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A B S T R A C T   

This work aims at providing insight into the deactivation mechanism of Pd-based membranes in propane 
dehydrogenation processes. Thermogravimetric analysis (TGA) experiments were conducted to study the 
adsorption and coking of propylene over conventional thin layer (TL) and double-skinned (DS) Pd-based 
membranes under several operating conditions. A mechanistic monolayer-multilayer coke growth model was 
selected to mathematically describe the membrane coking observed during TGA experiments. In addition, the 
reaction rate of coke formation and its influence on membranes deactivation has been studied. The deactivation 
model able to describe the hydrogen flux decay over time suggests that monolayer coke is the main responsible 
for the membrane deactivation. Multilayer coke also causes deactivation but with a smaller order than mono
layer coke, for both the TL and the DS membranes. Among the two membrane types, DS membrane deactivates 
faster, i.e. with a higher order than the TL membrane, which is equal to 1.55 for the former and 0.51 for the 
latter. This is related to the higher number of active sites available in the controlling step of the deactivation 
reaction, which are most probably given by the addition of the ceramic Al2O3 protective layer. XPS spectra 
further confirms that, in the presence of Pd, Al2O3 sites contribute to carbon formation by evidencing a different 
nature of carbon formed on the two membranes. Finally, the experimental results of hydrogen permeation over 
time conducted on different membranes types and operative conditions confirmed the validity of the derived and 
parametrized kinetic models for coke formation and membrane deactivation. The experimental findings and the 
kinetic model derived in this work provide essential tools for the design and optimization of membrane reactors 
for dehydrogenation processes.   

1. Introduction 

Palladium-based membrane technology has gained significant 
attention for its application in dehydrogenation processes [1–4]. 
Combining the catalytic activity of Pd atoms with theoretically infinite 
hydrogen perm-selectivity, Pd and Pd alloy membranes are commonly 
used for ultra-pure hydrogen production and to increase the yield of 
equilibrium limited reactions with the removal of H2 from reaction 
mixtures [5–8]. The dehydrogenation (DH) processes, which main 
drawbacks are due to the endothermic-equilibrium limited main dehy
drogenation reactions, have the potential to become more energy 

efficient and economically attractive when the membrane reactor 
technology with integrated Pd-based membranes is used. The contin
uous removal of hydrogen from the reaction ambient by membrane 
separation increases the DH conversion at a given temperature. This in 
turn would allow for a lower operating temperature keeping the same 
conversion/yield, which consequently reduces the downstream separa
tion efforts. The lower operating temperature will help mitigating 
another drawback of DH processes, which is the high rate of coke for
mation on the catalyst occurring at high temperatures. The use of the H2- 
selective membrane inside the reactor would not only improve the yield 
of the main dehydrogenation reaction, but it would also improve the 
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efficiency of the downstream separation section. This would result in 
bigger advantages than simply using the H2-selective membranes in the 
downstream separation section. For this reason, numerous research ac
tivities in the field of process intensification are related to membrane 
reactors [9]. Didenko et al. [10] carried out an experimental work on the 
dehydrogenation of propane in a combined membrane reactor. In their 
work, they have demonstrated, at 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 equi
librium value, under optimized operating conditions. Ricca et al. [11] 
investigated a novel process scheme for the production of propylene via 
propane dehydrogenation, where the dehydrogenation reaction unit is 
integrated with a Pd-based membrane for the recovery of hydrogen. The 
results show that the presence of the membrane assured an increasing 
propane conversion along the system, allowing values above thermo
dynamic conversion of a traditional unit without membranes. Such so
lution enables for a better stability of the catalyst, and accordingly a 
prolonged operation time without need for catalyst regeneration. 
Another interesting work that investigates the use of the membrane 
reactor technology for dehydrogenation processes is presented by He 
et al. [12]. In this work, the authors performed a thermodynamic 
analysis of a novel solar driven propane dehydrogenation system with a 
membrane reactor. The results shown that compared to the performance 
of a traditional reactor (without membranes), an H2 permeate pressure 
of 5–10 bar increases the conversion rate of C3H8 from 4.1 % to 99.12 % 
and the selectivity of C3H6 from 93.1 % to 99.1 % at 400 ◦C. Thus, the 
membrane reactor has the potential to significantly increase the dehy
drogenation reaction yield at lower temperatures via H2 separation 
utilization. In comparison with other common hydrogen separation 
methods (i.e. pressure swing adsorption, solvent adsorption, cryogenic 
techniques), membrane separation technologies possess economic ben
efits by reducing operational costs, decreasing energy consumption and 
minimize the amount of unit operations [13]. When looking into 
membranes that can be used for hydrogen separation, dense membranes 
show higher selectivity towards hydrogen than porous ones. The selec
tivity towards hydrogen in porous membranes actually increases when 
the hydrogen flux is relatively low, which is of course not desired for 
industrial scale situations [14]. For the same reason, dense metallic 
membranes are preferred compared to dense ceramic and polymeric 
membranes for the purpose of high-purity hydrogen separation. To 
selectively separate hydrogen with a dense membrane, a metal surface is 
needed to have both a potential energy surface strong enough to 
dissociate hydrogen and the ability to dissolve hydrogen. A number of 
metallic elements in group 10 (i.e. nickel, palladium and platinum) have 
been proven to have the ability to dissociate and dissolve hydrogen, as 
do some metals in groups 3–5. However, only palladium has shown an 
exceptional solubility of hydrogen in the bulk metal (Pd can reversibly 
absorb up to 935 times its own volume of hydrogen), resulting in a su
perior ability to transport hydrogen [13]. 

However, the application of Pd-based membranes in dehydrogena
tion processes is limited by the presence of short chain hydrocarbons and 
carbon side-products, which may negatively affect the hydrogen flux 
stability through the membrane over time. Carbon-based components 
tend to adsorb on the membrane surface and subsequently dissociate, 
leading to membrane coking (carbonaceous deposits on the surface), 
which inhibits the hydrogen adsorption and dissociation, thus reducing 
its flux [15–19]. Several authors have recently studied the permeance 
inhibition of conventional Pd-alloyed membranes in the presence of 
light hydrocarbon mixtures. Montesinos et al. [15] analyzed the effects 
of the composition of propane/propylene mixtures on the hydrogen 
permeation through commercially available dense Pd-Ag membranes 
supported on porous stainless steel. The experimental results reported in 
this work reveal that propylene leads to a significant transient decrease 
in H2 permeation due to its decomposition. Carbon deposits cover the 
Pd/Ag membrane layer, leading to membrane deactivation. Haw Jung 
et al. [20] investigated the hydrogen permeation through a palladium 

