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Abstract: The forecasts in the industrial chemistry field evidenced the growing demand of propylene, and the necessity 
to develop effective processes able to sustain the market. Selective propane dehydrogenation is emerging as the most 
competitive technology for the production of propylene, on the other hand, the well-known drawback closely linked to the 
high temperature required to reach a sustainable propane conversion and the coke formation that suppress the catalytic 
stability still requires appropriate solutions. In this sense, the process intensification through the combination of hydrogen 
permselective membranes and the reduction of operating temperature could strike the targets of very high propylene 
selectivity and a quite high conversion value. Since the integration of membrane units in a process required a revision of 
the operating conditions, the effect of feed composition and temperature was investigated, in order to determine the 
optimal operating parameters window to operate the system, and assess the overall concept performance. A commercial 
membrane was characterized, in order to understand the suitability in the propane dehydrogenation process that may 
cause a severe membrane deactivation due to coke deposition. Finally, specific tests on a simulated process 
configuration, obtained in an open architecture, confirmed that the smart combination of PDH catalytic reactors and Pd-
based membranes was able to allow a reduced operating temperature, so increasing propylene selectivity, and to 
overcome typical thermodynamic limitations related to a traditional configuration. 

Keywords: Propane dehydrogenation, Propylene, Pd-based membrane, Process intensification, Membrane 
inhibition. 

1. INTRODUCTION 

Propylene is one of the most important intermediary 
product in petrochemical industry since it is a precursor 
of different chemicals, as polypropylene and 
acrylonitrile, largely involved in construction, electronic, 
furniture and automotive industries [1]. Nowadays, its 
production and in general light olefins production is 
carried out nearby refinery plants providing stream 
cracking (SC) and fluid catalytic cracking (FCC) 
processes [2, 3]. This solution is able to fulfil more than 
the 90% of the actual propylene demand. However, the 
drawback of such processes is the high temperatures 
involved which lead to low propylene yields [4] as a 
result of coke formation and side reactions. Asia Pacific 
regions dominates propylene global market, whose 
demand increasing was estimated to be 5% per year 
until 2018 and is going to increase due to the 
increasing use of propylene (and acrylonitrile). In order 
to satisfy the increasing market demand, new and 
emerging propylene sources are going to keep a 
straight face, such as propane dehydrogenation (PDH), 
coal-to-propylene (CTP), and olefin metathesis. Since 
the consciousness that in the next future traditional  
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processes are not able to keep in balance propylene‘s 
supply/demand, it is looking forwards new propylene 
production technologies. A promising solution is the 
PDH designed as the most suitable way to overcome 
conventional processes (SC and FCC) and increasing 
demand problems. 

In (Eq. 1) PDH reaction is reported. It is a highly 
endothermic reaction, which proceeds with an increase 
of moles number, so promoted at high temperature and 
low pressures. Dealing with both high exothermicity 
and temperatures, this reaction is characterized by 
coke formation and lighter hydrocarbons production, 
which are responsible for catalyst deactivation, as well 
as undesired side reaction occurring. 

   C3H8 ! C3H6 + H2 !H o
298K = +124kJ / mol        (1) 

The available technologies, such as Oleflex, 
Catofin, STAR, FBD, confined the operating 
temperature to not more than 650°C, in order to reduce 
side reaction relevancy and catalyst deactivation, 
despite a limited theoretical conversion. On the other 
hand, side reactions are not limited by thermodynamic 
equilibrium bringing to low selectivity to propylene with 
long contact time. For this reason, DH industrial 
processes reach limited propane conversion (32-35%) 
with a selectivity to propylene below 90% [5]. 
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The critical issue is catalyst deactivation; research 
is mainly focused on finding more stable formulations 
starting from chromium- and platinum-based catalysts 
that are the most commercially used in industrial 
processes [6]. Surely, Pt-based catalyst arouses more 
interest not only for its eco-friendly properties but also 
for its higher catalytic performances: it is able to 
activate easier C-H bonds than C-C in PDH reaction 
[7]. The addition of Sn improves Pt-based catalyst 
activity. In fact, Pt-Sn formulations show higher activity, 
selectivity and stability; Sn leads to a decrease of Pt 
particle size improving its dispersion [8]. Moreover, the 
bond strength of chemisorbed hydrocarbons may be 
modified by adding Sn [9], which may form an alloy 
with Pt [10, 11]. It is likely that Sn plays also an active 
role in propane dehydrogenation instead to be only a 
promoter [12, 13]. Nevertheless great efforts in catalyst 
formulation improvement, coke formation are the main 
challenge to reduce the repeated catalyst 
regenerations necessary to avoid catalyst deactivation 
[14-16]. Low temperatures allow higher selectivity 
towards desired product despite a reduced conversion 
of paraffin, thus by tuning operating temperature it is 
possible to increase propylene selectivity [17]. Different 
techniques were proposed to optimize catalyst stability 
and assure longer on-stream time, by means the time 
between two regeneration cycles. The addition of 
steam could reduce coke deposition and act on one 
hand as heat carrier towards the catalytic system, on 
the other as a diluent of the system, thus promoting 
under a thermodynamic point of view propane 
conversion [18]. Hydrogen addition thermodynamically 
disadvantages propane conversion but it was 
demonstrated that it assures a very low catalyst 
deactivation by avoiding both carbon deposition and Pt 
sintering [19]. 

