conclude that the model can be used to
predict the behavior of the FBMR at different operating conditions and scales, and most
importantly it can be used to further investigate the Dual Circulating Fluidized Bed Reactor
configuration. This in its turn can help in optimizing and designing scaled-up experimental
versions of this reactor concept.
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Appendix A

The table below reports the closure equations used for the modeling of the fluidized
bed reactor.
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Table A1l. Empirical correlations used for hydrodynamics and mass transfer.

Parameter Equation Ref.
Archimedes number Ar = o (pp—ry)s
" [35]
Minimum fluidization velocity Uy = pf—;p v/(27.2)2 - 0.0408 Ar — 27.2 ‘
Bed void fraction at minimum fluidization emf = 0.586 Ar—0.029 (L‘g)oozl [36]
Pg
2
db,[] = 0.376(u0 - ”mf)
. . 04
Bubble dimensions dpmax = 0-65<%D-2r(“0 - “mf) ) [18,37]
_03h
db = dh,max - (db,mux - dh,O)e br
. llO*Mm
Bubble fraction fo = Tf [18]
Wake fraction fo=afp
Emulsion fraction fe=1—fp— fu B8]
Bubble velocity up = Uy — Uy +0.711(g — dy)%°
Gas emulsion velocity = w
fL’emf
. . . feed
Solid Emulsion velocity " — fo(L-emp)up+ 535
” fee(1—emy)
0.5,0.25 (18]

Mass transfer coefficient gas phase

Uy Dy 8
Kipe = 4555 + 5,85

Dgeyguy 05
Kice = 677( =5

=1 4 1
Kz,be = Kpe + Kee

Mass transfer coefficient solid phase

0.0075 (10— by )

. — i £ _Ho
Kz,we - u,,,fdh lf Upf <3
015 ¢ u
Ki,we = d, Zf “n?f >3

Appendix A.1 Reaction Rate Laws and Kinetic Parameters

The kinetic model used for the simulation of the PDH reactor was based on the reaction
pathways proposed in the work of Lobera et al. [7], for which the kinetic parameters are

reported in Table A2.

Table A2. List of kinetic parameters for the Pt-Sn-K/Al,O3 catalyst [7].

Kinetic Parameter Expressions Parameter Value Units
ko1 0.5242 mmol g*l min~‘bar !
k= ey (5 (1 - 1) Sao Kol
0 . -
Keamo = Koexp (=42 (3 - ) AH ~85.817 KJmol !
T 500 °C
k 0.00465 mmol g~ min'bar!
- “Ep (1 _ 1 02 g
ko = kopexp( 2 (+ - 4 ) E. 137.31 Kjmol !
k 0.000236 mmol g~ min~'bar~!
— —Eg 1 1 03 g
ks = kosexp (52 (3= ) E. 15454 KJmol !
Kyt i
Cn = C%VIAX |:1+CA/[1AXklct] Kore o mgcai(/mglcgl{emln
Cor = ket Eaie 38.43 Jmo
e — ko ox (,Em 1 L)) ko1e 1.45 x 10~° mg e/ Mg, min
1c = Ko1c€Xp g T Tn Ea1e 125.51 s k]mo]71
kae = kOchxp< _RﬂZC <% - T%,,)) Cumax 1.04 x 10 mgcoke/mgcat

In order to account for the catalyst deactivation, the parameter o is multiplied by the
propane dehydrogenation rate expression r_1. This parameter correlates the activity with
the content of coke on the catalyst; according to the model proposed by Lobera et al., a
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simple mechanistic model called the monolayer-multilayer coke growth model (MMCGM)

is used to describe coke formation. Both the monolayer and the multilayer of coke formed

are responsible for catalyst deactivation, and this is proven by the experimental activity time

results, which show that activity decreases even after the monolayer has been fully formed.
As a result, the catalyst activity is expresses as:

a=(1—-9Cun)+ 72Cn eXP<—73<(éM>> (A1)

E 1 1
71 = Yo1 exp(— ﬂRﬂ (T - Tm>) (A2)

Where Cy;, Cp, and Cyx are the coke concentration in the monolayer, in the multilayer
and the maximum coke concentration in the monolayer, respectively. Table A3 reports the
values of the kinetic parameters used in Equations (A1) and (A2).

Table A3. List of parameters for the catalyst deactivation [7].

