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b Department of Chemical Engineering, Faculty of Science, Autonomous University of Madrid, Ciudad Universitaria de Cantoblanco, Madrid, Spain 
c Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University, Hlavova 8, Prague, Czech Republic 
d Chemical and Environmental Engineering Group, Rey Juan Carlos University. C/ Tulipán s/n, Móstoles, Madrid, Spain   
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A B S T R A C T   

A variety of oxides (titanium, tin, calcium, magnesium, and gallium) were supported over nano-crystalline ZSM-5 
zeolite (n-ZSM-5) by wet impregnation, characterized and evaluated for propane dehydrogenation (PDH) reac
tion. To enhance the catalytic performance of the oxide-modified n-ZSM-5, Pt nanoparticles were also dispersed 
over the oxides-supported zeolite catalysts by wet impregnation. Finally, Ga-containing MFI zeolites were used as 
catalysts in the PDH. Ga was incorporated into the zeolite by two different methods, via hydrothermal synthesis 
and via wet impregnation. In the PDH reaction, Pt-containing samples exhibited a high initial catalytic activity 
although they suffered a fast deactivation by coke deposition. On the contrary, Ga-containing MFI catalysts 
showed a remarkable stability in the PDH reaction. In particular, the catalyst in which Ga was incorporated into 
the MFI structure by hydrothermal synthesis (Ga-MFI (nSH)) achieved the highest catalytic performance in PDH 
(9% conversion and 80% propylene selectivity) due to the synergy between the Brønsted and Lewis acid sites 
(BAS and LAS) and the optimal strength of its LAS sites. These results denote the great potential of Ga-MFI 
zeolites as catalysts in PDH reactions.   

1. Introduction 

Propylene is a highly demanded chemical building block to produce 
a wide range of high-value chemicals, such as polypropylene, acrylo
nitrile, propylene oxide, acrylic acid, etc. [1,2]. The typical production 
of propylene relies on steam cracking and fluid catalytic cracking of 
naphtha and oils, but cracking processes are insufficient to meet the 
growing global demand. Accordingly, the catalytic propane dehydro
genation reaction is becoming an interesting alternative, especially 
taking into account the high propane availability from shale gas 
exploitation [3,4]. Thus, propane dehydrogenation (PDH) supplied 13.6 
million metric tons of propylene in 2019, representing ~11% of 
worldwide propylene production [5]. 

Propane dehydrogenation (PDH) is a reaction strongly limited by its 
high endothermicity, requiring high reaction temperatures above 550 ◦C 
and low propane pressure to obtain suitable conversions [6]. However, 
these elevated temperatures can lead to undesired secondary reactions 
including cracking, aromatization and oligomerization reactions as a 

result of the higher reactivity of propylene relative to propane [7]. 
As the key parameter appears to be the scission of the of the C-H bond 

of propane, Cr- and Pt-based catalysts are widely used and implemented 
in commercial processes (e.g. the Catofin and Oleflex processes using 
chromium- and platinum-based catalysts, respectively) [6]. However, 
the Cr-based catalysts have a major drawback due to the low selectivity 
to propylene and a high deactivation rate as a consequence of the coke 
deposition on the surface, together with its environmental concern. In 
contrast, palladium- and platinum-based catalysts have shown excellent 
performance in PDH reactions due to their ability for selective activation 
of C-H bonds [4,8,9]. However, platinum species typically experience a 
decrease in the activity at the high temperatures required due to sin
tering by Otswald ripening. Various strategies have been reported to 
overcome these shortcomings. Linic et al. [10] reported outstanding 
results in PDH using catalysts based on silica-supported platinum-tin 
nanoparticles operating at thermodynamically limited conversion 
levels, with exceptional stability and high selectivity to propylene. Other 
very promising microporous supports are zeolites since Pt species 
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confined within their micropores present enhanced stability against 
sintering even at high temperatures or pressures [11,12]. Thus, it is very 
important to properly choose the method of Pt incorporation to better 
define its location and the properties that will impart to the PDH reac
tion. Liu et al. [13] reported an approach based on the transformation of 
two-dimensional ITQ-1 into three-dimensional MCM-22, which allowed 
the incorporation of Pt single atoms and nanoclusters in the internal 
channels to provide the catalysts with exceptionally high thermal sta
bility. Similarly, layers of IPC-1P were used to stabilize Pt nanoclusters 
by condensing the layers into PCR zeolite [14]. In subsequent research, 
Liu et al. [15] reported how the introduction of a moderate amount of K+

in the MFI zeolite hydrothermal synthesis permits that Pt atoms were 
selectively dispersed in the sinusoidal 10-ring channels of the MFI 
zeolite, suppressing the sintering of Pt nanoclusters through a stabili
zation effect and being very effective in the PDH reaction. 

However, low availability of Pt and its high cost make the search for 
alternative catalysts essential. In this context, catalysts based on metal 
oxides, such as vanadium oxides, zinc oxides and gallium oxides are 
being used as interesting alternatives in the PDH reaction, exhibiting 
lower toxicity and lower cost than Cr- and Pt-based catalysts [16,17]. 
Among them, gallium (Ga)-based catalysts are emerging as a promising 
alternative in the PDH process due to their dehydrogenation activity. 
Nevertheless, conventional gallium oxides-based materials also suffer 
from deactivation and promote cyclization and aromatization reactions 
to a great extension [18–20]. To overcome these negative effects, a 
variety of Ga-containing zeolite sites have been considered. In partic
ular, Ga addition into MFI zeolites allows the modification of the 
strength and concentration of the different acid sites depending on 
whether the Ga is incorporated in the framework or is present in the 
form of extra-framework species, implying the formation of several 
types of Ga-sites able to activate the C-H bonds and, as a consequence, 
causing a variation in the distribution of the products of the PDH reac
tion [1,21–24]. 