Catalyst deactivation is strictly influenced by 
reaction temperature: low temperature allows lower 
deactivation rate [20], following an Arrhenius-like law 
[21], but at the same time, it forbids propane 
conversion due to thermodynamic constrains. A 
possible solution to increase propane conversion could 
be the addition of oxygen to the reaction volume. This 
implies to selectively oxidize hydrogen thus enabling 
further propane conversion but also unavoidable 
propylene losses [22]. Employing a low temperature 
dehydrogenation stage with a H2-selective membrane 
[23, 24], able to subtract a product to the system and 
thus thermodynamically promoting the production of 
propylene [25, 26] could at the same time reduce 

catalyst deactivation and increase propylene 
conversion. The most promising membranes are the 
Pd-based ones not only for their optimal selectivity/flux 
ratio but for their operative temperature (250-550°C) 
too, which are suitable for the PDH reaction [27]. 
Technically, in the PDH process Pd-membrane is 
characterized by a depression of permeability 
performances moving from an H2/inert mixture to a 
typical H2/propane/propylene system mixture [28], 
which is more noticeable for low hydrogen/propylene 
ratios [29]. However, Pd-membrane could suffer for 
typical coking phenomena that reduces its permeability 
[30] compromising the overall system productivity [31]. 

Peters et al. [32] investigated the deactivation 
phenomena of a membrane which occur in a typical 
PDH process. In this studies, authors reduced 
significantly hydrogen flux (up to 34% in 18.6 h f TOS) 
through the perm-selective layer after having 
introduced propane in the retentate side. A severe 
deactivation was observed after propylene introduction 
reaching a complete membrane occlusion in 5 hours. 
However, a reduction of the operating temperature 
seemed to mitigate the deactivation leading significant 
improvement up to 250 °C. Schäfer et al. [33] 
highlighted that catalytic membrane in a PDH process 
are more prone to catalyst deactivation owing coke 
formation than the traditional configurations. 
Overcoming this problem is possible with a so called 
“open architecture”, where the reaction unit and the 
separation one operate individually, thus making 
feasible the use of two different operating temperatures 
[34, 35]. 

To take on a H2-selectve membrane solution for a 
PDH process requires several operating condition to 
maximize hydrogen partial pressure, as well as low 
propane dilution and relatively high operating pressure. 
In literature, there is a lack of papers concerning the 
catalytic performances evaluation in these uncommon 
operating conditions and no papers were found about 
membrane assisted hydrogenation results with 
concentrate propane mixture. For these reasons, the 
aim of this work was to carry out a preliminary 
experimental investigation on PDH reaction for 
propylene production assisted by membrane. 
Operating condition effect on the catalytic 
performances was evaluated in terms of activity and 
selectivity. Moreover, the improvement of the addition 
of a membrane module on the chemical equilibrium of 
the PDH unit was evaluated, pointing out the optimal 
operating condition for their integration. 
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2. MATERIALS AND METHODS 

2.1. Experimental Setup 

Tests were performed at the ProCEEd facilities of 
the University of Salerno. The experimental plant is 
constituted by three units: a first catalytic reactor, a 
membrane separation unit, and a second catalytic 
reactor; the two catalytic reactors are identical. In the 
main concept, the process stream was converted in the 
first reactor (R-101); the produced hydrogen was 
(partially) separated by the membrane unit (M-101); the 
resulting stream was further processed in the second 
reactor (R-102). Such configuration resulted in a so-
called “open architecture”, in which the separation unit 
is placed externally between two catalytic stages [36]. It 
is worth to underline that the process plant was 
provided by a wide number of valves to by-pass each 
reaction unit, in order to operate in a marked flexibility: 
by this configuration, the system can selectively skip 
one, two or all the modules.  

In Figure 1 is reported the layout of the 
experimental plant. 

Catalytic reactors (R-101 and R-102) consists in two 
identical tubular reactors in AISI 310H stainless steel 
tube; the reactors have an external diameter of 33.6 
mm, with a wall thickness of 3.78 mm (corresponding 
to a nominal diameter of 1” SCH40) and an overall 
length of 400 mm. Reactors sealing is assured by a 

couple of flanges and a spiral wound gasket. Each 
flange is provided with a blind tube, to host a 
thermocouple devoted to the evaluation of the 
temperature inside the reactors (in correspondence to 
the inlet and outlet sections of the catalytic bed), and a 
¼” tube connected to the plant piping for the inlet and 
outlet of the process stream.  

The separation module consists of a commercial 
Pd-based membrane (provided by a confidential 
supplier). The module is mainly constituted by an AISI 
316L stainless steel tube (o.d. ½”), provided by a 
porous sector (of about 25.4 mm) on which a thin Pd-
based perm-selective layer is deposed. Such 
configuration results in an overall permeating surface of 
about 0.01 m2. The membrane tube is located in an 
AISI 316L stainless steel shell (NPS 1” SCH40): shell-
side flowed the process stream (retentate), while tube 
side flowed the permeate hydrogen and the sweep gas 
(permeate). 