Kinetic Parameter Value Units
Y01 948.92 gcat/ 8coke
Eqp1 9.61 KJmol !
2 399 gcat/ 8coke
3 40.07 _

Similarly, the membrane activity is expressed as a function of the amount of carbon
formed in the monolayer and in the multilayer, as follows:

Dé(i’) = (1 — 001Gy — D(zCM)m (A3)
=
Ci = Conax — ((1 — Bkt + C,L;,’:) - (A4)
Cp = koct (A5)
E;, /1 1
kic = kico EXP(—; (T - To)) (A6)

Table A4 reports the values of the kinetic parameters used in Equations (A3)—(A6).

Table A4. List of parameters for the Pd-based membrane deactivation [23].

Kinetic Parameter Value Units
431 9.989 em? embrane/ Mg oke
a 2221 x 1071 M brane/ MBcoke
m 1.557 —
Cinax 0.096 mgcoke/ Crnrznembmne
h 5.1 —
kreo 1.175¢3 cm? / (g min)' "
’ membrane 8coke
kac,0 1.848 x 1077 Mg oke/ Miembrane™MIN
Ea 1.822 x 10° J/mol
En 1.007 x 100 J/mol
Ty 405 °C

Appendix A.2 Physicochemical Properties of the PtSnK-Al,O3 Catalyst

Figure A1 reports the results of the N, physisorption analysis in terms of the volume
of Nj adsorbed vs. relative pressure (a), and pore volume as a function of the pore width
(b), as derived from the BJH elaboration of the desorption branch.
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Figure Al. Volume of N; adsorbed/desorbed as a function of the relative pressure (P/Pp) (a) and
pore volume as a function of the pore width (b), as derived from the BJH elaboration of the
desorption branch.

A cumulative BET surface area of 263.2 m? /g was measured, with a total pore volume
of 0.53 cm?/g and an average pore diameter of 10.7 nm.

Figure A2 reports the SEM-EDX images of the fresh catalyst.

From the SEM analysis of Figure A2a, it was not possible to distinguish the active
phase and detect its morphology. Figure A2b confirms that most of the sample was made by
AlyO3, which represents the support. Al and O were the elements with the highest atomic
concentration, equal to 60.9% and 38.3%, respectively. The active phase of the catalyst was
detected with lower atomic concertation, due to the low amount (<0.3wt%) present in the
catalyst formulation. Overall, the EDX analysis reported an atomic concentration of Pt, K,
and Sn equal to 0.02, 0.45, and 0.23%, respectively.

Pt @

(b)
Figure A2. SEM (a) and EDX (b) images of the fresh PtSnK/Al,Oj3 catalyst used in this work.

The catalyst reducibility was studied via temperature programmed reduction (TPR)
analysis performed using a Micromeritics AutoChem 2920 equipment with a TCD detector.
The analysis was carried out in the range 100-700 °C with a heating rate of 10 °C-min~!
feeding 50 mL-min~! of a 10% Hy/Ar mixture. Prior to the TPR analysis, the sample was
outgassed under inert conditions for the N, physisorption.

From the TPR signal reported in Figure A3, it was not possible to retrieve a clear Hj
consumption profile as a function of temperature. The profile obtained during the analysis
did not exhibit clear reduction peaks, due to the low amount of active metal Pt present on
it (i.e., 0.05wt%).
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Figure A3. TPR signal obtained via TPR analysis of the fresh Pt-Sn-K/Al,O3 catalyst used in this

work.

The crystalline structure of both the Pt-5n-K/vy-Al,O3 and the y-Al,O3 support was
analyzed via XRD spectra, which are depicted in Figure A4.

——Support
—— Catalyst

Intensity [a.u]

10 20 30 40 50 60 70 &80 S0 100 110 120
20 ]

Figure A4. XRD spectra of the fresh catalyst (orange line) and the support (blue line) samples.

Both samples showed peaks at 20 = 66.96°, 45.84°, 39.48°, 37.36°, and 19.2°, which
are assignable to the (44 0), (400), (222),(311), and (11 1) planes of cubic y-Al203,
respectively, as reported in the literature [39]. No additional peaks were detected that
could be attributed to the catalyst sample. Due to the very little amount of metal (<0.3wt%)
present in the catalyst formulation, it was not possible to distinguish the crystalline structure

of the catalyst in the diffractogram.