However, although the catalytic activity of Ga-based catalysts in the 
PDH process has been extensively studied, further research is needed to 
explore the nature and location of the active sites, the influence of the 
Si/Ga ratio, the Brønsted and Lewis acid sites concentration, the char
acter of the support and the method of incorporation of Ga species, etc., 
all to improve the catalytic performance, and increase both propane 
conversion and propylene selectivity. 

In this work, a wide variety of catalysts, based on the zeolitic MFI 
structure, have been investigated in the propane dehydrogenation re
action. Metal oxide- and Pt-modified metal oxides n-ZSM-5 catalysts 
were prepared to evaluate the effect of their textural and acidic prop
erties on the catalytic performance. On the other hand, with the aim of 
finding a new alternative to the costly and scarce Pt, Ga was introduced 
into MFI zeolitic materials by two different methods, via hydrothermal 
synthesis and via wet impregnation to investigate the effect of the 
location of Ga species and the concentration of acid sites on their cata
lytic performance. 

The results evidenced a better catalytic activity of these materials in 
the PDH reaction, mainly the Ga-MFI (nanosheet (nSH)) zeolite, due to a 
synergistic combination of Brønsted and Lewis acid sites (BAS and LAS) 
together with a higher strength of the LAS sites. In addition, these ma
terials also showed a higher stability than Pt-based catalysts. The results 
denote the potential of Ga MFI zeolites as catalysts in PDH reactions. 

2. Experimental 

2.1. Catalysts preparation 

Several oxide-supported catalysts were prepared by wet impregna
tion method using n-ZSM-5 (nanocrystalline ZSM-5, Si/Al: 42, Clariant 
CZP90) as support and ethanol as solvent. These catalysts were prepared 
with 10 wt% of metal oxide loading, with the aim of modifying signif
icantly the textural and acidity properties of the support. Magnesium (II) 

nitrate hexahydrate (Mg(NO3)2⋅6 H2O, Fischer Scientific, 98%), calcium 
nitrate tetrahydrate (Ca(NO3)2⋅4 H2O, Fischer Scientific), tin (II) chlo
ride dihydrate (SnCl2⋅2 H2O, Sigma Aldrich, 98%) and titanium (IV) 
oxyacetylacetonate (C10H14O5Ti, Sigma Aldrich, 90%) were used as 
precursor salts of the metal oxides. Impregnation was carried out at 60 
ºC and 200 rpm for 6 h in two consecutive steps to achieve a better 
dispersion. In each step, 50% of the amount of metal oxide precursor 
required for the impregnation was used and the ratio of 1 g of support 
per 10 mL of solution was maintained. After each impregnation step, the 
solvent was removed on a rotary evaporator (50 ºC, 10 mbar) and the 
solid recovered was dried at 100 ºC overnight. Afterward, the prepared 
samples were calcined at 550 ºC for 4 h in air (heating rate of 1.8 ºC/ 
min). The samples were designated as MgO-n-ZSM-5, CaO-n-ZSM-5, 
SnO2-n-ZSM-5 and TiO2-n-ZSM-5. 

Pt-containing catalysts were also prepared by wet impregnation 
method using tetraammineplatinum (II) nitrate ([Pt(NH3)4](NO3)2, 
Sigma Aldrich, 99.995%) as metal precursor. The commercial n-ZSM-5 
and also the materials previously prepared by incorporating metal ox
ides were used as supports. These catalysts were prepared using 0.5 wt% 
Pt loading to avoid the use of large quantities of this expensive and 
scarce material. The metal precursor was first dissolved in water and 
then the supports were added to this solution, using 1 g of support per 
10 mL of solution. The solution was kept under stirring (200 rpm) at 
room temperature for 6 h and then the solvent was removed on a rotary 
evaporator (50 ºC, 10 mbar). The recovered solids were calcined at 500 
ºC for 2 h in air (heating rate of 1.8 ºC/min) and reduced at 500 ºC for 2 h 
in H2 (50 mL/min). The samples were denoted as Pt-n-ZSM-5, Pt-MgO-n- 
ZSM-5, Pt-CaO-n-ZSM-5, Pt-SnO2-n-ZSM-5, and Pt-TiO2-n-ZSM-5. 