disk membrane (5 mm in diameter and 50μ m in thickness) in the 
presence of steam, methane, propane and propylene. Results shown that 
methane and propane have only a negligible effect on hydrogen per
meance, but propylene strongly decreases hydrogen permeance espe
cially at higher temperatures. Peters et al. [21] tested the hydrogen flux 
through conventional unsupported thin Pd-Ag and Pd-Cu alloy films, 
applying representative propane dehydrogenation gaseous feed mix
tures under different operating conditions. The experimental results 
confirmed that coke formation is very likely under the operating con
ditions required for an integrated catalyst and membrane system, i.e., 
temperatures of 450–500 ̊C and low hydrogen to propene ratios. Carbon 
formation is inevitable during dehydrogenation processes, leading to the 
inhibition of the activity of both the catalyst particles and the mem
branes with similar deactivation rates. The large rate of coke formation 
during dehydrogenation processes limits continuous operation in an 
integrated membrane reactor. However, the use of H2-selective mem
branes integrated in the reaction unit can mitigate this phenomenon, 
lowering the operating temperature and thus the rate of carbon forma
tion. Since the membrane coking has been demonstrated to be reversible 
through regeneration with diluted oxygen, the membrane reactor 
technology can be successfully used to improve the performance of 
dehydrogenation processes.. A kinetic model able to describe accurately 
the behavior of the membrane reactor system under a variety of oper
ating conditions could help in the design and optimization of the most 
suitable reactor configuration. Although the dehydrogenation reaction 
has been widely studied, most of the works only focus on the deactiva
tion of the catalysts produced by coke formation, with lack of infor
mation regarding the deactivation of the Pd-based membrane modules. 

The aim of this work is to provide insight into the deactivation 
mechanism of Pd-based membranes under propane dehydrogenation 
process applications. We present a mechanistic kinetic model for the 
coke formation and its influence on the deactivation of Pd-based 
membranes, which is key for further improvement of these mem
branes’ formulation, as well as an essential tool for reactor and process 
design. First, thermogravimetric analysis (TGA) experiments were con
ducted to study the adsorption and coking behaviour of propylene over 
Pd-based membranes under several operating conditions. The deacti
vated membranes were characterized using X-ray photoelectron spec
troscopy (XPS) analysis, to study the nature of the deposited 
carbonaceous species. Then, the reaction rate of coke formation has 
been derived to mathematically describe the membrane coking observed 
during TGA experiments. Finally, the influence of the coke formation 
reaction rate on the membrane deactivation and hydrogen flux reduc
tion has been studied. The detail model of the carbon formation rate on 
membranes paves the way for a more realistic transient reactor model 
for the design of the dynamic membrane assisted propane 
dehydrogenation. 

2. Materials and methods 

2.1. Pd-based membranes 

In this work, the adsorption behavior of propylene has been inves
tigated on the top selective layer of two different Pd-alloyed membrane 
types. The membranes are prepared by the co-deposition of the selective 
Pd-Ag membrane on a porous tubular substrate made of Al2O3, using the 
electroless plating technique, following the procedure described in 
detail in the work of Arratibel et al. [22]. The resulting membranes are 
denoted as conventional Pd-Ag membranes. Furthermore, an additional 
mesoporous layer made of YSZ/γ-Al2O3 has been deposited on top of the 
Pd-Ag layer by a vacuum-assisted dip coating technique [23]. This leads 
to a different membrane type, denoted as double-skinned Pd-Ag 
membrane. 

TGA samples were prepared by detaching the top selective layer from 
the porous support. This was done by cutting the membrane layer(s) 
along the direction of the tube with a diamond cutting wheel and peeling 
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off the layer from the porous support. The protective layer of the double- 
skinned configuration has been analyzed separately, to gain more 
insight on its specific contribution on carbon deposition and ultimately 
on the performance differences between the two membranes. This 
sample was tested in powder form. To obtain the powder representative 
of the protective layer, the corresponding YSZ/γ-Al2O3 sol mixture, 
characterized by a total concentration of ceramic equal to 1.5 wt% with 
a mass ratio of 50 wt% YSZ and 50 wt% boehmite and prepared ac
cording to the procedure reported by Arratibel at al. [24], was firstly 
dried and then calcinated at 550 ̊C with a heating rate of 1 ̊C/min, for 3 h 
in air. The main specifics of the different samples analyzed in this work 
are summarized in Table 1. 

2.2. Thermogravimetric system 

Coke formation experiments were performed in a thermogravimetric 
system (TGA), schematically represented in Fig. 1. The system uses a 
microbalance, model MK2-5 M from CI-Precision, with a sensitivity of 
0.1 µg and a maximum capacity of 5 g and +/- 500 mg operating range. 
The balance head is kept at constant temperature, and it is continuously 
purged with a constant N2 flow (0.5 lSTP/min) to prevent reactive gas 
mixtures entering the balance. The balance is attached to a porous 
basket (0.5 cm d × 1.5 cm l), made of Al2O3, with a loading capacity 
between 20 and 50 mg. The basket is positioned inside the reactor, 
consisting of a ceramic tube of 15 mm in diameter. The reactor is in turn 
placed inside a SS shell, surrounded by an electrically heated oven to 
maintain isothermal conditions. The reactor temperature is controlled 
using a thermocouple positioned close to the sample to ensure stable 
conditions. The process gases are regulated by Bronkhorst mass flow 
controllers and fed from the bottom of the TGA system. 

The experiments were conducted with a total feed flow rate of 0.5 
lSTP/min, at atmospheric pressure and varying the temperature from 355 
to 450 ̊C (at these conditions absence of mass transfer limitations have 
been assessed with separate experiments). The following procedure has 
been adopted to perform carbon formation experiments: first, the sam
ple is heated up under a N2 flow; once the operating temperature is 
reached, it is exposed to a pure propylene feed and the resulting weight 
increase is ascribed to carbon deposition. At the end of the experiment 
the empty basket was exposed to air at high temperatures of 800 ̊C for 2 
h, to clear it from possible carbon traces present on its surface. As a blank 
test, each experiment was firstly performed on the empty basket, 
following the same procedure reported above. This is done to remove 
the buoyancy forces of the feeding gases and to eliminate the effect of 
carbon deposition on the basket and wire, if any. Weight measurements, 
collected every 5 s, have been analyzed to retrieve the carbon content 

per unit of sample measured, according to the following expressions: 

ΔW = W(t) − W
(
tf, cycle 2

)
(1)  

Carbon content =
ΔWsample − ΔWempty basket

Wsample

[
mgcarbon

mgsample

]

(2) 

To fit the coke formation kinetic expression, the TGA results have 
been expressed per unit of surface area of membrane tested, in cm2 

(reported in Table 1). This is done to represent in a more realistic way 
the mechanism of carbon formation that occurs on the surface area of 
the membrane selective layer. The total amount of coke that can form on 
a membrane is only related to the surface area which is exposed to the 
coke precursor, regardless of the membrane selective layer thickness and 
thus the amount present (expressed in weight). 

To assess the absence of mass transfer limitations under the selected 
operating conditions, a series of experiments were conducted varying 
the sample mass, from 48 mg to 21 mg, and the total feed flow rate, from 
0.5 to 4 lSTP/min. The results obtained for this set of experiments are 
reported in Appendix A1. 

