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Abstract
This study aimed to investigate the impact of CaO incorporation to alumina-sup-
ported Pd catalysts on the methanol decomposition reaction. For this purpose, may-
enite, alumina and/or calcium oxide-supported Pd catalysts were synthesized. The 
synthesized catalysts were characterized by XRD, FTIR, Laser Raman spectroscopy, 
N2 adsorption–desorption, pyridine adsorbed DRIFTS, CO2-TPD, XPS, SEM–EDS, 
and ICP-OES techniques. Catalytic activity tests were carried out over a 6 h reaction 
period in the range of 100–400 °C. The results of the characterization and activity 
tests showed that the addition of CaO had significant effects on the physicochemi-
cal properties of the catalyst as well as on the catalytic activity. By adding CaO to 
the alumina support material, the acidity was reduced, thus reducing the selectiv-
ity for dimethyl ether (DME) formation, which is significantly high for the 1Pd@
Al2O3 catalyst, and increasing the H2 and CO selectivity. The mayenite-supported 
catalyst (1Pd@SGM), which contains alumina and calcium oxide in its unique crys-
tal structure, showed an excellent catalytic performance close to complete methanol 
conversion with DME selectivity below 1% at 400 °C. In the stability test carried 
out at 350 °C for 6 h with 1Pd@Al2O3, 1Pd@SGM, and 1Pd@48CaO@Al2O3 cata-
lysts used in the temperature scan, it was concluded that all catalysts were stable and 
1Pd@SGM catalyst showed higher catalytic activity than the others.
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Introduction

Global energy need is expected to increase by 1.3% each year until 2040. The need 
for clean energy has been increasing with the increase in the world population, 
global economic growth, and the development of technology. Fossil fuels (natural 
gas, oil, coal), which are widely used for energy production, contribute significantly 
to global climate change by causing greenhouse gas emissions [1]. Hence, signifi-
cant research has been directed to the development of renewable, clean, and envi-
ronmentally friendly energy carriers. Hydrogen has a remarkable energy potential 
with three times the energy output of diesel and gasoline, and it can be used in many 
practical areas such as fuel cell technologies and internal combustion engines [2, 
3]. When hydrogen is used to produce energy, only energy and water vapor are pro-
duced, so no greenhouse gases are released into the atmosphere. Hydrogen is consid-
ered an important energy vector of the future; however, safe storage and transporta-
tion of hydrogen at tolerable cost is a major challenge [4, 5]. In addition, hydrogen is 
not found in free form in nature and must be obtained by converting other chemicals. 
A feasible solution to these problems is to release the required amount of hydrogen 
from a stable hydrogen-containing liquid or solid in  situ [6]. There are numerous 
processes for producing hydrogen from various materials such as water, alcohols, 
hydrocarbons, and biomass. Different methods such as steam reforming, dry reform-
ing, electrolysis, and photocatalytic reactions are used in these processes [7, 8].

Methanol, a widely used basic chemical, is currently used in producing indus-
trial raw materials (such as olefins and aromatics) and biofuels, and it can also be 
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used as an alternative to gasoline [9, 10]. Methanol is not only known as one of the 
most widely used chemicals, but it is also an excellent carrier of hydrogen due to its 
simple molecular structure, high energy content, low cost, safe transportation, and 
easy storage [11–16]. Most importantly, sustainable biomass and its reserves can be 
used to produce methanol, making it a non-fossil fuel-dependent energy carrier [17]. 
Due to these properties, hydrogen production from methanol has been accepted as 
an alternative to other processes. Four major processes exist to produce hydrogen 
from methanol: methanol decomposition (Eq. 1), methanol partial oxidation (Eq. 2), 
methanol steam reforming (Eq. 3), and autothermal reforming of methanol (Eq. 4) 
[18–21].