The temperature control of the process units (both 
membrane and reactors modules) was assured by a 
couple of heating wires (provided by Watlow) 
surrounding the tubular units. For each heating wire, a 
K-type thermocouple was devoted to evaluate the 
temperature of the wall of the unit, in order to control 
the heating of the units; both thermocouples and 
heating wires are connected to Ascon Tecnologic 
TLK43 controllers. The units are finally surrounded by a 
thick layer of quartz wool, to avoid the heat losses. The 

 

Figure 1: Simplified process scheme of the membrane assisted selective propane dehydrogenation unit in open architecture. 
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pressure values of the process were monitored through 
couples of pressure transducers located upstream and 
downstream the reactor and the membrane modules. 
All signals (both pressures and temperatures) were 
collected by a multipurpose display, and acquired 
through a labview custom software for the monitoring of 
the process.  

Upstream and downstream the process modules, a 
couple of 3-way valves were located, allowing the 
process stream to pass through the module or to 
bypass it. Another dedicated valve allowed to send to 
the units a flush stream during the start-up and 
shutdown procedures, or to send H2/N2 or O2/N2 
mixtures for the catalyst activation/regeneration 
activities 

The feed section was constituted by a battery of 
mass flow controllers, provided by Brooks, both thermal 
based (for the feeding of propane propylene, hydrogen, 
air and nitrogen) and Coriolis based (for the H2O). In 
particular, water was delivered to an electrical 
vaporizer, provided by a heating cartridge, for the 
steam generation. The overall pressure of the process 
was controlled by an actuated valve, provided by 
Barksdale, driven by a TLK43 controller. The whole 
plant piping and valves were thermostated by a series 
of heating wires, to assure a process stream 
temperature of around 180°C, in order to avoid 
condensation phenomena in the piping network.  

The analysis of the composition of the process 
stream was carried out by an Agilent Technologies 
7820A gas chromatograph system, equipped with FID 
detector, for the analysis of the hydrocarbons, and TCD 
detectors, for the analysis of H2, O2, N2, CO and CO2. A 
dedicated network of lines was designed to the 
sampling of the process current along the system, 
downstream each unit; the sampled stream was dried 
before to be delivered to the analyzer, in order to avoid 
condensing phenomena inside the instrument.  

2.2. Experimental Procedure 

The contact time of the process stream in the 
catalytic volume was defined by fixing the WHSV (in 
terms of mass flow rate propane fed to the system per 
mass of catalyst) to 8 h-1: in this aim, 31.25 g of 
catalysts (Pt-based, commercial formulation) was 
loaded in the reactors, and locked in the middle part of 
them through two flakes of quartz wool. For the 
experimental tests on catalyst activity, a propane/steam 

mixture was assured to the reaction unit: 0.250 kg/h of 
propane was fixed, to assure the set WHSV value; 
water was added to the process, in order to range 
steam molar fraction from 6% to 20%. Such operating 
conditions resulted in a GHSV between 4,000 and 
5,000 h-1 (depending on the steam dilution), higher 
than typical values in the industrial Catofin and Oleflex 
processes, for which the GHSV ranged between 600 
and 3,600 h-1. The operating pressure was fixed to 5 
barg, while the temperature ranged stepwise (through 
25°C jumps) between 400°C and 600°C. 

In order to evaluate the performances of the 
catalytic system in the selected operating conditions, 
propane conversion, and selectivities to propylene, 
coke and light hydrocarbon were defined, as reported 
in Eq. 2, Eq. 3, Eq. 4 and Eq. 5, where FA indicates the 
molar rate of the generic compound A, while CnHm 
represents the hydrocarbons involved in the process. 
The coke formation was evaluated by considering the 
C-balance of the system. 
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=
FC3 H8
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out
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          (2) 
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To better address the experimental results, the 
propane conversion values observed in the tests were 
compared to the thermodynamic predictions referred to 
an ideal propane dehydrogenation stage, in which the 
only PDH reaction takes place (Eq. 1), and all the other 
side reactions are inhibited. 

Preliminary membrane characterization was carried 
out by evaluating permeated hydrogen flux at several 
operating conditions. In a first phase, hydrogen 
permeation was evaluated by pressurizing retentate 
side with pure hydrogen, and by measuring the H2 flux 
in absence of the sweep gas. Such approach assured 
constant hydrogen partial pressure along the 
separation module, both at permeate- and retentate-
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sides. Tests were carried out at several operating 
temperatures, in order to evaluate the effect of 
temperature on permeation properties. The permeated 
hydrogen measurement was carried out through a 
mass flow reader provided by Brooks.  

Stability tests for the membrane were performed by 
keeping constant the temperature of the module, and 
by feeding a fixed sweep gas in the permeate side  
(1.5 NL/min of nitrogen). A hydrogen rich stream was 
fed to the system, in which hydrogen was diluted with a 
stream composed by propane, propylene and/or steam, 
to evaluate the effect of other components on the 
permeation ability of the module. The permeate stream 
(composed by the sweep gas and the permeate 
hydrogen) was evaluated by a mass flow reader: by 
subtracting the sweep flow rate, is possible to evaluate 
the hydrogen flow rate permeated through the 
membrane. 

The same membrane configuration was adopted for 
membrane assisted catalytic processes tests.  