2.3. XPS measurements 

Conventional ultrahigh vacuum XPS was performed using a K-Alpha 
XPS spectrometer, supplied by Thermo Scientific. The samples were 
placed on a double-sided carbon tape, and then transferred into the 
analysis chamber of the XPS machine at room temperature. The chamber 
was evacuated with two 260 L/s turbo molecular pumps to reach ultra- 
vacuum (base pressure kept in low 10–8 mbar range). Spectra were 
collected using monochromatic Al K alpha X-rays at 1486.568 eV, 
running at 72 W and a spot size of 400μ m. The spectra were acquired 
using the flood-gun source to account for surface charging. All the 
spectra were then analyzed using the CasaXPS software. Before analysis 
of the data, the binding energy data was referenced to the C 1 s line 
(284.8 eV) for charge correction. The spectra were deconvoluted using a 
symmetric pseudo-Voigt function, referred to as GL(30) and GL(10) in 
CasaXPS software, after subtracting the Shirley background. 

2.4. Fitting procedure and model discrimination 

The fitting procedure was performed with MATLAB® R2019b. The 
kinetic parameters were determined via the lsqnonlin optimization 
procedure, based on the well-known Levenberg-Marquardt algorithm 
[25]. Given a set m of observations of the form (xi, yi), this algorithm 
determines the vector of parameters β̂ for the model f(xi, β) which 
minimizes the residual sum of squares RSS(β) as follow: 

Table 1 
Specifics of the different samples studied in this work.  

Sample Sample 
ID 

Composition 
[wt%] 

Type Sample 
weight 
TGA 
[mg] 

Sample 
surface 
area 
TGA 
[cm2] 

Protective 
layer 

PL 50 YSZ-50 
Al2O3 

Powder 46  – 

Conventional 
thin 
selective 
layer 

TL  96.6 Pd-4.23 
Ag * 

Layer 44  3.25 

Double- 
skinned 
protective & 
selective 
layer 

DS 50 YSZ-50 
Al2O3 

93.3 Pd-Ag 6.7 
* 

Layer 44  3.25  

* The composition of the selective layer was determined by measuring the 
concentration of both metals in the plating bath before and after deposition of 
the layer, using an ICP-OES technique. 

Fig. 1. Schematic representation of the TGA setup. FC indicates mass flow 
controllers, TI and TC represent thermocouples and controllers, respectively. PT 
indicates pressure transducers. M indicates the microbalance. WT indicates the 
weight transmitter. 
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RSS(β) = argminβ

∑m

i− 1
[yi − f(xi, β) ]2 (3) 

The same fitting routine has been used firstly to fit thermogravi
metric experiments to different coke formation models; then, the best 
kinetic model obtained was used to calculate the effect of coke formation 
on the membrane deactivation. This is done by fitting the experimental 
hydrogen flux, obtained during permeation tests performed in a previ
ous work by the same authors, to the hydrogen flux expression corrected 
by different expressions for the membrane activity-coke relationship. To 
determine the optimum parameters for the transient coke formation 
model, the algorithm minimizes the sum of squares of the difference 
between the concentrations of coke determined over time experimen
tally and via the model prediction, respectively, expressed per unit of 
sample tested in mgcoke/cm2

sample. The optimized parameters of the 
membrane deactivation model are then obtained by minimizing the sum 
of squares of the difference between the flux of hydrogen determined 
over time experimentally and via the model prediction, respectively, 
expressed in mol/s/m2. 

The selected lsqnonlin algorithm requires an initial guess for the 
fitting parameters and most importantly, lower (LB) and upper (UB) 
boundaries, to keep the fitted parameters in a reasonable range. The 
lsqnonlin algorithm requires a good initial guess for the fitting parame
ters to converge to a reasonable fit. To avoid the strong dependence of 
this fitting routine from the initial guess, the MultiStart build-in function 
of MATLAB is used [26]. This function runs the lsqnonlin optimization 
procedure 20 times with a tolerance set equal to 10− 6, starting every 
time from a different vector of initial guesses automatically selected 
among the lower and upper boundaries. The final solution identified by 
the MultiStart function corresponds to the initial guess for which the 
optimization algorithm gives the best solution, which minimized the 
residual sum of squares RSS. To further increase the robustness of the 
optimized parameters, an additional routine is implemented to run the 
optimization algorithm in a loop, with a lower tolerance (equal to 10− 10) 
and using the newly obtained results as initial guess, until the squared 
norm of the residual of the last iteration is equal to the one of the pre
vious iteration. 

To find the most reasonable model among those proposed in this 
work, different indicators describing the goodness of the fit have been 
considered. The first indicator is represented by the outcome of the 
fitting routine used, which is the sum of square residuals corresponding 
to the differences between the experimental and calculated values (Eq. 
(3)). An additional indicator used in this work is the Akaike Information 
Criterion (AIC) [27]. This indicator can be used for least squares pa
rameters estimation, according to literature [28,29]. The AIC indicator 
considers both the number of parameters p each model has to fit and the 
residual sum of squares (RSS), according to the following formula: 

AIC = 2p − 2ln(L) (4) 

where p is the number of parameters of the tested model and ln(L) is 
the numerical value of the log-likelihood at its maximum point. This 
value can be calculated in the case of a nonlinear fit with normally 
distributed errors, using the residuals from the nonlinear least-squares 
fit RSSopt and their number n as reported below: 

ln(L) = 0.5( − n(ln(2π) + 1 − ln(n) + ln
∑n

i=1
RSSopt

))

(5) 

AIC includes the number of model parameters and therefore it avoids 
over-parametrization, penalizing models with a higher number of pa
rameters to be fitted. This indicator is calculated for each model 
considered and the model with the lowest absolute value of AIC is 
chosen as the best. To make the comparison easier to interpret, the so 
called Akaike weight of model i is calculated as follows [30]: 

wi(AIC) =
e− 0.5 Δi(AIC)

∑K
k=1e− 0.5 Δk(AIC)

(6)  

where Δi(AIC) describes the difference between model i and the model 
with the lowest AIC value, while K represents the overall number of the 
models compared. The sum of all the wi gives 1. This indicator indicates 
the weight of evidence of the model to describe the underling mecha
nism among the set of models analysed. 

Finally, the 95 % confidence intervals were determined to evaluate 
the quality of the fit. Two different methods are used to calculate the 
confidence intervals. For the best parameters of the coke formation 
model, the bootstrapping algorithm is used [31,32]. The confidence 
intervals for the best parameters of the deactivation model are deter
mined using the nlparci function in MATLAB. 

2.5. Kinetic expressions for coke formation and deactivation models 

In this work, well known kinetic models reported in literature for the 
catalysts used in dehydrogenation applications have been reviewed and 
used as basis for the carbon formation on the membrane surface. This is 
because the membrane H2-selective material (Pd) acts as a catalyst for 
the hydrogen splitting, while the protective layer material in the DS 
(Al2O3) is also known to be active in coke formation and thus can be 
treated as a catalyst. 