Among these reactions, partial oxidation of methanol is an exothermic reaction 
that can easily lead to the deactivation of catalysts. Reforming reactions are more 
complex processes. Methanol decomposition carried out at lower temperatures pro-
vides an economic advantage and operational convenience over methanol reforming 
[12, 17, 22]. Interest in methanol decomposition is increasing due to the possibility 
of using methanol as an onboard hydrogen source for fuel cells, as well as the possi-
bility of using it as a source of synthesis gas [23]. The main products formed by the 
decomposition of methanol are hydrogen and carbon monoxide. However, condi-
tions such as catalyst composition and reaction temperature can cause the formation 
of undesired products due to the side reactions, reducing the selectivity for hydrogen 
and carbon monoxide formation. The by-products formed during the decomposition 
of methanol are dimethyl ether (DME), methane, carbon dioxide, methyl formate, 
formaldehyde, and formic acid [23]. DME is formed due to the methanol dehydra-
tion reaction (Eq. 5). Methyl formate, which is formed due to methanol dehydroge-
nation (Eq. 6), combines with water to form formic acid (Eq. 7). Formaldehyde is 
formed by the decomposition of methanol into hydrogen and formaldehyde (Eq. 8).

(1)CH3OH ↔ CO + 2H2 ΔH
◦

298
= +91 kJ mol−1

(2)CH3OH + 1∕2O2 ↔ CO2 + 2H2 ΔH
◦

298
= −192 kJ mol−1

(3)CH3OH + H2O ↔ CO2 + 3H2 ΔH
◦

298
= +50 kJ mol−1

(4)
CH3OH + (1 − 2x)H2O + xO2 ↔ CO2 + (3 − 2x)H2 ΔH

◦

298
= −242(2x) + 50 kJ mol−1

(5)2CH3OH ↔ CH3OCH3 + H2O ΔH
◦

298
= −24kJ mol−1

(6)2CH3OH ↔ HCOOCH3 + 2H2 ΔH
◦

298
= +4kJ mol−1

(7)HCOOCH3 + H2O ↔ CH3OH + HCOOHΔH
◦

298
= +14kJ mol−1
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Methane, another important by-product of methanol decomposition, is formed 
by the methanation reaction (Eq. 9). One possible mechanism of CO2 formation 
could be due to the water gas shift reaction (Eq. 10) or the Boudouard reaction 
(Eq. 11). The coke formed by the Boudouard reaction can lead to catalyst deacti-
vation and reactor clogging. Therefore, it is critical to develop an active catalyst 
that is resistant to coke formation.

The catalytic performances of various metals were studied in the literature for 
their methanol decomposition activity. These metals can be classified into Cu-
based catalysts, such as CuAl2O4 [6], Cu/Zn/Ni [11], Cu–ZnO [24], Cu/SiO2 
[25], and Group VIII B elements such as Ru [13], Ni [26–29], Pt [30–34], Pd [22, 
35–38]. Copper-based catalysts have attracted wide research interest since copper 
is inexpensive and exhibits excellent catalytic activity at lower reaction tempera-
tures; however, Cu-based catalysts have some disadvantages, such as deactivation 
due to blockage or sintering of active sites, which can occur at high temperatures 
[39]. In addition, for Cu-catalysts at temperatures below 250 ºC, selectivity to 
the syngas is not sufficient due to the formation of methyl formate [40]. Due to 
the instability problems of the Cu-based catalysts in the methanol decomposition 
reaction, research on other active metals gained more interest. Pd-based catalysts 
show better thermal stability above 200 °C for methanol decomposition than Cu-
based catalysts [22]. Compared to conventional hydrogen production techniques, 
the use of Pd-based catalysts for methanol decomposition offers several benefits. 
First, compared to alternative methods, the reaction may be conducted at lower 
temperatures, which lowers energy consumption and boosts process efficiency. 
Second, the reaction’s selectivity for producing hydrogen is enhanced, reducing 
the formation of undesired byproducts [36].