Appendix A.3 Blank Tests

To assess if the walls of the reactor and/or the inert particles used to dilute the catalyst
catalyzed the main dehydrogenation reaction, two blank tests were conducted at 500 °C at
atmospheric pressure and under a feeding mixture of 30vol% C3HS8 and 70vol% N2, which
was representative of the reactive operating conditions used for PDH tests. The test was
first conducted on the empty reactor and then on the reactor filled with inert particles, and

the results are reported in Figure A5.
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Figure A5. Blank test results for the empty reactor (empty dots) and the reactor filled with inert parti-
cles (full dots) at 500 °C, atmospheric pressure, and feeding a mixture of 30vol% C3Hg-70vol% Nj.

A very small amount of propane was converted, with an average conversion of 0.911%
for the empty reactor, and 0.792% for the reactor with inert particles. Most importantly,
no differences were observed from the two cases analyzed, which indicated that the small
amount of propane conversion catalyzed by the wall of the reactor or by the inert packing
could be neglected.

Appendix A.4 Catalyst Stability Tests

The catalyst stabilization consisted of three cyclical steps, where the catalyst was first
reduced with diluted H, during 2 h, then PDH was carried out in the presence of diluted
C3Hg (30 min), and finally, coke deposited over the catalyst surface was removed with
a stream of diluted oxygen. The operating conditions of each step are summarized in
Table A5.

Table A5. Experimental conditions during the stabilization cycles.

Operating Conditions

Temperature Pressure Feed . up/Ups
Cycle [°C] [bar] Composition ~ Duration [hl [-]
Reduction 550 1 Hy:Np =1:2 2
Reaction 500 1 C3Hg:N, =2.33 0.5 5
Oxidation 500 1 Air:N, = 1:10 1

This cyclical process was repeated until two consecutive results were identical, and
this situation occurred after five consecutive cycles, as shown in Figure A6.

10
1st —e—2nd 3rd 4th —e—5th —e—6th
8 -
8
=
o 6 F
L
(9]
g
g4t
IDO
g ;
5 L M_N—&.
——
O 1 1 1 1 1
0 5 10 15 20 25 30
Time [min]

Figure A6. Propane conversion versus time for each reactive cycle performed for the catalyst
stabilization (first 6 cycles).
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The 6th cycle was taken as a reference to evaluate the stability and, most importantly,
the reusability of the catalyst, before starting a new reactive test.

As shown in Figure A7, it was possible to keep the catalyst stable over five reactive
tests, each lasting 30 min. However, after the 5th reactive test, the results obtained during
the pre-treatment cycle revealed that both the initial conversion and, most importantly, the
overall trend over time decreased when compared with the previous cycles. This indicated
that the catalyst was losing its activity. Thus, the Pt-Sn-K/Al,O; catalyst can be used with
stable properties for five consecutive reduction-reaction-oxidation steps, at the conditions
reported in Table A5.

10

6th —e—7th —e—8th —e—9th ——10th —e—11th —e—12th

C3Hg Conversion [%]

0 5 10 15 20 25 30
Time [min]

Figure A7. Propane conversion versus time for each reactive cycle performed for the catalyst
stabilization (for larger amount of cycles).

References

1.  Global Industry Analysts Global Propylene Industry. Available online: https://www.reportlinker.com/p05799443/Global-
Propylene-Glycol-Industry.html?utm_source=GNW (accessed on 1 October 2022).

2. Saerens, S.; Sabbe, M.K.; Galvita, V.V.; Redekop, E.A.; Marin, G.B. The Positive Role of Hydrogen on the Dehydrogenation of
Propane on Pt (111). ACS Catal. 2017, 7, 7495-7508. [CrossRef]

3. Nawaz, Z. Light Alkane Dehydrogenation to Light Olefin Technologies: A Comprehensive Review. Rev. Chem. Eng. 2015, 31,
413-436. [CrossRef]

4. Sattler, ].J.H.B.; Ruiz-Martinez, J.; Santillan-Jimenez, E.; Weckhuysen, B.M. Catalytic Dehydrogenation of Light Alkanes on Metals
and Metal Oxides. Chem. Rev. 2014, 114, 10613-10653. [CrossRef] [PubMed]

5. Martino, M.; Meloni, E.; Festa, G.; Palma, V. Propylene Synthesis: Recent Advances in the Use of Pt-Based Catalysts for Propane
Dehydrogenation Reaction. Catalysts 2021, 11, 1070. [CrossRef]