Regarding the Ga-containing catalysts, a framework Ga-containing 
zeolite, Ga-MFI (nanosheet (nSH)) zeolite was synthesized by hydro
thermal method according to literature procedures [25] from a synthesis 
gel with the following composition: 100 SiO2: 1.5 Ga2O3: 30 Na2O: 10 
SDA: 15 H2SO4: 3200 H2O. Gallium (III) sulfate (Ga2(SO4)3, Sigma 
Aldrich, 99.99%), water glass (SiO2 = 26.5 wt%, Na2O = 10.6 wt%, 
Sigma Aldrich), sodium hydroxide solution (NaOH, Merck, 50%), tet
raethyl orthosilicate (TEOS, Sigma Aldrich, 99%,), sulfuric acid (H2SO4, 
Lachema, Czechia, 98%), 1-bromodocosane ( TCI, 98%), N,N,N′, 
N′-tetramethyl-1,6-diaminohexane (TCI, 98%), toluene (Sigma Aldrich, 
99.8%), acetonitrile (Merck, 99%), diethyl ether (Penta, Czech Repub
lic), 1-bromohexane (Sigma Aldrich, 98%), ammonium nitrate 
(NH4NO3, Merck, 95%) were used as reactants during the synthesis and 
SDA preparation. Crystallization was performed in a Teflon-lined 
stainless-steel autoclave at 150 ◦C for 7 days. The final product was 
then filtered, dried overnight at 60 ◦C and calcined at 550 ◦C for 8 h in 
air. Finally, the sodium form was ion-exchanged into the proton form by 
treatment (4 times) with a 1.0 M ammonium nitrate solution for 4 h 
(using 1 g of zeolite per 100 mL of solution) followed by calcination at 
450 ◦C for 5 h. On the other hand, for comparison Ga-n-ZSM-5 and 
Ga-Silicalite-1 catalysts were prepared by wet impregnation method, 
using the same and three times the Ga content of the Ga-MFI (nSH) 
catalyst. It should be emphasized that the Gallium present on the 
n-ZSM-5 and Silicalite-1 supports is in the Ga2O3 state, unlike the 
Ga-MFI sample, where Gallium is found within the zeolitic framework. 
Thus, the samples were denoted as 2.8% and 7.4% Ga-n-ZSM-5 and 2.8% 
Ga-Silicalite-1. The synthesis gel of the Silicalite-1 sample was prepared 
in a round bottom flask containing tetraethyl orthosilicate (TEOS, 
Aldrich, 98%), tetrapropylammonium hydroxide (TPAOH, Alfa-Aesar, 
40% w/w aqueous solution) and deionized water in a molar concen
tration of 100 SiO2: 18 TPAOH: 2500 H2O. TEOS hydrolysis was per
formed under magnetic stirring for 40 h at room temperature. The 
ethanol produced was then removed by evaporation at 50 ◦C and 100 
mbar. Then, the synthesis gel was precrystallized at 90 ◦C for 20 h under 
reflux and stirring, and subsequently hydrothermally crystallized at 
170 ◦C for 7 days under autogenous pressure. The zeolitic product was 
recovered by washing with deionized water and centrifugation (10 min 
at 6000 rpm) until the pH of the aqueous supernatant was neutral. Then, 
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the solid sample was dried overnight at 90 ºC and calcined under static 
air at 550 ◦C (1.8 ◦C/min) for 5 h. For the catalysts preparation, the 
metal precursor (gallium (III) nitrate hydrate (Ga(NO3)3. xH2O, Sigma 
Aldrich, 99.9%) was first dissolved in water and then the supports 
(n-ZSM-5 and silicalite-1) were added to this solution, using the ratio of 
1 g of support per 10 mL of solution. The solution was kept under stirring 
(200 rpm) at 60 ºC for 6 and then the solvent was removed on a rotary 
evaporator. The recovered materials were calcined at 550 ºC for 4 h in 
air (heating rate of 1.8 ºC/min). 

2.2. Catalysts characterization 

X-ray diffraction (XRD) patterns of the catalysts were recorded on an 
Empyrean PANalytical diffractometer with Cu (Kα = 1.54 Å) radiation 

covering 2Ɵ from 5 ◦ to 50 ◦ with a step size of 0.0263º and a net time per 
step of 957 s, in addition to a voltage of 45 kV and current of 40 mA. 
Argon physisorption analyses were performed at − 186 ◦C on a Micro
meritics 3Flex instrument, and all samples were degassed under a vac
uum at 300 ◦C for 5 h before the measurements. The specific surface area 
(SBET) was calculated using BET equation (between 0.05 and 0.16 of 
relative pressure) and the Non-Local DFT (NL-DFT) model was applied 
in the adsorption branch to determine the pore size distribution. The 
total pore volume (VT) of samples was calculated at a relative pressure 
(P/P0) of 0.99 and the micropore volume (VMIC) was determined from 
the NL-DFT cumulative pore volume versus pore size data. The micro
porous surface area (SMIC) was determined according to literature pro
cedure [26] and the non-microporous surface area (SMES+EXT) was 
calculated as the difference between the SBET and the SMIC. 

Transmission electron microscopy (TEM) was performed on a JEOL 
JEM 1400 microscope at 120 kV. Field emission scanning electron mi
croscopy (FE-SEM) was performed on a JEOL JSM-7900 F microscope. 
The mean nanoparticles sizes were determined using ImageJ software by 
counting around 100 particles in the images of each sample. The surface 
acidity of the materials was determined by Fourier-transform infrared 
spectroscopy (FTIR) spectroscopy of adsorbed pyridine in a house-made 
system. The spectra were recorded with a Jasco-4600 instrument 
equipped provided with a TGS detector with 128 scans at a resolution of 
4 cm− 1. Prior to the pyridine adsorption, a self-supported wafer (15 
mgcm2) of the materials was activated under vacuum at 525 ◦C for 1 h. 
Then, pyridine was adsorbed on the catalysts at 150 ◦C and the thermal 
desorption process was performed at 150, 250, 350 and 450 ◦C with a 
ramp of 10 ◦C/min, under high vacuum conditions for 20 min at each 
temperature. Concentrations of Brønsted (BAS) and Lewis (LAS) acid 
sites were calculated using the molar extinction coefficients reported by 
Zholobenko et al. [27] (ξBAS = 1.09 cm/μmol and ξLAS= 1.71 cm/μmol 
for ZSM-5). Thermogravimetry analysis (TGA) in air of the spent cata
lysts was carried out on a NETZSCH STA 449F3 instrument with heating 
rate of 10 ºC/min from room temperature to 900 ºC. 