The effect of the catalyst support material is also very important in terms of 
catalytic performance and product selectivity. The active metals used for methanol 
decomposition are supported on various oxides such as MgO [23], Al2O3 [31, 41], 
ZrO2 [37, 42], SiO2 [25, 27, 28], CeO2 [30, 36, 39], TiO2 [43]. The properties of the 
catalyst support directly affect product selectivity. DME, which can be formed due 
to methanol dehydration, reduces the hydrogen and carbon monoxide selectivity. 
Since ether formation is favored in acidic environments, DME formation increases 
in the presence of more acidic catalysts [44, 45]. By reducing the acidity in the cata-
lyst used, the dehydration of methanol and DME formation can be suppressed, and 
H2 and CO selectivity increases. The acidity of the catalysts can be reduced by add-
ing alkaline elements such as Na, K, and Li to their structure [6, 46].

(8)CH3OH ↔ HCHO + H2 ΔH
◦

298
= +92kJ mol−1

(9)CO + 3H2 ↔ CH4 + H2O ΔH
◦

298
= −206kJ mol−1

(10)CO + H2O ↔ H2 + CO2 ΔH
◦

298
= −41kJ mol−1

(11)2CO ↔ C + CO2 ΔH
◦

298
= −172kJ mol−1
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The main objective of the present study is to investigate the effects of adding Ca, 
which is an alkali element, to alumina support material on methanol decomposition. 
For this purpose, commercial γ-Al2O3 and/or CaO-supported Pd-containing cata-
lysts were synthesized by the wet impregnation method, and their catalytic perfor-
mances were compared in methanol decomposition. It is also thought that mayenite 
(Ca12Al14O33, 12CaO.7Al2O3), which is a type of mineral consisting of 48.53% CaO 
and 51.47% Al2O3 by mass, might be a promising support material for methanol 
decomposition. To our knowledge, no study has been reported using mayenite as 
a support material in methanol decomposition previously. It has been reported that 
mayenite exhibits high activity as a support material in catalytic studies such as par-
tial oxidation of methane [47], dry reforming of CH4 [48], biomass tar cracking [49], 
and steam reforming of biogas [50]. This study reveals that mayenite support materi-
als can be effective for methanol decomposition as well. In the study, mayenite was 
synthesized by the citrate sol–gel method. The physical and structural properties of 
the catalysts used were evaluated regarding product selectivity, especially according 
to the surface acidity-basicity effect. It has been determined that the properties of 
the support material used are of great importance in terms of product selectivity in 
methanol decomposition.

Experimental

Preparation of catalysts

In this study, commercial gamma alumina (SA 6*73) supplied from Saint Gobain, 
and commercial calcium oxide (12047) from Sigma Aldrich were used in addition 
to the mayenite supports synthesized in-house. Alumina was calcined at 800 °C with 
dry air flow for 6 h, and calcium oxide was calcined at 900 °C for 4 h in a muffle 
furnace before being used in the synthesis.

Mayenite material was synthesized using a citrate sol–gel method [51]. Calcium 
nitrate tetrahydrate (Ca(NO3)2.4H2O, Merck) and aluminum nitrate tetrahydrate 
(Al(NO3)3.9H2O, Merck) were used as the starting materials for this synthesis. The 
citric acid (C6H8O7, Sigma-Aldrich) was used as a chelating agent and ethylenedi-
amine (C2H4(NH2)2, Sigma-Aldrich) was used for pH adjustment. Starting materials 
were mixed with the determined molar ratio (Ca/Al:12/14) and dissolved in deion-
ized water. Then, the solution was stirred and heated to 60  °C. Citric acid (metal 
salts/citric acid (MS/CA) molar ratio is 1/2) was added to this solution, and the solu-
tion’s pH was adjusted to 2 with ethylenediamine. The solution was heated to 85 °C 
under continuous stirring with a magnetic stirrer and vigorously stirred at 85  °C 
until a gel was formed. The resulting gel was then dried at 130 °C for 12 h to form a 
cake-like structure. Finally, the dried product was heated from room temperature to 
1200 °C at a heating rate of 5 °C/min and calcined at 1200 °C under a dry airflow in 
a tubular furnace for 4 h. The final product is called SGM (sol–gel mayenite).