6.  Vora, B.V. Development of Dehydrogenation Catalysts and Processes. Top. Catal. 2012, 55, 1297-1308. [CrossRef]

7.  Lobera, M.P; Téllez, C.; Herguido, J.; Menéndez, M. Transient Kinetic Modelling of Propane Dehydrogenation over a Pt-Sn-
K/Al,O5 Catalyst. Appl. Catal. A Gen. 2008, 349, 156-164. [CrossRef]

8.  Chen, S.; Chang, X,; Sun, G.; Zhang, T.; Xu, Y.; Wang, Y.; Pei, C.; Gong, ]J. Propane Dehydrogenation: Catalyst Development, New
Chemistry, and Emerging Technologies. Chem. Soc. Rev. 2021, 50, 3315-3354. [CrossRef]

9.  Shelepova, E.V,; Vedyagin, A.A. Intensification of the Dehydrogenation Process of Different Hydrocarbons in a Catalytic
Membrane Reactor. Chem. Eng. Process. Process Intensif. 2020, 155, 108072. [CrossRef]

10. Shelepova, E.V.; Vedyagin, A.A.; Mishakov, 1.V.; Noskov, A.S. Simulation of Hydrogen and Propylene Coproduction in Catalytic
Membrane Reactor. Int. J. Hydrog. Energy 2015, 40, 3592-3598. [CrossRef]

11. Wang, H.; Wang, B.; Qi, X.; Wang, J.; Yang, R.; Li, D.; Hu, X. Innovative Non-Oxidative Methane Dehydroaromatization via Solar
Membrane Reactor. Energy 2021, 216, 119265. [CrossRef]

12.  Shelepova, E.V,; Vedyagin, A.A.; Mishakov, I.V.; Noskov, A.S. Mathematical Modeling of the Propane Dehydrogenation Process in
the Catalytic Membrane Reactor. Chem. Eng. . 2011, 176-177, 151-157. [CrossRef]

13. Ricca, A.; Montella, F,; Iaquaniello, G.; Palo, E.; Salladini, A.; Palma, V. Membrane Assisted Propane Dehydrogenation: Experi-
mental Investigation and Mathematical Modelling of Catalytic Reactions. Catal. Today 2019, 331, 43-52. [CrossRef]

14. Didenko, L.P.;; Savchenko, V.I.; Sementsova, L.A.; Chizhov, P.E.; Bykov, L.A. Dehydrogenation of Propane in a Combined

Membrane Reactor with Hydrogen-Permeable Palladium Module. Pet. Chem. 2013, 53, 27-32. [CrossRef]


https://www.reportlinker.com/p05799443/Global-Propylene-Glycol-Industry.html?utm_source=GNW
https://www.reportlinker.com/p05799443/Global-Propylene-Glycol-Industry.html?utm_source=GNW
http://doi.org/10.1021/acscatal.7b01584
http://doi.org/10.1515/revce-2015-0012
http://doi.org/10.1021/cr5002436
http://www.ncbi.nlm.nih.gov/pubmed/25163050
http://doi.org/10.3390/catal11091070
http://doi.org/10.1007/s11244-012-9917-9
http://doi.org/10.1016/j.apcata.2008.07.025
http://doi.org/10.1039/D0CS00814A
http://doi.org/10.1016/j.cep.2020.108072
http://doi.org/10.1016/j.ijhydene.2014.09.004
http://doi.org/10.1016/j.energy.2020.119265
http://doi.org/10.1016/j.cej.2011.06.048
http://doi.org/10.1016/j.cattod.2017.10.017
http://doi.org/10.1134/S0965544113010039

Membranes 2022, 12,1211 23 of 23

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

He, R.; Wang, Y.; Wang, H.; Lundin, S.T.B.; Wang, B.; Kong, H.; Lu, X.; Wang, J.; Li, W. A Mid/Low-Temperature Solar-Driven
Integrated Membrane Reactor for the Dehydrogenation of Propane—A Thermodynamic Assessment. Appl. Therm. Eng. 2021,
193, 116952. [CrossRef]

Iliuta, I.; Tahoces, R.S.; Patience, G. Chemical-Looping Combustion Process: Kinetics and Mathematical Modeling. AICKE ]. 2010,
59,1063-1079. [CrossRef]

Medrano, ].A.; Potdar, I.; Melendez, J.; Spallina, V.; Pacheco-Tanaka, D.A.; van Sint Annaland, M.; Gallucci, F. The Membrane-
Assisted Chemical Looping Reforming Concept for Efficient H2 Production with Inherent CO2 Capture: Experimental Demon-
stration and Model Validation. Appl. Energy 2018, 215, 75-86. [CrossRef]

Levenspiel, O.; Kunii, D. Fluidization Engineering, 2nd ed.; Butterworth-Heinemann: Stoneham, MA, USA, 1991.