2.3. Catalytic performance 

Propane dehydrogenation experiments were carried out in a 316 

stainless steel fixed-bed reactor (9 mm in diameter, Microactivity- 
Reference system, PID Eng Tech), under atmospheric pressure. The re
action temperature (550 ºC) was measured by a thermocouple placed 
above the catalyst bed, and both temperature and pressure were 
controlled by an automatic process-variable control system. First, the 
catalyst sample (0.1 g, sieve fraction of 0.28 – 0.5 mm) was placed in the 
reactor and the system was heated until reaching the reaction temper
ature, using a flow rate of 50 mL/min of N2. When the temperature was 
stabilized, the reactant was introduced into the reactor at a flow rate of 
50 mL/min, consisting of 10 vol% propane and 90 vol% of N2. The gas 
products were analyzed using an Agilent 490 Micro-Gas chromatograph. 
The carbon balance was higher than 97% in all the experiments. 

The propane conversion (Eq. 1), propylene selectivity (Eq. 2) and 
yield (Eq. 3) were calculated on carbon basis as follows: 

The deactivation parameter, estimated from the drop in the propane 
conversion during the reaction, was calculated according to the 
following equation (Eq. 4) for a better comparison of the stability of the 
catalysts. 

Deactivation parameter (%) =
Conversioninitial − Conversionfinal

Conversioninitial
× 100%

(4)  

3. Results and discussion 

3.1. Catalysts properties 

Different metal oxide- and Pt-containing n-ZSM-5 catalysts were 
prepared to evaluate the effect of their textural and acidic properties on 
the propane dehydrogenation reaction. The catalysts included MgO-n- 
ZSM-5, CaO-n-ZSM-5, SnO2-n-ZSM-5, and TiO2-n-ZSM-5. Additionally, 
Pt was incorporated over the prepared metal oxide-containing n-ZSM-5 
samples. The catalyst comprising Pt on the parent zeolite support was 
also characterized and tested in the reaction as reference material. In 
addition, four Ga-containing MFI catalysts, one with Ga incorporated 
during the hydrothermal synthesis (2.8% Ga-MFI (nSH)), and the other 
three loaded with Ga by wet impregnation method (7.4% Ga-n-ZSM-5, 
2.8% Ga-n-ZSM-5 and 2.8% Ga-Silicalite-1), were prepared to investi
gate the effect of the location of Ga species and the concentration of acid 
sites on their catalytic performance. 

The XRD patterns of the reference sample Pt-n-ZSM-5, Pt-metal ox
ides containing n-ZSM-5 and Ga-containing catalysts exhibited the 
characteristic diffraction peaks corresponding to the typical MFI zeolite 
topology, according to the IZA database (7.9º, 8.8º, 13.3º, 14.1º, 14.9º, 
16.1º, 23.2º, 24.1º, 30.3º), indicating that the crystalline structure was 
maintained after the metal additions [28]. However, the X-ray diffrac
tion intensities of the impregnated samples slightly decreased, probably 
due to the coverage effect of the added metallic species. This peak 
shielding effect can be related with the relatively high metal oxide 
loading and its preferential location over the outer part of the zeolite 
crystals. The diffraction peaks of the Ga-MFI (nSH) catalyst show a lower 
intensity compared to the 2.8% Ga-n-ZSM-5, 7.4% Ga-n-ZSM-5, and 
2.8% Ga-silicalite-1 samples due to the smaller crystal domains 

Propane conversion (%) =
moles of (CH4 + 2 × C2H4 + 2 × C2H6 + 3 × C3H6)

moles of (CH4 + 2 × C2H4 + 2 × C2H6 + 3 × C3H6 + 3 × C3H8)
× 100% (1)  

Propylene selectivity (%) =
3 × moles of C3H6

moles of (CH4 + 2 × C2H4 + 2 × C2H6 + 3 × C3H6)
× 100% (2)  

Propylene yield (%) =
3 × moles of C3H6

moles of (CH4 + 2 × C2H4 + 2 × C2H6 + 3 × C3H6 + 3 × C3H8)
× 100% (3)   
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displayed by the nanosheet morphology. On the other hand, no peaks 
related to the different metal oxides, neither to Pt or Ga were observed in 
the catalysts, except for a small peak at 39.8º in the Pt-n-ZSM-5 catalyst 
corresponding to Pt (111), indicating that the metals were well 
dispersed on the zeolite surface. 