Mayenite, calcium oxide and/or alumina-supported Pd catalysts were prepared by 
the wet impregnation method. The Pd content of all catalysts is set as 1wt%. Pal-
ladium (II) nitrate hydrate (Pd(NO3)2·xH2O, Sigma-Aldrich) was used as the Pd 



4154	 B. Eryildirim et al.

precursor. In the synthesis, the support material was initially dispersed in deionized 
water at 40 ºC. The metal source was also dissolved in deionized water and this 
solution was added dropwise to the solution containing the support material while 
stirring. After impregnation, water was removed by evaporation, and the remain-
ing solid was calcined under dry air at 500 ºC for 4 h. Catalyst naming is expressed 
as "weight percent metal content@support material name"; as 1Pd@Al2O3, 1Pd@
CaO, and 1Pd@SGM. To investigate the effect of calcium oxide on the alumina sup-
port, a catalyst containing equal weight ratios of alumina and calcium oxide was 
also synthesized. For this, the support of the Pd-impregnated catalyst containing an 
equal amount of calcium oxide and alumina was physically mixed and the material 
was calcined at 500 °C for 4 h under dry air flow. The obtained catalyst was named 
1Pd@Al2O3–CaO. The effect of calcium on the reaction was also investigated by 
adding calcium oxide to alumina by wet impregnation method. While determining 
the amount of calcium oxide to be loaded, the calcium oxide ratio in the mayenite 
content was taken into consideration. First, 48% CaO (as source Ca(NO3)2.4H2O, 
Merck) by mass was added to the alumina support material by wet impregnation 
procedure. The material was then calcined in a muffle furnace at 900 ºC for 4  h. 
1  wt% Pd was added to the obtained material by wet impregnation procedure as 
explained above and was calcined under dry air at 500 ºC for 4 h. This catalyst was 
named as 1Pd@48CaO@Al2O3. Synthesized Pd-containing catalysts were reduced 
under a hydrogen flow at 400 ºC for 1 h before the activity tests. Table 1 summarizes 
the catalysts prepared within the study and the synthesis method.

Characterization of the synthesized catalysts

Synthesized catalysts were characterized by X-ray diffraction (XRD), N2 adsorp-
tion–desorption, Fourier-transform infrared spectroscopy (FTIR), pyridine adsorbed 
diffuse reflectance Fourier transformed infrared spectroscopy (DRIFTS), carbon 
dioxide—temperature programmed desorption (CO2-TPD), Laser Raman spectros-
copy, X-ray photoelectron spectroscopy (XPS), inductively coupled plasma-optical 
emission spectrometry (ICP-OES), and scanning electron microscopy-energy dis-
persive X-ray spectroscopy (SEM–EDS). All characterization techniques were 
applied to reduced catalysts.

X-ray diffraction analysis was performed using a Bruker D2 Phaser diffractometer 
with a Cu, Kα (λ = 0.15406 nm) radiation source to determine the crystal structure 

Table 1   Synthesized catalysts and their preparation method

Catalyst Support Support preparation method Catalyst preparation method

1Pd@Al2O3 Al2O3 Commercial Wet impregnation
1Pd@CaO CaO Commercial Wet impregnation
1Pd@Al2O3–CaO Al2O3–CaO Physical mixing Wet impregnation
1Pd@SGM 12CaO·7Al2O3 Citrate sol–gel Wet impregnation
1Pd@48CaO@Al2O3 48CaO@Al2O3 Wet impregnation Wet impregnation
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of the synthesized catalysts. The scanning range of 2θ was 10–90º with a scanning 
speed of 2°/min.

Nitrogen adsorption–desorption analysis was conducted for the surface area and 
porosity properties of the synthesized catalysts. Analysis was performed using a 
Micromeritics Tristar II 3020 device at 77 K within P/Po values of 10–5-0.99. Before 
the analysis, all materials were degassed under high vacuum conditions at 250 °C 
for 2 h.