Li, Q.; Sui, Z.; Zhou, X.; Chen, D. Kinetics of Propane Dehydrogenation over Pt-Sn/Al,O3 Catalyst. Appl. Catal. A Gen. 2011, 398,
18-26. [CrossRef]

Zangeneh, ET.; Taeb, A.; Gholivand, K.; Sahebdelfar, S. Kinetic Study of Propane Dehydrogenation and Catalyst Deactivation
over Pt-Sn/Al,O3 Catalyst. J. Energy Chem. 2013, 22, 726-732. [CrossRef]

Sahebdelfar, S.; Ravanchi, M.T.; Tahriri Zangeneh, F.; Mehrazma, S.; Rajabi, S. Kinetic Study of Propane Dehydrogenation and
Side Reactions over Pt-Sn/Al,O3 Catalyst. Chem. Eng. Res. Des. 2012, 90, 1090-1097. [CrossRef]

Farjoo, A.; Khorasheh, F.; Niknaddaf, S.; Soltani, M. Kinetic Modeling of Side Reactions in Propane Dehydrogenation over
Pt-Sn/vy-Al,O3 Catalyst. Sci. Iran. 2011, 18, 458-464. [CrossRef]

Brencio, C.; Gough, R.; de Leeuw den Bouter, A.; Arratibel, A.; Di Felice, L.; Gallucci, F. Kinetic Model for Pd-Based Membranes
Coking/Deactivation in Propane Dehydrogenation Processes. Chem. Eng. |. 2023, 452, 139125. [CrossRef]

Brencio, C.; Fontein, EW.A.; Medrano, J.A.; Felice, L.; Di Arratibel, A.; Gallucci, F. Pd-Based Membranes Performance under
Hydrocarbon Exposure for Propane Dehydrogenation Processes: Experimental and Modeling. Int. J. Hydrog. Energy 2021, 47,
11369-11384. [CrossRef]

Arratibel, A.; Pacheco, A.; Laso, 1; Sint, M. Van Development of Pd-Based Double-Skinned Membranes for Hydrogen Production
in Fl Uidized Bed Membrane Reactors. J. Memb. Sci. 2018, 550, 536-544. [CrossRef]

Arratibel, A.; Medrano, J.A.; Melendez, J.; Pacheco Tanaka, D.A.; van Sint Annaland, M.; Gallucci, F. Attrition-Resistant
Membranes for Fluidized-Bed Membrane Reactors: Double-Skin Membranes. . Memb. Sci. 2018, 563, 419-426. [CrossRef]
Bariés, O.A.; Holmen, A.; Blekkan, E.A. Propane Dehydrogenation over Supported Pt and Pt-Sn Catalysts: Catalyst Preparation,
Characterization, and Activity Measurements. . Catal. 1996, 158, 1-12. [CrossRef]

Helmi, A.; Fernandez, E.; Melendez, J.; Tanaka, D.A.P,; Gallucci, F.; Van Sint Annaland, M. Fluidized Bed Membrane Reactors for
Ultra Pure H2 Production—A Step Forward towards Commercialization. Molecules 2016, 21, 376. [CrossRef]

Fernandez, E.; Helmi, A.; Coenen, K.; Melendez, J.; Viviente, ].L.; Pacheco Tanaka, D.A.; Van Sint Annaland, M.; Gallucci, F.
Development of Thin Pd-Ag Supported Membranes for Fluidized Bed Membrane Reactors Including WGS Related Gases. Int. J.
Hydrog. Energy 2015, 40, 3506-3519. [CrossRef]

Okazaki, J.; Ikeda, T.; Pacheco Tanaka, D.A.; Llosa Tanco, M.A.; Wakui, Y.; Sato, K.; Mizukami, F.; Suzuki, TM. Importance of the
Support Material in Thin Palladium Composite Membranes for Steady Hydrogen Permeation at Elevated Temperatures. Phys.
Chem. Chem. Phys. 2009, 11, 8632-8638. [CrossRef]

Lobera, M.P; Téllez, C.; Herguido, J.; Menéndez, M. Propane Dehydrogenation over Pt-Sn-K/vy-Al,O3 Catalyst in a Two-Zone
Fluidized Bed Reactor. Ind. Eng. Chem. Res. 2008, 47, 9314-9320. [CrossRef]