The textural properties of the catalysts determined by Argon (− 186 
ºC) adsorption-desorption analyses are summarized in Table 1, and the 
isotherms are shown in Fig. S1. The catalysts derived from the n-ZSM-5 
and Silicalite-1 samples exhibit the typical I(b) isotherms [29] charac
teristic of microporous materials with high adsorption at low relative 
pressures. Moreover, all these samples exhibit significant adsorption at 
relative pressures higher than 0.85, which is associated with 

intercrystalline adsorption [29]. On the contrary, the sample 2.8% 
Ga-MFI (nSH) displays a type IV isotherm, with a significant adsorption 
at intermediate relative pressures (P/P0 = 0.4–0.8), suggesting the 
presence of mesopores due to its morphological characteristics (nano
sheets). Regarding the textural properties, in general, the incorporation 
of metal oxide over the zeolitic nanocrystals generated a decrease in 
both SBET and VT and VMIC respecting the parent Pt-n-ZSM-5, due to the 
partial blockage of the pores by the metal oxide nanoparticles. The 
decrease in micropore volume was less accentuated in the case of SnO2 
and TiO2, indicating that these oxides could be preferentially located on 
the external surface of the zeolite. On the contrary, the most remarkable 
changes were observed after the incorporation of CaO and MgO, which 
could indicate the preferential location of the CaO and MgO on the 
zeolitic micropores. Finally, regarding the Ga-containing catalysts, the 
2.8% Ga-MFI (nSH) catalyst exhibited a high SBET and SMES+EXT due to 
its unique nanosheet morphology, Ga-silicalite-1 showed similar 
textural properties to previous works [19] and in the case of Ga2O3 
loading, the VT was higher compared to the parent n-ZSM-5, while the 
SBET, SMES+EXT and VMIC remained almost unchanged. This could be due 
to the formation of intergranular mesopores during the accumulation of 
nanocrystal particles [30] in the case of Ga-n-ZSM-5 samples. 

FTIR spectroscopy using pyridine as a probe molecule was used to 
estimate the acidic properties of the catalysts. Fig. S2 shows the pyridine 
vibration region FTIR spectra recorded after pyridine desorption at 150 
ºC. The concentrations of Brønsted (CBAS), Lewis (CLAS), total acid (CT) 
sites, and the CBAS/CLAS ratio are summarized in Table 2. All Pt-oxide- 
containing zeolite catalysts showed a lower concentration of BAS than 
the parent Pt-n-ZSM-5, especially the catalyst containing MgO and CaO. 
On the other hand, the concentration of LAS increased after metal-oxide 

Fig. 1. XRD patterns of the (a) Pt-metal oxides-containing n-ZSM-5 catalysts and (b) Ga-containing MFI catalysts.  

Table 1 
Textural properties of the catalysts from Ar adsorption/desorption isotherms.  

Catalyst SBET 

(m2/ 
g) 

SMIC 

(m2/ 
g) 

SMESþEXT (m2/ 
g) 

VT 

(cm3/ 
g) 

VMIC 

(cm3/ 
g) 

n-ZSM-5  399  282  117  0.52  0.18 
Pt-n-ZSM-5  409  276  133  0.57  0.17 
Pt-MgO-n-ZSM-5  349  225  124  0.48  0.14 
Pt-CaO-n-ZSM-5  302  210  92  0.45  0.13 
Pt-SnO2-n-ZSM-5  379  263  116  0.56  0.16 
Pt-TiO2-n-ZSM-5  373  253  120  0.50  0.16 
2.8% Ga-MFI 

(nSH)  
432  238  194  0.55  0.15 

2.8% Ga-Silicalite- 
1  

443  273  170  0.39  0.17 

2.8% Ga-n-ZSM-5  386  273  113  0.59  0.17 
7.4% Ga-n-ZSM-5  402  282  120  0.63  0.18  
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loading, particularly in the samples Pt-MgO-n-ZSM-5 and Pt-CaO-n- 
ZSM-5 samples, while it slightly decreased in the case of SnO2 addi
tion. Further insights regarding the Lewis acid sites modification after 
oxide loading can be inferred analyzing the band shift of the parent 
zeolite at (1621 cm-1), which is attributed to pyridine interaction with 
the Lewis acid sites. This band is practically absent in the case of samples 
impregnated with MgO and CaO, while a new band in the region at 
1610 cm-1 appears, to a greater or lesser extent, after the incorporation 
of all metals (Fig. S2a). The shift of the 1621 cm-1 band position towards 
lower wavelengths is related to the appearance of weaker Lewis centers, 
so it can be stated that the incorporation of metal oxides provides the Pt- 
n-ZSM-5 sample with weaker Lewis acidity. Therefore, this Lewis acid 
strength increases following this trend: Pt-CaO-n-ZSM-5 < Pt-TiO2-n- 
ZSM-5 < Pt-MgO-n-ZSM-5 < Pt-SnO2-n-ZSM-5 < Pt-n-ZSM-5. 