FTIR and DRIFTS studies were performed using a JASCO Model FT/IR-4700 
instrument. FTIR analysis was carried out to determine the functional groups and 
bonds in the catalyst structure, and DRIFTS analysis was carried out to determine 
the surface acidities. For DRIFTS analysis, a small amount of pyridine is dropped 
onto the sample whose surface acidity is to be determined, and the sample is kept in 
the oven at 40 °C for 2 h. DRIFTS spectra of pyridine adsorbed samples are taken 
and the acidic structure of the catalyst is determined after taking the difference 
between the spectrum of the pyridine adsorbed sample and the fresh sample.

The CO2-TPD analysis was performed to determine the basic sites over the syn-
thesized catalysts. For the analysis, a 0.05 g catalyst was placed in the center of the 
quartz tubular reactor and supported with quartz wool. The quartz reactor, which 
had an internal diameter of 6 mm, was placed in a tubular electrical furnace, and 
the temperature was controlled by the temperature controller (Ordel AC441). The 
reduced catalyst was preheated from room temperature to 500 ºC at a heating rate of 
10 ºC/min and kept at 500 ºC for 1 h under a He flow (30 sccm) initially to remove 
contaminants from the surface. After that, the catalyst was cooled down to 50 ºC, 
and pure CO2 (30 sccm) flow was introduced into the reactor for 1 h. The reactor 
was then purged with He for 2 h before the CO2 desorption analysis. The catalyst 
was finally heated from 50 to 900 ºC at a heating rate of 10 ºC/min under 30 sccm 
flow of He to detect the amount of the desorbed CO2. Throughout the experiment, 
mass signal 44 was monitored by an MKS Cirrus atmospheric pressure gas analyzer 
fed from the reactor’s gas outlet.

A JASCO NRS4500 Raman Spectrometer equipped with a 532 nm ion laser was 
used to conduct laser Raman Spectroscopy analyses at room temperature. To deter-
mine the surface chemistry of the catalysts, an XPS analysis was performed with a 
PHI 5000 VersaProbe device. XPSPEAK41 software was used for curve fitting. The 
binding energies for the Pd region were corrected by referencing the C 1s spectra at 
284.5 eV.

SEM–EDS analysis was performed with a HITACHI SU5000 Field Emission 
scanning electron microscope to determine the morphology and metal contents of 
the synthesized materials. Metal ratios of synthesized catalysts were also determined 
by ICP-OES analysis with a PerkinElmer Optima 4300DV instrument.

Activity tests of the synthesized catalysts

Catalytic performances of the synthesized catalysts were tested for the methanol 
decomposition reaction. The activity test system consists of three main sections: 
the section where the feed gas mixture is prepared, the temperature-controlled tube 
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furnace section, where the reaction takes place at a constant temperature, and the 
section where the gas chromatography device is located, where the analysis of the 
reactant and resulting products is carried out. The schematic representation of the 
experimental system is given in Fig. 1. Activity tests were carried out in a quartz 
tubular flow reactor, having an inner diameter of 8 mm, which was placed in a tubu-
lar electrical furnace (Protherm). The reactor’s temperature was controlled by the 
Honeywell DC1020 temperature controller, with an accuracy of 99.5%. All Pd-con-
taining catalysts were reduced under H2 flow at 400 ºC for 1  h before the activ-
ity tests. The reduced catalyst was pelletized and cut into small pieces and then the 
catalyst was loaded into the reactor tube and supported from both ends by quartz 
wool. The particle size range of the catalyst was 1–2  mm and 0.1  g catalyst was 
used in each test. In the system, methanol was fed to the evaporator (150 °C) in the 
liquid phase with the help of a syringe pump, and a mass flow meter was used to 
adjust the gas flow rate. The lines were heated to 150 °C with the help of heating 
tapes to prevent condensation. Argon was used as the carrier gas and the feed gas 
mixture was fed to the reactor at a total rate of 36 ml/min (Methanol/Argon: 1/5, 
GHSV: 21,000  ml/h.gcat). Reactions were carried out in the temperature range of 
100–400 °C, considering the hydrogen production studies from methanol [30–39]. 
A gas chromatograph was used to analyze the product stream leaving the reactor, 
which was connected online to the reactor exit stream. Chromatograms against time 
are taken from the gas chromatograph every 25 °C in temperature scanning studies, 
and every forty minutes in constant temperature studies. The system used an Agilent 
6890 N Gas Chromatograph device, which includes a thermal conductivity detec-
tor (TCD), flame ionization detector (FID), Propak-S, and HP-Plot Q column. H2, 
CO, CH4, and CO2 gases were analyzed with the TCD, and C2H6O, CH3OH, CH2O2, 
and CH2O gases were analyzed with the FID. The catalytic activity test results 
were evaluated in terms of methanol conversion (Eq. 12) and product selectivities 
(Eq. 13–15).