Nawaz, Z; Chu, Y.; Yang, W.; Tang, X.; Wang, Y.; Wei, F. Study of Propane Dehydrogenation to Propylene in an Integrated
Fluidized Bed Reactor Using Pt-Sn/Al-SAPO-34 Novel Catalyst. Ind. Eng. Chem. Res. 2010, 49, 4614-4619. [CrossRef]

Song, C.; Wang, J.; Wang, S.; Wen, J. Experimental and Theoretical Study of the Impact of Operating Conditions on Catalytic
Propane Dehydrogenation in a Fluidized Bed Reactor. Ind. Eng. Chem. Res. 2022, 61, 12434-12447. [CrossRef]

Medrano, J.A.; Julian, I.; Herguido, J.; Menéndez, M. Pd-Ag Membrane Coupled to a Two-Zone Fluidized Bed Reactor (TZFBR)
for Propane Dehydrogenation on a Pt-Sn/MgA1204 Catalyst. Membranes 2013, 3, 69-86. [CrossRef] [PubMed]

Lippens, B.C.; Mulder, J. Prediction of the Minimum Fluidization Velocity. Powder Technol. 1993, 75, 67-78. [CrossRef]
Broadhurst, T.E.; Becker, H.A. Onset of Fluidization and Slugging in Beds of Uniform Particles. AICKE ]. 1975, 21, 238-247.
[CrossRef]

Mori, S.; Wen, C.Y. Estimation of Bubble Diameter in Gaseous Fluidized Beds. AICKE J. 1975, 21, 109-115. [CrossRef]

Medrano, J.A.; Tasdemir, M.; Gallucci, F; van Sint Annaland, M. On the Internal Solids Circulation Rates in Freely-Bubbling
Gas-Solid Fluidized Beds. Chem. Eng. Sci. 2017, 172, 395-406. [CrossRef]

He, S.; Sun, C.; Bai, Z.; Dai, X.; Wang, B. Dehydrogenation of Long Chain Paraffins over Supported Pt-Sn-K/Al,O3 Catalysts: A
Study of the Alumina Support Effect. Appl. Catal. A Gen. 2009, 356, 88-98. [CrossRef]


http://doi.org/10.1016/j.applthermaleng.2021.116952
http://doi.org/10.1002/aic.11967
http://doi.org/10.1016/j.apenergy.2018.01.087
http://doi.org/10.1016/j.apcata.2011.01.039
http://doi.org/10.1016/S2095-4956(13)60096-0
http://doi.org/10.1016/j.cherd.2011.11.004
http://doi.org/10.1016/j.scient.2011.05.009
http://doi.org/10.1016/j.cej.2022.139125
http://doi.org/10.1016/j.ijhydene.2021.09.252
http://doi.org/10.1016/j.memsci.2017.10.064
http://doi.org/10.1016/j.memsci.2018.06.012
http://doi.org/10.1006/jcat.1996.0001
http://doi.org/10.3390/molecules21030376
http://doi.org/10.1016/j.ijhydene.2014.08.074
http://doi.org/10.1039/b909401f
http://doi.org/10.1021/ie800848c
http://doi.org/10.1021/ie902043w
http://doi.org/10.1021/acs.iecr.2c01729
http://doi.org/10.3390/membranes3020069
http://www.ncbi.nlm.nih.gov/pubmed/24958620
http://doi.org/10.1016/0032-5910(93)80026-7
http://doi.org/10.1002/aic.690210204
http://doi.org/10.1002/aic.690210114
http://doi.org/10.1016/j.ces.2017.06.046
http://doi.org/10.1016/j.apcata.2008.12.024

	Introduction 
	Phenomenological Fluidized Bed (Membrane) Reactor Model Description 
	Materials and Methods 
	Fluidized Bed (Membrane) Reactor Setup 
	H2-Selective Membrane 
	Catalyst 

	Results and Discussion 
	H2-Selective Membrane Characterization 
	Preliminary Simulation Study to Identify Optimum Operative Conditions 
	Conventional Fluidized Bed Reactor 
	Fluidized Bed Membrane Reactor 
	Membrane Stability Tests 
	Reaction Tests 

	FBR vs. FBMR and Model Validation 

	Conclusions 
	Appendix A
	Reaction Rate Laws and Kinetic Parameters 
	Physicochemical Properties of the PtSnK-Al2O3 Catalyst 
	Blank Tests 
	Catalyst Stability Tests 

	References