Among the Ga-containing catalysts, the 7.4% and 2.8% Ga-n-ZSM-5 
samples showed the highest concentration of BAS (around 0.180 mmol/ 
g). Regarding the LAS, the peaks corresponding to pyridine coordinated 
to Lewis’s acid sites (PyL at 1621 and 1456 cm-1) are even larger than in 
the parent Pt-n-ZSM-5, confirming the higher concentration of these 
Lewis acid sites. Moreover Ga-MFI (nSH) presented the highest con
centration of LAS (0.187 mmol/g), as a consequence of the abundant 
framework-Ga species, which is consistent with previous works [31,32]. 
On the other hand, as expected, no BAS was detected in Ga-Silicalite-1 
catalyst (Fig. S2b). Compared to the parent Pt-n-ZSM-5, the decrease 
in the amount of the BAS observed in the 2.8% and 7.4% Ga-n-ZSM-5 
catalysts was attributed to blockage of the channels and pore mouths 
by Ga2O3 and other extra-crystalline species [23], whereas the increase 
in LAS is explained by the conversion of BAS related to the zeolite 
framework into LAS, associated with the incorporated Ga species [33]. 
The differences in Ga species in these materials resulted in the CBAS/CLAS 
ratio being more than twice larger in the 2.8% and 7.4% Ga-n-ZSM-5 
catalysts than in Ga-MFI (nSH), despite the fact that both materials 
had a similar concentration of total acid sites (around 0.3 mmol/g). 

The concentration of BAS and LAS at desorption temperatures of 150, 
250, 350 and 450 ℃ are shown in Fig. S3. The fraction of strong BAS and 
LAS was also estimated as a function of the acid concentration of the 
retained pyridine after desorption at 150 ◦C and 350 ◦C (Table 2). As 
previously suggested, the concentration of strong BAS was higher in the 
Pt-n-ZSM-5 (69%) than in the samples where the oxides were incorpo
rated (19–64%). The fraction of strong LAS also decreased from 39% to 
19–37% after the metal-oxide addition in Pt-n-ZSM-5. On the other 
hand, Ga-MFI (nSH) showed a higher fraction of LAS than 2.8% and 
7.4% Ga-n-ZSM-5 samples due to the higher abundance of framework Ga 
species [31], while Ga-Silicalite-1 material mainly showed the weakest 
concentration and fraction of acid sites. This LAS weakening for the 
Ga-Silicalite-1 sample can be also seen in the PyL band displacement 
from 1456 cm-1 to 1447 cm-1, and in the appearance of a PyL band at 
1589 cm-1 (Fig. S2). 

Fig. 2 shows the SEM images of the Pt-containing catalysts and the 
mean nanoparticle size distribution. The Pt-n-ZSM-5 catalyst had the 
largest mean nanoparticle size (19.6 ± 10.3 nm), while the catalysts 

prepared using the metal oxides-n-ZSM-5 had smaller mean nano
particle size with narrower size distribution. Among the catalysts pre
pared from metal oxides-n-ZSM-5, Pt-MgO-n-ZSM-5 and Pt-CaO-n-ZSM- 
5 had the smallest mean nanoparticle size, between 7.3 and 7.9 
± 2.2–2.5 nm, indicating the possible occurrence of ion-exchange with 
protons of the parent zeolite, as reported in literature [34]. Additionally, 
the small average nanoparticle size obtained with the Pt catalyst pre
pared using SnO2 and TiO2-n-ZSM-5 could be attributed to the lower 
acidity (mainly BAS) of these materials, since it has been reported that 
weakly acidic supports can improve the dispersion of Pt due to an 
increased metal-support interaction [35]. In addition, it is important to 
highlight that the in catalysts prepared with SnO2, and TiO2, the nano
particles observed in the images could correspond to both metals (Pt and 
the reduced metal from the oxide) and/or by the bimetallic alloys be
tween them, since these oxides could have been partially or completely 
reduced during the H2 reduction method [36–39]. 

As shown in Fig. 3, TEM images of the oxides-containing n-ZSM-5 
catalysts also confirm that the crystal size (20–50 nm) of the Pt-n-ZSM-5 
was not altered by the metal oxide loading, and that the oxides were well 
dispersed in the zeolite, as no large particle agglomerations were 
observed on the catalysts (Fig. 3a-d). Energy dispersive X-ray spec
trometry (EDS) elemental mapping images (Fig. S4) also shows the high 
and homogeneous dispersion of the metal oxides in n-ZSM-5 zeolite. 
Although no significant variation was observed in the textural properties 
of the parent Pt-n-ZSM-5 sample after impregnation with SnO2 and TiO2 
(Table 1), small nanoparticles with sizes ranging from 5 to 10 nm were 
detected in the TEM micrographs. Additionally, the TEM images of the 
Pt-oxide-containing catalysts (Fig. 3e-i) show the high dispersion and 
the small sizes of the nanoparticles, while areas with a high concentra
tion of nanoparticles were also detected in the Pt-CaO-n-ZSM-5 catalyst, 
as can be seen in Fig. 3g. A high Ga dispersion was also observed in the 
catalysts (Fig. S4). 

3.2. Catalytic performance 

Propane dehydrogenation was first carried out at 550 ºC for 4 h over 
the Pt-oxides- catalysts. The catalytic performance results during the 
reaction time of the parent Pt-n-ZSM-5 and the Pt-oxides-n-ZSM-5 cat
alysts are shown in Fig. 4. In the literature [40,41], it was reported that 
the LAS are the active sites for the dehydrogenation reaction, while both 
catalytic cracking and coke formation could be catalyzed through BAS 
and LAS. 