The coke formation models considered in this work are all based on 
the Monolayer-Multilayer Coke Growth Model (MMCGM) [33,34]. Ac
cording to this model, it is possible to distinguish two different contri
butions of coke formed on the catalyst surface, known as monolayer 
(Cm) and multilayer (CM) coke respectively, where C indicates the 
concentration of monolayer/multilayer coke expressed in mgcoke/ 
mgsample. This model considers coking to start directly on the active sites 
present on the surface of the catalyst to form the monolayer coke. 
Subsequent coking can either form on the new active sites or on the 
primary layer to form the secondary layer, known as multilayer coke, 
leading to a simultaneous deposition of layers. Both types of coke will 
cause the filling of active metal sites for PDH leading to deactivation and 
their relative concentrations depend on the reactions leading to their 
formation [35]. The total amount of coke formed over time (t) is given 
by the sum of the two contributions, as expressed in Eq. (4) and (5): 

C = Cm +CM

[
mgcoke

mgsample

]

(7)  

rC =
dCc

dt
=

dCm

dt
+

dCM

dt

[
mgcoke

mgsamplemin

]

(8) 

According to the MMCGM, the formation of monolayer coke includes 
the adsorption of the reactant/product on the catalyst surface, the for
mation of the coke precursor and the consequent coke formation. The 
rate of monolayer coke formation is proportional to the fraction of active 
sites available on the catalyst surface, and it is calculated from Equation 
(6). 

rCm =
dCm

dt
= k1c(Cmax − Cm)

h

[
mgcoke

mgsamplemin

]

(9)  

Where k1c is the kinetic constant of the monolayer-type coke formation, 
Cmax is the maximum coke concentration in the monolayer, expressed in 
mgcoke/mgsample, and h describes the reaction order of the monolayer 
coke growth. The order h is representative of the number of sites 
involved in monolayer coke formation step. A value of h equal to 1 in
dicates that the coke formation step involves only one active site. When 
h = 2, then it means that the monolayer coke formation step involves 
two sites on the active catalyst surface [33,36,37]. 

The rate of formation of multilayer coke can be described by Eq. (7). 
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rCM =
dCM

dt
= k2cCn

m

[
mgcoke

mgsamplemin

]

(10)  

Where k2c is the kinetic constant of the multilayer coke growth and n 
describes the reaction order of the multilayer coke growth. The multi
layer coke grows on top of the previously existing coke and thus it is 
proportional to the fraction of sites covered on the monolayer, with a 
kinetic order of formation equal to n. A value of n equal to 0 is repre
sentative of a constant activity of the multilayer coke [33,36,37]. A 
value of n equal to zero predicts a constant activity of the multilayer 
coke, meaning that monolayer coke does not necessarily need to reach 
the equilibrium (Cm = Cmax) to ensure that multilayer coke formation 
starts [38]. 

The kinetic constants of the monolayer and the multilayer coke 
growth k1c and k2c aredescribed by the Arrhenius Equation (Eq. (8)), as 
follow: 

kic = kic,0exp
(

Eia

R

(
1
T
−

1
T0

))

with i = 1, 2 (11)  

where kic,0 is the preexponential factor, Eia is the activation energy in J/ 
mol, R is the universal gas constant in J/(mol K), T is the temperature 
and T0 is the reference temperature, expressed in Kelvin. The reference 
temperature is calculated as an average of the three experimental tem
peratures investigated and it is equal to 405 ̊C. 

Depending on the values of the reaction orders of the monolayer and 
the multilayer coke growth, it is possible to mathematically derive 
different expressions of the MMCGM. Table 2 summarizes different in
tegrated forms of the MMCGM known from literature and tested in this 
work (C1 to C5). Beside the expressions already reported in literature, an 
additional approach which assumes that the total coke formation cor
responds only to the monolayer coke growth contribution is here pro
posed (C6). 

To link the membrane deactivation trends, observed over time dur
ing hydrogen-propylene permeation tests, with the coke content on the 
membrane, different models able to describe the transient deactivation 
term a are considered. The deactivation term is combined with the 
hydrogen flux expression through Pd-based membranes, according to 
the following equation: 

JH2 (t) = a JH2 , 1D (18)  

where JH2 , 1D is the hydrogen flux through Pd-based membranes 
described by a one-dimensional steady state model, expressed in mol/(s 
m2). This term accounts for concentration polarization and other mass 
transfer limitations in the retentate side of the membrane and does not 
account for coke formation and deactivation. This model has been pre
sented in another work by the same authors [41]. By multiplying the 
steady state hydrogen flux expression JH2 , 1D with the dimensionless 
transient deactivation term a, it will be possible to describe the hydrogen 

flux decay over time JH2 (t) representative of the membrane deactivation 
trend. The models able to describe the transient deactivation term a have 
been already proposed in literature to correlate the activity a with coke 
content in catalysts. The coke-activity relationship is generally 
expressed by potential (Eq. (16)-(17)) or exponential (Eq. (18)) equation 
forms. Table 3 summarizes different expressions for the activity-coke 
relationship known from literature [33,34] and considered in this 
work (D1 to D5). In those expressions, the parameters α1 and α2 are 
proportionality factors which indicate the contribution that the mono
layer and multilayer coke have towards deactivation. The deactivation 
order m is related to the relationship between the coke formation and the 
deactivation trend [40]. In the case of membrane deactivation, a higher 
deactivation order means that the drop in H2 flux is more severe upon 
coke formation. Typical values of m reported in literature for dehydro
genation catalysts range between 1 and 2. When m = 1, the activity 
would decrease linearly with coke coverage, while if m = 2, a straight 
line would be derived from the plot of the square root of the activity 
versus coke content [38]. Among all the proposed deactivation models, 
D1 considers that catalyst activity depends on active sites in the catalyst 
surface and thus its deactivation is only due to the coke formed in the 
monolayer. Models D2 and D3 link the deactivation of the catalyst to 
both the coke formed in the monolayer and in the multilayer. Models D4 
and D5 assume as well that multilayer coke also deactivates the catalyst, 
but this coke is considered to have additional catalytic activity. This 
leads the catalyst to have a residual activity even after its surface has 
been covered by coke [39]. This explains the plus term present in the 
right side of equations Eq. (19) and (20). Among all the deactivation 
models listed in Table 3, we decided not to test models D4 and D5, where 
the catalyst is assumed to have a residual activity even after the surface 
has been covered by coke. This observation is not suitable for Pd-based 
membranes, since hydrogen permeation through them follows seven 
elementary steps reported below [42,43]:  

a. Diffusion of molecular hydrogen to the surface of the membrane  
b. Adsorption and decomposition in atoms on the Pd-allow surface 

Table 2 
Integrated forms of the monolayer-multilayer coke growth model (Eq. (5)-(7)) for different reaction orders.  

Model ID h n Model Equation Eq. Ref 

C1 1 1 
Cc = Cmax

[k1c − k2C

k1c

]

+k2cCmax t 
(12) 

[38–40] 

C2 2 0 
Cc = C2

max

[ k1ct
1 + Cmaxk1ct

]

+ k2ct 
(13) 

[38–40] 

C3 2 1 
Cc = C2

max

[ k1ct
1 + Cmaxk1ct

]

−
k2c

k1c
ln[1+k1ctCmaxt] + k2cCmaxt 

(14) 
[38–40] 

C4 1 0 Cc = Cmax(1 − e− k1c t)+k1c t (15) 
[28] 

C5* h 0 
Cc = Cmax −

(
(h − 1)k1ct + C1− h

max
)

1
1 − h + k2ct 

(16) 
[28] 

C6* h – 
Cc = Cmax −

(
(h − 1)k1ct + C1− h

max
)

1
1 − h 

(17) –  

* h is treated as an additional free parameter during the fitting routine. 