(12)

CH3OH Conversion (% ): XCH3OH
=

(moles CH3OHin − moles CH3OHout)

moles CH3OHin

× 100

Fig. 1   A schematic diagram of activity testing system
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Results and discussion

Characterization of the synthesized catalysts

The XRD patterns (2θ range of 10–90°) of the pure support materials and synthe-
sized Pd-containing catalysts were given in Fig. 2a,b. The phases of the synthesized 
materials were identified by the “DIFFRAC.EVA” program, which is the software 
of the Bruker D2 Phaser diffractometer. Results were also confirmed by the lit-
erature. Pure alumina and 1Pd@Al2O3 catalyst showed the characteristic peaks of 
γ-Al2O3 at 2θ values of 19.3°, 32.8º, 37.5º, 39.7º, 45.29°, 60.6° and 67.1º (JCPDS 
Card No: 26–0093) [52–54]. Commercial CaO catalyst after calcination showed 

(13)

Selectivity to H2 (% ): SH2
=

1∕2 × moles H2

(moles CH3OHin −moles CH3OHout)
× 100

(14)

Selectivity to C2H6O (% ): SC2H6O
=

2 × moles C2H6O

(moles CH3OHin − moles CH3OHout)
× 100

(15)

Selectivity to CO, CH4, CO2, CH2O2, CH2O (% ): Si =
moles i

(moles CH3OHin − moles CH3OHout)
× 100

Fig. 2   (a) XRD pattern for SGM and Al2O3 supported Pd catalysts, (b) XRD pattern for CaO and Al2O3 
supported Pd catalysts, (c) FTIR spectra of the synthesized reduced catalysts, and (d) Raman spectra of 
the synthesized reduced catalysts
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CaO (2θ: 32.3°, 37.5°, 54°, 64.3°, 67.6°, lime, COD 1000044 and JCPDS Card No: 
00–037–1497 [55]) and Ca(OH)2 (2θ: 18.1°, 28.8°, 34.2°, 47.4°, 50.9°, portland-
ite, COD 9009098 and JCPDS Card No: 00–004–0733 [55]) phases in its structure 
(Fig.  1b). After adding palladium to the structure, the CaCO3 phase (2θ: 23.4°, 
29.7°, 31.6°, 36.3°, 39.7°, 43.2°, 43.4°, 47.3°, 47.7°, 48.8°, 57.7°, 61°, 65°, calcite, 
COD 9000965 and JCPDS Card No 00–009–0035) was also observed in the crys-
tal structure of the 1Pd@CaO and 1Pd@CaO–Al2O3 catalysts obtained. The CaCO3 
phase found is thought to be related to the atmospheric carbonation reaction. CaO is 
known and widely used as a good sorbent in CO2 capture processes and the CaCO3 
phase can easily occur in the presence of CaO and trace amounts of CO2 in the 
atmosphere [56–60]. Although atmospheric CO2 is the most likely candidate for car-
bonation of CaO, it should be noted that any possible carbon-containing impurities 
present during the impregnation process may also contribute to formation of CaCO3.