A time-averaged (4 h) propane conversion of 16% and propylene 
selectivity of 83% was obtained with Pt-n-ZSM-5 catalyst (Fig. 4), 
resulting in a propylene yield of 13%. However, the high concentration 
of BAS favored the formation of a large amount of carbonaceous deposits 
on the catalyst surface, resulting in a loss of catalytic activity during the 
reaction time, as will be discussed below and supported by the large 
error bar of the results. The catalytic activity did not improve with the Pt 
catalysts prepared from the oxide-containing n-ZSM-5 and only the Pt- 
CaO-n-ZSM-5 catalyst achieved conversions close to 10%, although 

Table 2 
Acidic properties of the catalysts.  

Catalyst CBAS
a (mmol/g) CLAS

a (mmol/g) CBAS/CLAS CT (mmol/g) Fraction of strong BASb (%) Fraction of strong LASb (%) 

Pt-n-ZSM-5  0.212  0.076  2.77  0.288 69  39 
Pt-MgO-n-ZSM-5  0.068  0.325  0.21  0.393 46  37 
Pt-CaO-n-ZSM-5  0.033  0.209  0.16  0.242 19  29 
Pt-SnO2-n-ZSM-5  0.131  0.131  1.00  0.262 55  19 
Pt-TiO2-n-ZSM-5  0.177  0.107  1.666  0.283 64  31 
2.8% Ga-MFI (nSH)  0.130  0.187  0.69  0.317 72  57 
2.8% Ga-Silicalite-1  0.000  0.100  0.00  0.100 -  3 
2.8% Ga-n-ZSM-5  0.181  0.112  1.62  0.292 65  38 
7.4% Ga-n-ZSM-5  0.180  0.096  1.88  0.276 61  43  

a CBAS and CLAS measured at 150 ◦C. 
b Acid site concentration at 350 ℃ in relation to that at 150 ℃. 
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Fig. 2. SEM images and histograms of metal particle size distribution of the Pt-containing catalysts.  
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the loss of activity was remarkable (high error bar), as discussed later. 
Fig. 5 shows the time-averaged (4 h) catalytic performance of the Ga- 

containing catalysts. The Ga-MFI (nSH) catalyst showed the highest 
catalytic performance in propane dehydrogenation, achieving around 
9% conversion and 80% propylene selectivity. These results could be 
attributed to the synergistic interaction between the BAS and LAS sites 
[42] and a higher Lewis acid strength (Table 2), which is associated with 
a higher activity in the dehydrogenation of light paraffins [23,43]. The 
catalytic activity of the 2.8% and 7.4% Ga-n-ZSM-5 materials was lower 
than that of Ga-MFI (nSH), 6% and 8% of propane conversion and 71% 
and 63% of propylene selectivity, respectively, probably due to its 
higher BAS concentration and lower LAS, with a CBAS/CLAS site ratio of 
1.62 and 1.88, respectively, much higher than of the Ga-MFI (nSH) 
catalyst (0.69). Finally, the Ga-Silicalite-1 catalyst showed an 

intermediate activity between the two previous Ga catalysts (7% of 
conversion and 75% of propylene selectivity), demonstrating that the 
Lewis acidity of this zeolitic support is key to achieving a higher con
version and selectivity than the Al3+ MFI zeolitic structure. Thus, blank 
experiments performed with the latter (data not shown) led to 2% 
conversion and 32% of propylene selectivity. Consequently, the pro
pylene yield had the following sequence: Ga-MFI (nSH) > 2.8% 
Ga-Silicalite-1 > 2.8% and 7.4% Ga-n-ZSM-5. The results suggest that 
the presence of lower concentrations of BAS coupled with the presence 
of strong LAS leads to higher propane conversion and propylene selec
tivity, indicating that the incorporation of Ga framework species into the 
zeolite is crucial to improve the catalytic performance. The hypothesis 
that there may be a bifunctional mechanism between BAS and LAS that 
favours the catalytic performance in the propane dehydrogenation 

Fig. 3. TEM images of (a-d) oxides-containing catalysts, (e-i) Pt-containing catalysts and (j-m) Ga-containing catalysts.  

Fig. 4. (a) Propane conversion and (b) propylene selectivity of the parent Pt-n-ZSM-5 and Pt-oxides-n-ZSM-5 catalysts.  
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reaction, suggested by Choi et al. [21] would also support our results. 
Previous studies have reported similar results to those obtained in this 
work for various gallosilicate MFI catalysts with different acidities [43]. 
Propane conversion was maintained in a range of 9–13% and the pro
pylene selectivity varied between 60% and 90%. 

3.3. Catalysts stability 

The catalysts that presented the best results in the previous section 
were selected for a more detailed analysis of their stability. The results of 
the parent Pt-n-ZSM-5 zeolite were also included for comparison. The 
propane conversion and the propylene selectivity and yield for the 
selected catalysts with the time on stream (TOS) are shown in Fig. 6. The 
initial propane conversion of Pt-n-ZSM-5 was around 35% with a pro
pylene selectivity of 76. %. However, this catalyst showed an evident 
loss of activity during the first hours of reaction and the propane con
version decreased from 35% to 6% after 4 h time on stream, resulting in 
a decrease in propylene yield from 27% to 5%. Pt-CaO-n-ZSM-5 also 

showed a loss of catalytic activity during the first hours of the reaction, 
with an initial conversion of 27% and a decrease in conversion to 2% 
after 4 h time on stream. Interestingly, the highest propylene selectivity 
was achieved with this catalyst, possibly due to its lowest BAS concen
tration, and that was barely reduced during the reaction, but due to the 
loss of activity, the propylene yield decreased from 23% to 2%. In 
contrast, the 2.8% and 7.4% Ga-n-ZSM-5 samples, Ga-MFI (nSH), and 
2.8% Ga-Silicalite-1 catalysts did not exhibit any remarkable loss of 
activity stability in the propane dehydrogenation reaction after 4 h time 
on stream, clearly demonstrating the superior stability of these catalysts 
compared to the others. 