Table 3 
Expression for the membrane activity-coke relationship.  

Model ID m Model Equation Eq. Ref 

D1 2 a = (1 − γ1Cm)
m (20) 

[39] 
D2* m a = (1 − γ1Cm − γ2CM)

m (21) 
[40] 

D3 – a = exp( − γ1Cm − γ2CM) (22) 
[40] 

D4 – 
a = (1 − γ1Cm) +γ2

( Cm

Cm + CM

)
(23) 

[39] 

D5 – a = (1 − γ1Cm) +γ2Cme− γ3 (CM/Cm ) (24) 
[39]  

* m is treated as an additional free parameter during the fitting routine. 
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c. Atomic hydrogen transition from Pd-alloy surface to Pd-alloy bulk  
d. Diffusion in the Pd-alloy bulk  
e. Atomic hydrogen transition from Pd-alloy bulk to Pd-alloy surface  
f. Recombination of hydrogen atomic and desorption on the Pd-alloy 

surface  
g. Diffusion of molecular hydrogen from the surface of the membrane 

According to this mechanism, hydrogen needs firstly to adsorb on the 
Pd-surface to permeate though Pd-based membranes. Thus, once the Pd- 
alloy surface is completely covered by coke, there are no more active 
sites for the hydrogen to adsorb and then permeate and the membrane 
cannot have a residual activity for hydrogen permeation. This is also 
confirmed by experimental results of hydrogen permeation under pro
pylene exposure. The hydrogen flux through the Pd-based membranes 
has a continuous decreasing trend over time. Based on those consider
ations, only models D1 to D3 (reported in Table 3) have been tested in 
this work to find the best relationship between coke formation and 
membrane deactivation. 

3. Results 

3.1. Coke formation on Pd-based membranes 

Thermogravimetric analysis (TGA) experiments were conducted to 
study the coking behavior of Pd-based membranes as function of time. 
According to the results obtained by the same authors during perme
ation tests on Pd-based membranes under both propane and propylene 
mixtures, propylene is identified to be the main coke precursor. The 
experimental results show stable performance of Pd-based membranes 
under propane exposure; the paraffins adsorb on the membranes sur
faces with no further decomposition to carbon species and the mem
brane can restore immediately the initial hydrogen flux as soon as the 
alkane is removed from the mixture [41]. Therefore, TGA experiments 
were performed to study the adsorption behavior of propylene over Pd- 
based membranes, with temperatures between 355 ̊C and 450 ̊C, at at
mospheric pressure. Fig. 2(a) and 2(b) illustrate the coking behavior as 
function of time at different operating temperatures, for the conven
tional thin selective layer (TL) and the double-skinned top layer (DS) 
samples respectively. 

For the two different samples tested, it is possible to make some 
common considerations on the carbon formation behavior. The trend of 
carbon concentration over time follows two main stages. Firstly, carbon 
formation is characterized by a sharp increase (sharp zone) within the 
first 10 min. Then, it follows a more moderate linear increase (linear 
zone) during the rest of exposure to propylene. The difference between 
the two zones is more evident at higher operating temperatures. Similar 
results have been already observed for dehydrogenation catalysts by 
Gascon et al., Pena et al. [38], Lobera et al. [39] and van Sint Annaland 
et al. [44]. The presence of two zones with different trends for the coke 

concentration over time would suggest that coke deposition itself causes 
the deactivation of the coking reaction rate, being faster in the sharp 
zone and slower in the second linear zone, where a residual coking ac
tivity remains. As expected, larger carbon formation is observed at 
higher operating temperatures. This observation is in line with the more 
severe deactivation trend of hydrogen flux registered during permeation 
tests as the operating temperature is increased [17,21,41]. From here, it 
is possible to conclude that the rate of coking increases with tempera
ture. Comparing the coking behavior of the conventional and the 
double-skinned membranes, it is evident that the coke concentration of 
the DS sample is always higher than that in the TL sample. This differ
ence is even more pronounced for higher operating temperatures. The 
two samples differ due to the presence of the additional mesoporous 
ceramic protective layer on top of the selective one, in the case of the DS 
sample. 

TGA experiments were conducted on the raw protective layer (PL) 
sample in powder form. As shown in Fig. 3, coke formation is detected 
on the PL sample, which is expected due to the well-known activity of 
Al2O3 acid sites [45]. The higher coke concentration on PL compared to 
the TL and DS samples is believed to be related to the higher surface area 
offered by its powder form – while the TL and the DS samples have been 
tested under the form of layers. Further analysis of the DS sample was 
done to analyze the contribution of the protective layer on the overall 
coke formation. Knowing the total weight of DS sample tested, the 
thickness of the protective layer from fabrication specifics, and the total 
density and volume of the protective layer from BET results, it was 
possible to calculate the weight percentage of the protective layer (PL) 
on the total DS sample. According to the calculations, the weight 

Fig. 2. Coke concentration over time at 355, 410 and 450 ̊C, for the conventional thin selective layer (a) and the double-skinned top layer (b) samples, under 
exposure to 0.5 lSTP/min of 100 vol% C3H6 at atmospheric pressure. 

Fig. 3. Coke concentration over time at 410 ̊C, for the protective layer (PL), the 
conventional selective layer (CL), the protective layer (b) and the double- 
skinned top layer (DS) and the protective layer on the double-skinned sample 
(PL on DS), under exposure to 0.5 lSTP/min of 100 vol% C3H6 at atmo
spheric pressure. 
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fraction of the protective layer on the DS sample resulted to be equal to 
1.2 wt%, while the remaining 98.8 wt% is represented by the selective 
(PdAg) layer. By normalizing the coke content registered on the PL 
sample (expressed in mgcoke/mgPL sample) with the weight percentage of 
protective layer present on the DS sample (expressed in mgPL sample/ 
mgDS sample), it was possible to retrieve the effective contribution of the 
protective layer on the double-skinned sample. 

It was found that the amount of coke on the protective layer was 
negligible in comparison to the amount of coke formed on the rest of the 
DS sample, even under the overestimating assumption that the protec
tive layer would be as reactive as in powdered form. This indicates that 
the increase in carbon formation observed in the DS is the effect of the 
coexistence and cooperation of Pd and Al2O3 sites instead of the sum of 
two independent catalytic routes. 

3.2. Coked membranes characterization 

To further study the surface chemical composition of the carbona
ceous species deposited on the Pd-based membranes samples tested in 
TGA, X-ray photoelectron spectroscopy (XPS) analysis was used and 
compared to the results reported in literature [46–50]. A high-resolution 
scan of the C1s region for both the conventional thin layer and the 
double-skinned membrane samples is reported in Fig. 4a and 4b, 
respectively. The C1s XPS spectra were fitted according to the proced
ures already reported in literature [46,51]. 