3. RESULTS AND DISCUSSION 

3.1. Catalyst Performance 

The effect of the operating temperature was 
investigated. Catalytic tests were carried out at 5 barg, 
to confine the operative range close to the condition of 
a membrane-assisted process, in which the retentate 
pressure should be held high enough to promote the 
hydrogen permeation. In addition, tests were performed 
at different C3H8:H2O ratio, to recognize the role of the 
presence of steam in the reaction system. Test results, 
summarized in Figure 2, evidenced that, for C3H8:H2O 
= 80:20, experimental conversion was close enough to 
the thermodynamic conversion. It is however worth to 
note that, by increasing reaction temperature, 

experimental conversion showed a growing 
discordance to the thermodynamic prediction. As a first 
approach, such behaviour could suggest a partial 
deactivation of the catalyst during the test procedure 
(the temperature was increased stepwise along the 
test, each temperature was held for at least 40 
minutes). On the other hand, it is also not negligible the 
occurrence of reactions in homogeneous phase 
downstream the catalytic bed, in the cooling phase of 
the process stream, that can induce to a propylene re-
hydrogenation. The analysis of the process selectivity 
evidenced that at low temperature (below 525°C) a 
very high selectivity to propylene (>97%) was recorded, 
whereas a total absence of gaseous side products 
could be observed, while the coke formation was 
relatively low. At higher operating temperature, a slight 
increase of coke selectivity was observed, while the 
production of C1-C2 side products appeared more 
relevant, consequently, the selectivity to propylene was 
depressed up to around 90%.  

The same test was repeated for the C3H8:H2O = 
88:12, results were summarized in Figure 3. The 
propane conversion trend is quite similar to the 
previous case, where a higher dilution with steam was 
adopted: it was however evident a better approach to 
the thermodynamic equilibrium. On the other hand, the 
selectivity to propylene appeared clearly lower, being 
below 95% in all the investigated range. Therefore, it is 
reasonable to think that the better approach to 
thermodynamic equilibrium was due to the contribution 
of side reactions [37]. The selectivity to coke was 
similar to the previous case for the whole operating 
range, on the other hand a marked increase in the 
selectivity to gaseous side-products could be observed, 
that once again increased at higher temperatures, up to 
reach values close to 7%. It was also worth to 
underline that in both feeding conditions, no CO and 
CO2 production was detected, so suggesting the total 

 

Figure 2: Propane conversion and selectivity trends (WHSV=8 h−1, 5 barg; C3H8:H2O=80:20). 
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absence of reforming reactions. Such phenomenon 
could suggest that one of the main role of steam in the 
propane dehydrogenation is to suppress the side-
reactions leading to the lighter hydrocarbons.  

By reducing again the steam content, by feeding a 
process stream with C3H8:H2O = 95:5 (Figure 4), the 
propane conversion showed a good overlap with 
thermodynamic predictions, on the other hand the very 
low selectivity with respect the propane 
dehydrogenation reaction was observed. The lack of 
steam in the process feed caused a dramatic 
production of coke in the process, as well as of 
gaseous side-products; such trend was further 
intensified by increasing operating temperature, since 
at 575°C the coke selectivity overcomes the value of 
20%, while the selectivity to gaseous side-products 
reached the 12%.  

3.2. Membrane Characterization 

The H2 permeation properties of the membrane 
were investigated, by evaluating the parameters of the 
generalized permeation law reported in Eq. 6.  

  
jH2

= Pe
!

" pH2 ,ret( )n
# pH2 ,perm( )n$

%&
'
()

         (6) 

Experimental tests were performed by varying the 
temperature between 370 and 450°C. For each 
temperature, the reactor was pressurized with 
hydrogen stepwise from 2 to 6 bar, in order to evaluate 
the hydrogen flux in every conditions. For all the 
investigated temperature, it was evaluated the linear 
fitting of jH2 vs (pH2,ret)n – (pH2,perm)n plots for different n 
values in the range 0.5 – 1.0: the fitting effectiveness 
was estimated via the determination factor (R2). The 
study of the dependence of the determination factor 
from the n parameter will enable the evaluation of the 
optimal n value, being the one that maximize R2. In the 
Figure 5 the evaluation of n for the investigated 
temperatures was reported.  

The overall optimization identified n = 0.72 as the 
best value, for which a global R2 = 0.988 was obtained. 

Dedicated tests were carried out also on the 
membrane by applying nitrogen at 6 bar, and by 
evaluating the permeate rate. For all the investigated 

 

Figure 3: Propane conversion and selectivity trends (WHSV=8 h−1; 5 barg; C3H8:H2O=88:12). 

 

Figure 4: Propane conversion and selectivity trends (WHSV=8 h−1; 5barg; C3H8:H2O=94:6). 
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temperature, a nitrogen flux of around 8 NmL/min was 
recorded, thus resulting in a H2/N2 selectivity of around 
350 at 370°C up to 480 at 450°C. Such behaviour 
could be justified with a leak probably due to a 
palladium layer defect. 