To compare the catalytic performance of all the materials tested in 
this work, Fig. 7a shows the selectivity-conversion results. The best 
catalysts are shown in the inner box with dotted lines. Additionally, 
Fig. 7b shows the stability values of the catalysts in terms of the deac
tivation parameter or coefficient measured by Eq. 4. The cross- 
measurement of both parameters indicates the overall productivity of 
the catalysts used. Although some of the catalysts, such as Pt-n-ZSM-5, 

Fig. 5. (a) Propane conversion and propylene yield and (b) propylene selectivity of Ga-containing catalysts.  

Fig. 6. Comparison of (a) propane conversion, (b) propylene selectivity and (c) propylene yield of different catalysts with time on stream (TOS).  
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could be interesting from the point of view of catalytic activity, the high 
value of the deactivation coefficient discourages their use. A similar 
result is obtained for the Pt-CaO-n-ZSM-5 catalyst. On the contrary, Ga- 
containing catalysts exhibit a good balance between catalytic activity 
(propane conversion and selectivity towards propylene) and deactiva
tion inhibition, thus showing an overall superior catalytic performance. 
Furthermore, all the Ga-containing catalysts (2.8% and 7.4% Ga-n-ZSM- 
5, 2.8% Ga-MFI (nSH), and 2.8% Ga-Silicalite-1) reached lower deacti
vation values (14–22%) than those observed with Pt catalysts, thus 
highlighting their superior stability in the propane dehydrogenation 
reaction. The explanation may be, as mentioned above, the synergy 
between the Brønsted and Lewis centers and also in a higher stability of 
the catalysts due to the overall lower acidity of the zeolitic supports in 
which Al3+ is substituted by Ga3+ [44]. 

TGA was employed to determine the coke deposition over the spent 
catalysts after 4 h time on stream at 550 ºC. The change of weight 
percent as a function of temperature is shown in Fig. 8. The first weight 
loss at temperatures below 200 ºC is attributed to adsorbed water, while 
the others are due to coke decomposition. From these profiles, it can be 
observed that the amount of coke deposition follows the order 2.8% Ga- 
n-ZSM-5 (4.57%) < 7.4% Ga-n-ZSM-5 (4.79%) < Pt-CaO-n-ZSM-5 
(5.87%) < 2.8% Ga-Silicalite-1 (6.16%) < 2.8% Ga-MFI (nSH) (6.94%) 
< Pt-n-ZSM-5 (7.14%). As the amount of coke is affected by the propane 
conversion, the Pt-n-ZSM-5 catalyst showed the highest amount of coke, 
possibly due to the higher concentration of total acid sites and mainly 
due to its strong Brønsted acid sites. 

4. Conclusions 

A series of oxides-n-ZSM-5 catalysts (MgO, CaO, SnO2, TiO2) were 
prepared by wet impregnation method and tested in propane dehydro
genation (PDH) reaction to produce propylene. Pt was also loaded on 
these catalysts and tested in propane dehydrogenation (PDH) reaction to 
produce propylene. On the other hand, Ga-containing catalysts were 
prepared by hydrothermal synthesis (Ga-MFI (nSH)) and by wet 
impregnation method (2.8% Ga-Silicalite-1, 2.8%Ga-n-ZSM-5, and 7.4% 
Ga-n-ZSM-5) and the catalytic performance of these materials was also 
evaluated in PDH. Characterization with XRD, Ar physisorption, TEM, 
SEMand FTIR of adsorbed pyridine techniques reveal that the oxide 
addition did not change the morphology of the parent Pt-n-ZSM-5 and 
that the oxides were well dispersed on the zeolite. The oxides addition 
decreased the concentration of BAS while remarkably increasing the 
strength of the LAS. Pt catalyst prepared using metal oxides-n-ZSM-5 
showed a smaller mean nanoparticle size than reference Pt-n-ZSM-5, 
which was attributed to the lower acidity (mainly BAS) of these mate
rials that favored the dispersion of Pt nanoparticles. The characteriza
tion of the Ga-containing catalysts also revealed a high metal dispersion 
and confirmed the morphology of the prepared materials. In addition, 
Ga-MFI (nSH) presented a higher fraction of LAS than 2.8% Ga-n-ZSM-5, 

7.4% Ga-n-ZSM-5 and 2.8% Ga-Silicalite-1 due to the higher abundance 
of framework Ga species. 

Pt-containing catalysts achieved high conversions at the start of the 
reaction, but these materials were rapidly deactivated by coke forma
tion. Ga-containing MFI catalysts showed a superior stability in the PDH 
reaction. Among them, Ga-MFI (nSH) catalysts achieved the highest 
catalytic performance in PDH (9% conversion and 80% propylene 
selectivity), due to the synergy between the BAS and LAS and the higher 
fraction of strong LAS. The results denote the great potential of Ga MFI 
zeolites as catalysts in PDH reactions and highlight the need to tune the 
textural and acidity properties of the catalysts to improve catalytic 
performance. 
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