The C1s XPS spectra of the TL sample can be deconvoluted into three 
C–C peaks: the C–C primary peak at 284.1 eV is attributed to sp2 hy
bridized carbon and indicates the presence of aromatic and graphitic 
carbon in the CxHy [49]. The other two peaks, which are the C–C low at 
283.2 eV and the C–C high at 284.8 eV, are instead attributed to sp3 

hybridized carbon. Those peaks indicate the presence of defective and 
contaminated carbon, meaning C in cyclopentane, cycloheptene or 
larger rings with clusters [5152]. An additional peak is present in the 
C1s spectra of the TL sample at higher binding energy, which is the so- 
called π − π* (HOMO-LUMO) peak at 287.4 eV [51]. This is a transition 
peak for carbon in aromatic compounds coming from the ring excited by 
exiting photoelectrons, with a characteristic shape- up line [47]. Look
ing at the C1s XPS spectra of the DS sample, it is possible to identify 
again the three C–C peaks present also in the TL sample: the primary 
C–C peak at 284.08 eV, the C–C low peak at 283.5 eV and the C–C 
high peak at 285 eV. However, the C1s spectra of the DS sample shows 
an additional peak centered at a higher binding energy (288.4 eV), 
which is not present in the C1s spectra of the TL sample. This is an ox
ygen containing peak and it is deconvoluted into two peaks [50,51]. The 
first one, the C––O peak, is centered at 287.9 eV and is representative of 
carbonyl groups (C––O) and carbon linked to two ether/hydroxyl 
bounds (O–C–O). The second COO peak is positioned at 288.4 eV and 
it indicates carboxyl groups (COOH) and primary carbon in lactone/ 
ester groups (COOC) [51]. The three C–C peaks are present on both the 

TL and the DS samples in similar concentrations, while the C––O and the 
COO peaks are only present in the DS sample, as shown in Table 4. 

As the sample was not exposed to oxygen, the oxygen that leads to 
the formation of C––O and COO groups indicated by the XPS spectra can 
only come from the alumina present on the protective layer on top of the 
selective one in the DS sample. The same observation has been reported 
by other authors. Sarbak et al. [53] investigated the nature of carbo
naceous deposits formed during the conversion of hydrocarbon by 
infrared spectroscopy (IR). The FTIR spectrum reported in their study 
indicates two characteristic IR bands at 1575 and 1462 cm− 1, repre
sentative of carboxylate groups. According to the authors, the formation 
of carboxylate from the hydrocarbons indicates that the oxygen is pro
vided exclusively by alumina [54]. Vu et al. [55] investigated the 
location and structure of coke generated over Pt–Sn/Al2O3 in propane 
dehydrogenation. The authors report the XPS spectra of both the fresh 
and the spent catalyst used for propane dehydrogenation; in both cases, 
the C1s spectrum is composed of a peak representative of oxidized 
carbon in carboxyl groups O-C––O, which is attributed to the oxygen 
present on the alumina support. It is inferred that the additional peaks 
present in the DS sample and representative of carbonyl compounds are 
related to the coexistence of the ceramic Al2O3 protective layer and Pd in 
the selective one, resulting in the higher carbon content observed in the 
DS sample than in the TL one during TGA experiments. 

3.3. Coke formation kinetics 

Tables 5 and 6 report the information required for the model 
discrimination procedure described in Section 2.4 for the conventional 
and the double-skinned membranes. Among the different models tested 
for the description of carbon formation on Pd-based membranes, model 
C5 is the most representative for our system since it shows the lowest 
value of RSS, and it has the highest Akaike weight regardless of its 
additional free parameter h. The kinetic parameters obtained from the 
fitting procedure for model C5 are reported in Table 6, for both the 
conventional thin layer (TL) and the double-skinned (DS) membranes. 

As already observed by Pena et al. [38], values for activation energy 

Fig. 4. Peak deconvolution for the C1s XPS spectra of the conventional thin layer(a) and the double-skinned (b) samples.  

Table 4 
Peak deconvolution results for XPS spectra of the TL and DS samples.   

Peak Position 
[eV] 

Area Concentration 
[%]  

TL DS TL DS TL DS 

C–C low  283.3  283.5  4038.4  1382.5 3.27  7.44 
C–C primary  284.13  284.1  61546.1  10547.4 49.87  56.8 
C–C high  284.8  285.15  32467.6  3796.7 26.31  20.45 
C––O  –  287.9   781.7 0  4.21 
O-C––O  –  288.57   2060.4 0  11.1 
Pi-Pi*  287.43  –  25345.9  – 20.55  –  
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in the range of 125 and 165 kJ/mol have been reported for coking 
during dehydrogenation reactions [28,39], thus comparing well with 
the ones obtained for the monolayer coke formation in Table 7. The good 
agreement between the modeled carbon concentration and the experi
mental one can be seen in Fig. 5a and 5b for the conventional and the 
double-skinned membrane samples, respectively. 

From the model discrimination, it is possible to get insights into the 
reaction mechanism of carbon formation on Pd-based membranes and 
most importantly into the main differences that drive carbon formation 
on the two configurations of Pd-based membrane samples analyzed in 
this work. 

The velocity of carbon formation in the monolayer, represented by 
the reaction rate rCm (Eq. (6)), is shown in Fig. 6 for both the TL and DS 
samples. 

The monolayer coking rate follows same trend on both the TL and DS 
samples. However, the monolayer coking rate has an initial value which 
is higher for the DS sample (0.06 versus 0.05 mgcoke/cm2

sample/min) due 
to the bigger influence that the temperature has on it (higher value of 
Ea1) and it is faster in the DS sample. This means that the contribution of 
the monolayer coke is much more evident in the double-skinned mem
brane than in the conventional one (see Figs. 7 and 8). This is evidenced 
by the higher value of h – equal to 5.10 in the DS sample and to 4.28 in 
the TL sample – which indicates more available active sites on the DS 
membrane surface for propylene to take part of the limiting step of the 
deactivation reaction in the monolayer carbon formation. Since the two 
membranes have same composition of the selective layer, and since as 
previously discussed the activity of the protective layer in the DS can be 
considered negligible, the additional available sites on DS sample are 
most probably given by the interaction between Pd and Al2O3 sites. This 
leads to different reaction mechanisms on the surface of the DS sample 
with the formation of different types of carbon as evidenced by XPS 
spectra (see Section 3.2). This finding is confirmed by the higher value of 
Cmax, being equal to 0.096 and 0.049 mgcoke/cm2

sample, for the DS and the 

TL samples respectively. This value represents the maximum amount of 
carbon that can be formed in the monolayer. The double-skinned 
membrane offers more available active sites and thus it has a bigger 
capacity to be fully covered by the monolayer carbon. For this reason, in 
the DS sample the monolayer coke does not reach its maximum con
centration Cmax, but it gets closer to it at higher temperatures. 

As shown in Fig. 7, the higher is the operating temperature, the more 
complete is the monolayer growth. At 355 ̊C only 36 % of Cmax is covered 
while at the highest temperature tested (450 ̊C), the monolayer coke can 
reach 76 % of Cmax. On the other hand, the conventional membrane 
offers less available active sites for the monolayer carbon to form and 
consequently it has lower Cmax. In this case the monolayer growth is 
much closer to Cmax even at lower operating temperatures. The mono
layer coke reaches 76 % of Cmax already at 410 ̊C, while almost 85 % of 
Cmax is obtained at 450̊C, as shown in Fig. 8. 