Once fixed the pressures exponential, it is possible 
to evaluate the permeability parameter, and its 
dependence from the temperature. The Richardson law 
(Eq. 7) directly correlates hydrogen flux (jH2) and 
hydrogen partial pressure through the permeance 

 

Figure 5: Hydrogen flux dependence to the corrected hydrogen partial pressure gradient through membrane and experimental 
points linearization dependence from “n” parameter for the investigated temperature. 
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(Pe/δ, where Pe = permeability, and δ = membrane 
layer thickness) and the exponential n. The permeance 
depends on operating temperature through an 
Arrhenius like correlation, for which Pe0/δ and Ea 
parameters should be evaluated. 

  
jH2

=
Pe0 ! e

"Ea

R!T

#
! pH2 ,ret( )n

" pH2 ,perm( )n$
%&

'
()

        (7) 

The dependence of the temperature on the 
permeated flux was summarized in the Figure 6: as 
reported, the increasing of temperature strongly 
effected the hydrogen permeance, since by raising 
temperature from 370 to 450°C hydrogen flux showed 
a gain of around 35%. According to Richardson 
correlation, membrane permeance increases by 
increasing temperature: the permeance values for each 
T were reported in Table 1.  

 
Figure 6: Hydrogen permeated flux dependence on the 
membrane temperature. 

Table 1: Permeance Dependence on Operating 
Temperature 

Temperature [°C] Pe/δ [mol s-1 m-2 Pa-0.72] 

370 2.02 × 10-5 

400 2.26 × 10-5 

425 2.44 × 10-5 

450 2.71 × 10-5 

 
The membrane parameters for the Richardson law 

were achieved by the Arrhenius linearization (ln Pe/δ 
vs 1/T), reported in the Figure 7. Such analysis allowed 
to estimate the permeance parameters Pe0/δ = 2.65 × 
10-4mol m-2 Pa-0.72 and Ea = 13.76kJ/mol.  

Dedicated tests were carried out to understand the 
stability of the membrane to critical environments, to 
evaluate its suitability for the propane dehydrogenation 

process: the presence of propane and/or propylene in 
the retentate stream could suppress both reversibly or 
irreversibly the permeability of the membrane. Stability 
tests were carried out by feeding the membrane with a 
process stream (2.5 NL/min) held at 5 barg containing 
20 vol% of hydrogen in nitrogen, propane or 
propane/propylene mixture (70 vol% propane, 10 vol% 
propylene); no sweep gas was fed to the permeate 
side. The effect of temperature on the membrane 
stability was also evaluated. In the Figure 8 the 
efficiency reduction of the membrane separation was 
summarized: the normalized flux was defined as the 
ratio between the measured permeated hydrogen flux, 
and the same flux obtained by feeding the mixture 
H2/N2. 

 

Figure 8: Dependence of permeate flux through the 
membrane to the presence of propane and propylene  
(5 bargretentate side, no sweep). 

In the first part of the test, the membrane was 
stabilized through a hydrogen/nitrogen mixture, in order 
to define the starting value of hydrogen flux. Then the 
inert was replaced by propane: the introduction of the 
hydrocarbon caused a relevant drop in the membrane 

 

Figure 7: Arrhenius diagram of permeance dependence on 
membrane temperature. 
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permeation for all the operating conditions. The effect 
of the propane seems to be independent from the 
operating temperature, since in all the investigated 
cases the permeation drop was confined in 4-6%. Such 
inhibition phenomenon could be addressed to a 
competitive propane adsorption on the membrane 
surface, resulting in a further resistance for the 
hydrogen permeation [38]; it is anyway worth noting 
that while for the lowest operating temperature the 
membrane performances appeared quite constant, for 
the other temperatures a non-negligible deactivation 
trend could be noticed, more evident for the tests 
carried out at 425 and 450°C. Therefore, the flux 
reduction was due not only to a transient phase in 
which propane was adsorbed on palladium layer; in 
fact, a membrane plugging could be observed for the 
high temperature. In a second step, propylene was 
added to the process stream: for the lower 
temperatures, an initial permeate flux reduction could 
be observed, evaluated around 11% (at 370°C) and 
20% (at 400°C) of the initial value, however permeation 
values progressively increased up to recover its activity 
recorded in absence of propylene. The reason of such 
behaviour was not well understood; it could be devoted 
to surface reactions between involved species. On the 
other hand, at 425°C and 450°C the membrane 
deactivation appeared enhanced by the addition of the 
olefin that in particular at 450°C caused a flux reduction 
up to 30% in less than 6 hours of tests. In a general 
context, it is evident that, beside the initial permeation 
drop, the operating temperature severely affected the 
membrane deactivation rate, since the higher the 
operating temperature, the higher is the decreasing 
slope of hydrogen flux. Performed tests evidenced that 
operating temperature was critical for the stability of the 
membrane in a hydrocarbons-rich environment, since 
in similar conditions the membrane performances were 
very stable by operating at 370°C also in the presence 
of the propylene for the entire on-stream time (about 6 
hours). Such achievement was really impressive, also 
by comparing to other experiences reported in the 
literature: Montesinos et al. [28] reported that propylene 
adsorption on palladium layer is higher than propane, 
causing the formation of carbonaceous matter on the 
membrane surface [39], moreover the unsaturated 
propylene has a high tendency to form oligomers and 
ring structures compared to propane [32]. It is anyway 
fair to remark that to operate at lower temperature 
could further improve membrane resistance to 
deactivation under hydrocarbons rich conditions, as 
also reported by Peters et al. [32] and Jung et al. [40], 
despite a non-negligible flux reduction.  