The XRD pattern of sol–gel synthesized mayenite shows its main characteris-
tic peaks around 2θ: 18.1°, 30°, 33.4°, 36.7°, 41.2°, 46.7°, 55.2° and 57.4° (COD 
2102955 and JCPDS Card No: 70–2144 [61]). It has been observed that there is a 
change in the crystal structure after impregnation of palladium on the support mate-
rial and the mayenite structure is distorted (Fig. 2a). The amount of calcium oxide in 
the 48CaO@Al2O3 is set to be the same as the content of mayenite. The XRD analy-
sis of this material also showed small amounts of the CaAl2O4 phase (2θ: 30.54°, 
32.10°, 35.53°, 37.26°, COD 4308075 and JCPDS Card No: 53–0191 [62]) together 
with the mayenite phase. As in the mayenite support, a change occurred in the crys-
tal structure of the 48CaO@Al2O3 with the palladium impregnation (Fig. 2a). In the 
XRD analysis of all Pd-impregnated catalysts, no Pd peaks were observed. This is 
thought to be due to the small crystal size of palladium.

The results of FTIR analysis performed to determine the bond structures of the 
synthesized catalysts are given in Fig. 2c. The band at ~ 510  cm−1 wavenumber in 
the FTIR spectra of the 1Pd@Al2O3 catalyst belongs to the Al–O stretching mode 
bond. This is the band seen in the characteristic structure of γ-Al2O3 [54]. The bands 
at around 1400 and 872  cm−1 in the 1Pd@CaO catalyst were associated with the 
stretching vibrations of C–O and O–C–O stretching modes, respectively. These 
bands emerged possibly due to the reaction of catalysts with CO2 in the air form-
ing CaCO3 during the sample preparation. The CaCO3 phases seen in the XRD pat-
tern (Fig. 2b) also confirm this result. The band at 712 cm−1 can be assigned to the 
Ca–O bond expected in the CaO structure [63–66]. The FTIR spectrum of the 1Pd@
CaO–Al2O3 catalyst is similar to the 1Pd@CaO catalyst spectrum. In addition, FTIR 
spectra of 1Pd@SGM and 1Pd@48CaO@Al2O3 catalysts, similar to XRD patterns, 
show similar characteristics. In these catalysts, bands in the 700–400  cm−1 range 
were related to the bonds of Ca, Al, and O atoms [67].

The results of the phase identities of the synthesized catalysts were also supported 
by Raman analysis in addition to XRD and FTIR. The obtained Raman spectra are 
given in Fig. 2d. No mode was observed in the Raman spectra of the 1Pd@Al2O3 
catalyst in the 100–4000 cm−1 range. The support material γ-Al2O3 is reported not 
to show any Raman transition [68–70]. PdO is a very Raman-active oxide and shows 
modes in the Raman spectrum in the range of 200–1300 cm−1 [71]. The absence of 
any modes in the 1Pd@Al2O3 catalyst shows that there is no PdO in the structure 
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and this result is later confirmed with XPS analysis. The pure CaO molecule does 
not exhibit any first-order Raman active modes [72]. The Raman modes of the 
1Pd@CaO observed at 147, 271, 709, and 1088 cm−1 are attributed to the CaCO3 
phase, and the vibrations seen in the regions around 198 and 3609 cm−1 are attrib-
uted to the vibrations of Ca(OH)2 [59, 73]. This result is also in agreement with the 
XRD and FTIR analyses. The XRD pattern and the FTIR spectra of the catalyst have 
peaks of CaCO3 and Ca(OH)2 phases. The modes seen at approximately 270 and 
1090 cm−1 in calcium oxide and alumina-supported materials belong to the CaCO3 
phase. This phase was also determined in the FTIR spectra of 1Pd@CaO–Al2O3, 
1Pd@SGM, and 1Pd@48CaO@Al2O3 catalysts. The reason why the CaCO3 phase, 
which is clearly determined in the XRD pattern of the 1Pd@CaO–Al2O3 catalyst, 
is not seen in the 1Pd@SGM and 1Pd@48CaO@Al2O3 catalysts may be because 
of the small crystal size. The presence of CaCO3 and Ca(OH)2 phases in calcium-
containing materials is not surprising because CaO is highly reactive and can form 
these phases upon exposure to ambient air during storage [59]. The mode observed 
at around 550  cm−1 in the aluminum-containing materials is associated with the 
presence of Al–O–Al bridges [74, 75]. These conclusions supported the XRD and 
FTIR analysis results of the synthesized reduced catalysts.