An interesting feature is related to the values found for the activation 
energy of the multilayer coke growth. 

In case of the DS membrane sample, the activation energy for 
multilayer coking is found to be higher than that for monolayer coking, 
meaning that the multilayer coke growth is strongly influenced by the 
temperature. At low temperature, multilayer coke does not form and the 
coke concentration curve over time has a steeper trend than at higher 
temperatures. This is also related to the fact that most of the active sites 
available on the membrane surface are still uncovered by monolayer 
coke. As soon as the monolayer coke covers more than half of the total 
membrane surface capacity (76 % of Cmax at 450 ̊C), then the multilayer 
coke starts to form on top of the already existing monolayer coke. On the 
other hand, in the conventional TL membrane sample, the multilayer 
activation energy is found to be much lower than the one of the 
monolayer coke growth, with a value close to zero. In this type of 
membrane sample, the multilayer coke growth has a constant contri
bution regardless of the temperature. This is an indication that the re
action rate of multilayer coke formation is diffusion limited, and this 

Table 5 
Information criteria and comparison of the coke formation kinetic models C1-C6 for the TL membrane sample.   

C1 C2 C3 C4 C5 C6 

RSSopt 0.0439 0.0361 0.0406 0.0424 0.0279 0.0557 
p 5 5 5 3 6 4 
AIC − 6.3329•104 − 6.4386•104 − 6.3751•104 − 6.3517•104 − 6.5776•104 − 6.2044•104 

w(AIC) 0 0 0 0 1 0  

Table 6 
Information criteria and comparison of the coke formation kinetic models C1-C6 for the DS membrane sample.   

C1 C2 C3 C4 C5 C6 

RSSopt 0.1225 0.0647 0.0698 0.2356 0.0358 0.0491 
p 5 5 5 3 6 4 
AIC − 5.765•104 − 6.1097•104 − 6.0688•104 − 5.4128•104 − 6.4287•104 − 6.2587•104 

w(AIC) 0 0 0 0 1 0  

Table 7 
Kinetic parameter values for the kinetic model C5 chosen.    

TL-membrane DS-membrane TL-membrane DS-membrane 

Parameter Unit Value Confidence Intervals 

k01c cm2
sample

(
mgcokemin

)1− h 

3.203 • 103 1.175 • 103 +54.43 % +67.05 % − 0.06 % +0.85 % 

Ea1 J
mol 

1.658 • 105 1.822 • 105 − 2.17 % +2.43 % − 2.31 % +2.83 % 

k02c mgcoke
cm2

samplemin 
1.077 • 10− 4 1.848 • 10− 9 − 2.31 % +1.88 % − 0.05 % +0.26 % 

Ea2 J
mol 

2.942 • 10− 14 1.007 • 106 − 24.52 % +8.0 % − 0.22 % +0.07 % 

Cmax mgcoke
cm2

sample 

0.049 0.096 − 3.51 % +0.64 % − 0.62 % +0.61 % 

h – 4.280 5.100 − 6.65 % +4.05 % − 0.45 % +0.27 %  
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regime could be related to the lower availability of active sites in the TL 
membrane surface for the monolayer coke compared to the DS mem
brane surface. In the TL membrane, monolayer coke growth reached 
more than half of Cmax even at the lowest tested temperature of 355 ̊C. 
This finding is confirmed by the experimental trends: the three curves of 
coke concentration versus time go asymptotically to the same amount of 
coke. 

Summarizing, the main difference among the two analysed mem
branes is related to the different number of available active sites their 
surface offer for coke formation. The double-skinned membrane has 
more active sites than the conventional membrane and thus it is 

characterized by higher carbon concentration for a fixed temperature. 

3.4. Membrane deactivation model 

Once the best kinetic mechanism to describe coke formation on Pd- 
based samples has been identified, it is now necessary to find the rela
tionship between coke content and hydrogen permeation activity of the 
membranes. As reported in Tables 8 and 9, the potential equation D2 
shows the lowest RSS and AIC among the three models tested, for both 
the TL and the DS membranes respectively. Thus, model D2 has been 
chosen to describe the Pd-based membrane deactivation mechanism and 
the parameters found from the fit are reported in Table 10. 

Fig. 9a and 9b show the model predictions in terms of hydrogen flux 
decay as function of time for different operating temperatures, under a 
gas mixture of 80 vol% H2 and 20 vol% C3H6, showing a good agreement 
with the experimental results for the TL membrane and the DS mem
brane, respectively. 

In both cases, all the experiments can be fitted with the same value of 
α1 and α2, meaning that the effects of coke over deactivation is not 

Fig. 5. Experimental (continuous lines) and model C5 (dotted lines) coke concentration over time at different operating temperatures, for the conventional thin 
selective layer (a) and the double-skinned selective layer (b), under exposure to 0.5 lSTP/min of 100 vol% C3H6 at atmospheric pressure. 

Fig. 6. Monolayer coke formation rate at 450 ◦C, for both the conventional thin 
layer (TL) and the double-skinned (DS) samples. 

Fig. 7. Monolayer (continuous lines) Multilayer (dashed lines) coke concen
tration and maximum coke concentration in monolayer Cmax (black dots) over 
time at different operating temperatures, in the double-skinned membrane 
layer, under exposure to 0.5 lSTP/min of 100 vol% C3H6 at atmo
spheric pressure. 

Fig. 8. Monolayer (continuous lines), Multilayer (dashed lines) coke concen
tration and maximum coke concentration in monolayer Cmax (black dots) over 
time at different operating temperatures, in the conventional membrane layer, 
under exposure to 0.5 lSTP/min of 100 vol% C3H6 at atmospheric pressure. 

Table 8 
Information criteria and comparison of the deactivation models D1-D3 for the TL 
membrane sample.   

D1 D2 D3 

RSSopt 0.0073 4.17•10− 4 0.0078 
p 1 3 2 
AIC − 313.64 − 415.50 − 309.18 
w(AIC) 0 1 0  
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dependent on temperature, as has been found by other authors [40]. A 
significant drop in hydrogen flux is observed within 50 min from the 
exposure to propylene, and this is related to the fast formation of coke in 
the monolayer (see Figs. 5 and 6), which is responsible of the coverage of 
the active sites of the Pd-alloy surface for hydrogen to adsorb. Multilayer 
coke also causes deactivation but with a smaller order than monolayer 
coke, being α2 value in Table 9 much lower than α1 for both the TL and 
the DS membranes. The main difference between the two membranes is 
related to the fitted deactivation order m, which has been found to be 
1.56 for the DS membrane and 0.51 for the TL membranes: the DS 
membrane deactivates with a faster order than the TL membrane, given 
the higher active sites available on the Pd surface for carbon to form, as 
reported in Section 3.2. This is also in agreement with the experimental 
observations, being the decay in hydrogen flux much faster in the DS 
membrane than in the TL membrane. 