Finally, the effect of the presence of the steam was 
also investigated. Tests were carried out by feeding in 
the retentate side at the beginning a 2.5 NL/min of a 
stream composed by 80% of propane, 5% of propylene 
and 5% of hydrogen; then the steam was added to the 
retentate, and propane content was reduced to keep 
constant the hydrogen and propylene volumetric 
fractions. The membrane was held at 370°C, while the 
retentate pressure was set to 5 barg. In the permeate 
side, a nitrogen stream (1.5 NL/min) was fed as sweep 
gas, to reduce the hydrogen partial pressure. The 
effect of steam on the permeated hydrogen flux is 
reported in the Figure 9. As evidenced by the 
experimental results, the steam seems to partially 
inhibit the hydrogen permeation through the 
membrane: such achievement well agrees with other 
studies reported in the literature, evidencing that the 
excess of steam leads to a sensible reduction in 
membrane permeability due to a competitive 
adsorption of H2O on Pd surface [4]. It is anyway worth 
to consider that the presence of steam in a similar 
system is mandatory, due to the well-known tendency 
of involved hydrocarbons to the cracking reactions and 
to the coke formation. In this sense, the presence of 
steam in the retentate stream could suppress of coke 
deposition rate, thus presuming a longer lifetime of the 
membrane [42]. 

 

Figure 9: Effect of the presence of steam on the membrane 
permeance (370°C, 5 barg, xH2 = 5%, Qsweep= 1.5 NL/min). 

3.3. Membrane-Based System Operation 

The real advantages of coupling catalytic reactors 
with separation units were evaluated in an 
experimental campaign performed by simulating a 
system constituted by 3 catalytic unit separated by 2 
membranes, resulting so an open architecture 
membrane assisted process R-101 – M-101 – R-102 – 
M-102 – R-103 (Figure 10). The proposed configuration 
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was arranged by exploiting the available experimental 
system, composed by two reactors and a membrane 
unit between them. In a first stage, the system was 
employed by feeding the reactants in the first reactor 
(R-101), the products were delivered to the separation 
unit (M-101) for the hydrogen recovery, then the 
membrane retentate was fed to the second reactor  
(R-102), to carry on the catalytic process. In a second 
phase, a simulated process stream, with identical 
composition to the products of the second reactor of 
the first stage, was delivered to the membrane that so 
acted as M-102, then the retentate was fed to the 
following reactor that acted as R-103. In such 
arrangement, each separation unit placed downstream 
the reaction unit, aimed to (partially) remove hydrogen 
from the process stream, thus enabling the subsequent 
catalytic stage to a further conversion of the propane, 
and as a consequence, to a further production of 
propylene. All catalytic units were loaded with 32.25 g 
of catalyst, while the operating temperature was set to 
500°C. The membrane temperature was set to 370°C, 
in order to minimize the deactivation effects, and a 
sweep stream, composed by 1.5 NL/min of nitrogen, 
was fed in the permeate side. Experimental tests were 
carried out by processing two feed streams, in which 
the water content was changed: in the first one a 

C3H8:H2O = 80:20 was set, while in the second one the 
steam content was reduced, up to have a C3H8:H2O = 
88:12. For both tests, the propane flow rate was fixed 
to 0.25 kg/h, in order to keep constant the WHSV 
value.  

The performances of the evaluated system were 
summarized in Figure 11. Reported results evidenced 
that in all the catalytic stages the propane conversion 
to propylene occurred; obviously, the main part of the 
conversion took place in the first reactor (R-101), while 
the advancements in reactants conversion observed in 
the other two reactors was due to the hydrogen partial 
removal assured by the membrane units. It was worth 
to note that, beside the similar performances of the R-
101 in both operating conditions, overall high propane 
conversion could be recorded for the lowest diluted 
feed, in opposition to thermodynamic predictions, that 
forecast a direct dependency of the propane 
conversion to the feed dilution. 

To elucidate the behaviour of the system, the 
performances of the individual units were investigated: 
in particular, the propane conversion for each catalytic 
unit was evaluated, and compared to the thermo- 
dynamic equilibrium of the unit; in addition, the 

 

Figure 10: Membrane assisted process scheme configuration. 
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efficiency of the separation units, defined as the ratio 
between the permeated hydrogen with respect to the 

fed hydrogen, was calculated.  

Table 2: Estimated Volumetric Flow Rates along the Experimental System m by Feeding C3H8:H2O = 88:12  
(WHSV = 8 h-1) 

 R101 IN R-101 OUT M-101 R-102 OUT M-101 R-103 OUT 

   F R S P  F R S P  

T [°C] 500 370 370 370 370 370 500 370 370 370 370 500 

p [barg] 5.00 5.00 5.00 5.00 0.04 0.04 5.00 5.00 5.00 0.04 0.04 5.00 

Q [Ncc/min] 2412.5 2565.8 2565.8 2474.8 1500.0 1591.0 2522.0 2522.0 2467.0 1500.0 1555.0 2503.9 