3.5. Kinetic model validation 

In this section we verify that the model that has been derived in the 
previous section at different operating temperatures and for two 
different configurations of Pd-based membranes, does have predictive 
capabilities. This is carried out by fitting different datasets of experi
mental data using different thickness of the selective layer, different feed 
composition and operative temperature (Table 11). Additional perme
ation experiments have been conducted on the same TL membrane, 
identified by the code E1120, used for the fitting of the deactivation 
model, varying the concentration of propylene in the feed mixture. 
Another TL membrane with thicker selective layer, identified by the 

code E1036, has been tested at 450 ̊C and with a concentration of pro
pylene in the feed mixture lower than the one of the permeation tests 
used for fitting. 

The experimental results of the hydrogen flux over time are reported 
and compared with model predictions in Fig. 10a and 10b, for the E1120 
and E1036 TL membranes respectively. 

As shown in Fig. 10a, for the same TL-membrane the increase in 
propylene concentration in the feed mixture from 30 to 40 vol% leads to 
an increased decay in hydrogen flux over time, due to the more severe 
membrane coking [21]. This is well predicted by the deactivation model. 
It is worth noticing that a deviation higher than 10 % is obtained when 
considering 40 vol% of propylene, indicating that from this concentra
tion the model becomes less accurate in predicting experimental data. 
On the other hand, Fig. 10b shows a good agreement between experi
mental and model predicted hydrogen flux for a TL membrane with 
thicker selective layer than the one used to derive the model, with 
prediction errors below 5 %. 

Concerning the double-skinned membrane configuration, two addi
tional DS membranes, with different thickness have been tested and 
used to validate the deactivation model. The former, identified by the 
code E1330, has been tested under the same operating conditions used 
to obtain the kinetic data, while the latter, identified by the code 
E1414B, has been tested at higher operating temperature and under 
higher concentration of propylene in the feed mixture. The hydrogen 
flux measured over time for both the DS membranes is reported in 
Fig. 11a and 11b, where it is compared with the model predictions. In 
both cases, a very good agreement of the experimental and the simulated 
data is observed, registering errors below 5 %. This confirms that the 
deactivation model for the DS-membrane works under different oper
ating conditions from that employed to obtain the kinetic model, inde
pendently on the membranes’ properties. 

The kinetic model validation confirms that the deactivation model 
predicts quite well experimental data obtained for both the DS and the 
TL membranes for operating temperatures up to 480 ◦C and for 

Table 9 
Information criteria and comparison of the deactivation models D1-D3 for the 
DS membrane sample.   

D1 D2 D3 

RSSopt 3.288•10− 4 1.738•10− 4 0.0014 
p 1 3 2 
AIC − 428.35 − 447.93 − 372.74 
w(AIC) 0 1 0  

Table 10 
Kinetic parameters found for the deactivation model D2.    

TL- 
membrane 

DS- 
membrane 

TL- 
membrane 

DS- 
membrane 

Parameter Unit Value Confidence Intervals 
α1 cm2

sample

mgcoke 

22.771 9.989 ±0.446 ±1.766 

α2 cm2
sample

mgcoke 

0.422 2,221 •

10− 14 
[ − 0.149; +
0.992]

[ − 1.188; +
1.881]

m – 0.513 1.557 ±0.022 ±0.482  

Fig. 9. Experimental (dots) and model D2 (continuous lines) hydrogen flux over time at different operating temperatures under 80 vol% H2-20 vol% C3H6 mixture 
exposure, for the conventional membrane (a) and the double-skinned membrane (b). 

Table 11 
Set of operating conditions for permeation tests used for model validation.  

Membrane 
Code 

Membrane 
Thickness [μm] 

Operating 
Temperature [̊C] 

Feed composition 
[vol%] 

E1120 3,51 450 70 % H2 − 30 % 
C3H6 

60 % H2 – 40 % 
C3H6 

E1036 5,38 450 90 % H2 – 10 % 
C3H6 

E1330 1 450 80 % H2 – 20 % 
C3H6 

E1414B 4,6 480 70 % H2 – 30 % 
C3H6  
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concentrations of propylene in the gas mixture up to 30 vol%. Therefore, 
the model is suitable to be further integrated in a membrane reactor 
model for the dehydrogenation of propane, with concentrations of 
propylene which are generally obtained under typical industrial oper
ating conditions [56,57]. When higher concentrations are considered, 
the model becomes less accurate in predicting the experimental data. 
The model could be further developed in future works, including a term 
in the deactivation model able to account for the effects of the different 
concentrations of propylene in the gas mixture. 

4. Conclusions 

In this work, we investigated the kinetics of coke formation over Pd- 
based membranes and its influence on the membrane deactivation 
during the dehydrogenation of propane, to develop and optimize new 
membrane reactor concepts for the dehydrogenation processes. 

We analyzed in detail the well-known monolayer-multilayer coke 
growth model (MMCGM), based on hypothesis retrieved from literature, 
and accordingly derived the kinetic parameters of the different model 
expressions via an optimization algorithm based on the minimization of 
the RSS (residual sum of squares). A model discrimination based on 
different statistical indicators was applied to find the best model. For the 
two different configurations of Pd-based membranes analyzed in this 
work, the conventional and the double-skinned, it has been found the 
same best performing kinetic model (the MMCGM with fitted order h of 
the monolayer coke. According to the values of the kinetic parameters 
found from the fitting procedure, some differences arise between the 
two configurations of Pd-based membranes. The double-skinned mem
brane offers higher number of available sites for the monolayer carbon 
to form (higher h), making the contribution of the monolayer coke to be 
more evident in the double-skinned membrane than in the conventional 
one. Since the two membranes have same composition of the selective 

layer, the additional available sites on DS sample are most probably 
given by the presence of the ceramic Al2O3 protective layer. When both 
Al2O3 and Pd sites are available, they interact leading to a different 
reaction mechanism for the membrane deactivation, with the formation 
of two different types of carbon (instead of one single for the Pd alone), 
as evidenced by XPS analysis. The double-skinned membrane has an 
increased capacity to be fully covered by the monolayer carbon, showing 
a higher maximum concentration of coke in the monolayer Cmax. Carbon 
formation was then linked with hydrogen permeation activity of the 
membranes. The best membrane deactivation model able to describe the 
hydrogen flux decay over time, experimentally observed when Pd-based 
membranes are exposed to propylene, suggests that monolayer coke is 
the main responsible for the membrane deactivation. Multilayer coke 
also causes deactivation but with a smaller order than monolayer coke 
(α2≪α1) for both the TL- and the DS-membranes. Moreover, we found 
out that the DS membrane deactivates with a faster order than the TL 
membrane. Finally, we verified the predictive capabilities of the deac
tivation model for different TL and DS membranes configurations, 
experimentally tested under different operative conditions. The result
ing kinetic model accurately predicts the experimental data, particularly 
for the double-skinned membrane configuration, even at higher oper
ating temperatures than those used for the fitting. In conclusion this 
model can be further integrated in a membrane reactor model for pro
pane dehydrogenation, and it can be used to optimize the membrane 
configuration and the operative conditions for the dehydrogenation 
processes. Further improvements of this model would require including 
in the deactivation model a term to account for the effects of the con
centration of propylene in the gas mixture. 
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