H2  153.0 153.0 61.8  88.6 110.6 110.6 60.2  50.4 101.0 

CH4  1.2 1.2 1.3  0.0 1.3 1.3 1.0  0.0 1.3 

C2H4  0.1 0.1 0.1  0.0 0.2 0.2 0.1  0.0 0.2 

C2H6  2.4 2.4 2.2  0.0 1.4 1.4 1.0  0.0 1.3 

C3H6  150.4 150.4 151.4  0.2 211.3 211.3 208.3  0.5 243.1 

C3H8 2123.0 1967.8 1967.8 1967.4  2.2 1907.4 1907.4 1907.4  4.1 1869.2 

C4H8  0.3 0.3 0.4  0.0 0.0 0.0 0.0  0.0 0.1 

C4H10  1.1 1.1 1.3  0.0 0.8 0.8 0.1  0.0 0.1 

N2  0.0 0.0 0.0 1500.0 1500.0 0.0 0.0 0.0 1500.0 1500.0 0.0 

CO  0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 

CO2  0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 

H2O 289.5 289.5 289.5 289.0  0.5 289.0 289.0 289.0  0.0 289.0 

XC3H8  7.3%     3.0%     2.0% 

Mem. Effic.      58.0%     45.6%  

 
Table 3: Estimated Volumetric Flow Rates along the Experimental System m by Feeding C3H8:H2O = 80:20  

(WHSV = 8 h-1) 

 R101 IN R-101 OUT M-101 R-102 OUT M-101 R-103 OUT 

   F R S P  F R S P  

T [°C] 500 370 370 370 370 500 370 370 370 370 500 500 

p [barg] 5.00 5.00 5.00 0.04 0.04 5.00 5.00 5.00 0.04 0.04 5.00 5.00 

Q [Ncc/min] 2412.5 2812.8 2812.8 2721.8 1500.0 1591.0 2769.5 2769.5 2714.5 1500.0 1555.0 2737.5 

H2  159.0 159.0 84.9  73.4 134.1 134.1 86.6  44.0 111.2 

CH4  1.0 1.0 1.0  0.0 1.0 1.0 0.9  0.0 1.0 

C2H4  0.1 0.1 0.1  0.0 0.2 0.2 0.2  0.0 0.2 

C2H6  1.1 1.1 1.0  0.0 1.2 1.2 1.2  0.0 1.3 

C3H6  158.6 158.6 153.9  0.2 202.4 202.4 202.5  0.4 226.5 

C3H8 2123.0 1963.0 1963.0 1951.6  2.2 1901.4 1901.4 1893.9  2.9 1868.0 

C4H8  0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 

C4H10  0.0 0.0 0.0  0.0 0.1 0.1 0.1  0.0 0.1 

N2  0.0 0.0 0.0 1500.0 1515.2 0.0 0.0 0.0 1500.0 1507.7 0.0 

CO  0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 

CO2  0.0 0.0 0.0  0.0 0.0 0.0 0.0  0.0 0.0 

H2O 530.1 530.1 530.1 529.2  0.9 529.2 529.2 529.2  0.0 529.2 

XC3H8  7.5%     2.6%     1.4% 

Mem. Effic.      46.1%     32.8%  
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Figure 11: Propane conversion along the membrane 
assisted system by feeding C3H8:H2O = 88:12 (a) and 
C3H8:H2O = 80:20 (b) (WC3H8 = 0.25 kg/h; WHSV = 8 h-1, TCat 
= 500 °C, Tmem = 370 °C; Qsweep = 1.5 NL/min; p = 5 barg). 

The Figure 12 confirmed that for the selected 
operating conditions the thermodynamic equilibrium is 
well approached: such achievement demonstrates that 
the overall system is not limited by the catalytic stages. 
In particular, it was evidenced that the second and third 
catalytic reactors better approached the equilibrium, 
thus no inhibiting effects were devoted to the presence 
of propylene, while the hydrogen could operate a 
competitive adsorption on the catalytic surface, thus 
resulting in a limitation of the reaction kinetics [43]. Of 
course, such statements should be validated by 
dedicated tests, planned in the near future. Therefore, 
the different performances recorded with the two 
dilution ratios could be ascribable to a non-optimal 
separation efficiency of the membrane units. The 
Figure 13 evidenced that the hydrogen permeated 
through the membrane units is up to 60% lower than 
the ideal value (corresponding to the total permeation 
of hydrogen from the retentate side to the permeate 
side). In particular, the M-102 showed a lower 

efficiency with respect to M-101, for both the selected 
operating conditions: of course, such achievement 
could be addressed to the lower hydrogen partial 
pressure in the retentate side of the second membrane 
unit with respect to the first one. In addition, steam 
dilution seems to play a negative effect on the 
membrane performances, since the separation 
efficiency appeared to be suppressed by higher steam 
dilution of the system. The overall performances of the 
membrane, therefore, are due to both a combination of 
aspects: in one hand the higher dilution of propane led 
to a higher dilution of products (steam was an inert in 
the process), therefore hydrogen partial pressure is 
reduced, depressing membrane performances. On the 
other hand, the higher content of steam led to a 
reduction in membrane permeance (of about 25%), as 
also evidenced in Figure 9, since a competitive 
adsorption of H2O on Pd surface could take place.  

 

Figure 12: Propane conversion in the catalytic units during tests on membrane assisted system fed by C3H8:H2O = 88:12  
(a) and C3H8:H2O = 80:20 (b) (WC3H8 = 0.25 kg/h; WHSV = 8 h-1, TCat = 500 °C, Tmem = 370 °C; Qsweep = 1.5 NL/min; p = 5 barg). 

 

Figure 13: Hydrogen recovery conversion in the catalytic 
units during tests on membrane assisted system fed by 
C3H8:H2O = 88:12 (a) and C3H8:H2O = 80:20 (b) (WC3H8 = 
0.25 kg/h; WHSV = 8 h-1, TCat = 500 °C, Tmem = 370 °C; 
Qsweep = 1.5 NL/min; p = 5 barg). 
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The combination of catalytic and separation units 
determined the overall performances of the system: in 
Figure 14 the propane conversion profile along the 
system was reported for the two dilution ratios. The 
reported results once again confirmed the better 
performances achieved for the lower dilution ratio: 
despite the more advantageous conditions (under the 
thermodynamic point of view) related to the higher 
dilution, the negative effect on the membranes of 
steam led to a reduced activity of the separation units, 
that in turn depressed the overall performances of the 
system. Globally, such achievement evidenced that in 
one hand the integrated approach assured a clear 
increasing in system performances; anyway the system 
configuration was limited by the separation units, that 
requires actions to improve efficiency.  

 

Figure 14: Dependence of propane conversion trend on feed 
dilution in the membrane assisted system (WC3H8 = 0.25 kg/h; 
WHSV = 8 h-1, TCat = 500 °C, Tmem = 370 °C; Qsweep = 1.5 
NL/min; p = 5 barg). 

CONCLUSIONS 

The applicability of a membrane-assisted process in 
the propylene production via propane dehydrogenation 
has been investigated. The approach was based on the 
insertion of Pd based membranes between two 
catalytic stages for the recovery of hydrogen, thus 
promoting the chemical equilibrium of the PDH reaction 
aimed to the attainment of a sustainable propane 
conversion at lower temperature, so minimizing the 
contribution of side products. In the study, the criticism 
of the correct choice of the operating conditions was 
emerged, both for the catalytic reaction unit and for the 
separation module.  

In one hand, catalytic tests on the reaction unit 
evidenced that the operating temperature strongly 
affects the propane conversion, since high temperature 

thermodynamically promotes high conversion degrees; 
on the other hand, too high temperature leads to not 
negligible values of formation of side-products, thus 
suppressing the selectivity to propylene. In addition, the 
presence of steam is crucial for the reaction, since its 
presence partially reduced the side-reaction towards 
the formation of coke or gaseous side-products. It is 
however worth to consider that the process stream 
dilution could counter the benefits linked to a 
membrane-assisted process, since it decreases the 
hydrogen partial pressure in the retentate side, thus the 
permeation flux. In addition, it was evidenced that the 
investigated catalytic system was able to totally inhibit 
steam reforming reactions, in the whole range of the 
investigated conditions. 

The membrane characterization evidenced a weak 
dependence of the permeability from the operating 
temperature, since hydrogen flux could increase up to 
30% by raising temperature of around 80°C. On the 
other hand, experimental test evidenced that the 
presence of steam could partially suppress the 
permeability of the membrane.  

Tests on the integrated system merged the effects 
on both catalytic reaction units and separation units. 
The results of the overall membrane based system 
show that the coupling of PDH reaction units with 
membrane can lead to an overcome of the 
thermodynamic equilibrium, thereby assessing the 
feasibility of this option. It was demonstrated that by 
using the proposed architecture, the propylene 
productivity was increased of about 50% with respect 
to the thermodynamic prediction for a traditional 
catalytic stage. Beside the promising results observed 
in the experimental tests for the membrane assisted 
systems, optimization in catalytic mass, membrane 
surface and processed flow stream appeared 
necessary [44]. However, the potential of membrane 
deactivation likely owing to adsorption of hydrocarbon 
species on the membrane surface can reduce the 
industrial applicability of this scheme. Accordingly, 
improvement in membrane formulation and long term 
tests are still needed to perform a complete 
assessment of the novel technology.  
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NOMENCLATURE 

ΔH°
298K Reaction enthalpy at standard conditions, kJ mol-1 

δ membrane layer thickness, m 

FA Molar flow rate of A species 

GHSV Gas Hourly Space Velocity, h-1 

jH2 Hydrogen flux through the membrane layer, mol m-2 
s-1 

p Pressure, barg 

pH2,perm Hydrogen partial pressure in the permeate side, Pa 

pH2,ret Hydrogen partial pressure in the retentate side, Pa 

Pe Membrane permeability, mol m-2 s -1 Pa-n 

Q Volumetric flow rate, NL min-1 

R2 Determination factor, - 

SA Selectivity toward the A species, - 

T Temperature, °C 

XC3H8 Propane conversion, % 

WHSV Weight Hourly Space Velocity, h-1 

Acronyms 

PDH Propane DeHydrogenation 

CTP Coal To Propylene 

SC Steam Cracking 

FCC Fluid Catalytic Cracking 

STAR STeam Active Reforming 

FBD Fluidized Bed Dehydrogenation 

DH DeHydrogenation 

FID Flame Ionization Detector 

TCD Thermal Conductivity Detector 
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