The results of N2 adsorption–desorption analysis performed to obtain surface 
area and porosity information of the synthesized materials are given in Fig. 3 and 
Table  2. The isotherms obtained for 1Pd@Al2O3 and 1Pd@CaO–Al2O3 catalysts 
are consistent with Type IV and show H1-type hysteresis (Fig.  3a). Type IV iso-
therm is a characteristic feature of mesoporous materials. H1-type hysteresis is 

Fig. 3   N2 adsorption–desorption analysis results (a) N2 adsorption–desorption isotherms of the reduced 
1Pd@Al2O3 and 1Pd@CaO–Al2O3 catalysts, (b) N2 adsorption–desorption isotherms of the reduced 
1Pd@SGM, 1Pd@CaO, and 1Pd@48CaO@Al2O3 catalysts, (c) pore distribution of the reduced 1Pd@
Al2O3 and 1Pd@CaO–Al2O3 catalysts, and (d) pore distribution of the reduced 1Pd@SGM, 1Pd@CaO, 
and 1Pd@48CaO@Al2O3 catalysts
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generally associated with well-defined cylinder-like pore spaces or agglomeration 
of regular spherical particles [8]. These materials show a uniform distribution in 
the pore distribution, as shown in Fig. 3c. The surface area of commercial Al2O3 is 
reported as 200 m2/g [1], the surface area is observed due to metal migration within 
the pore structure of the material. The isotherms of 1Pd@SGM, 1Pd@CaO, and 
1Pd@48CaO@Al2O3 catalysts are compatible with Type II and have H3-type hys-
teresis (Fig. 3b). Type II isotherm is the characteristic isotherm obtained with non-
porous or macroporous materials and represents unlimited single-layer-multilayer 
adsorption. H3-type hysteresis is an indication that there is no adsorption limitation 
on the material at high P/Po values and that the material contains plate-shaped par-
ticles and slit-shaped pores. It is also known that open macropores are present in 
materials with this type of hysteresis. The pore distribution graph shows that these 
materials have microporous structures (Fig. 3d). The surface area of pure mayenite 
is less than 5 m2/g, and there is a significant increase in surface area since the struc-
ture cannot be fully protected by impregnation of Pd into the structure.

Determination of the acidity of the catalyst used in the methanol decomposition 
reaction is essential for product selectivity. Since ether formation is favored in an 
acidic medium, the selectivity of DME, an important by-product in the methanol 
decomposition reaction, increases in the presence of acidic sites. The increase in 
DME selectivity would lead to decreased hydrogen selectivity [6, 46]. DRIFTS anal-
yses of pyridine-adsorbed samples were performed to determine the surface acidity 
of the synthesized materials. After pyridine adsorption at 40 °C, vibrational bands 
corresponding to pyridine species were observed in the 1400–1650 cm−1 region; the 
obtained spectra are shown in Fig. 4a. Pyridine adsorbed 1Pd@Al2O3 catalyst exhib-
its acidic bands. The band at around 1445  cm−1 corresponds to strong Lewis acid 
sites and the band at 1490 cm−1 corresponds to the adsorption of pyridinium ions on 
both Lewis and Brønsted acid sites. 1610 cm−1 and 1575 cm−1 bands were assigned 
to the strong and weak Lewis acid sites, respectively, while the band at 1593 cm−1 
was attributed to the hydrogen-bound pyridine. Brønsted acid sites that show bands 
at 1540  cm−1 and 1640  cm−1 were not observed in the catalysts [54, 76–79]. As 
expected, the alumina-supported catalyst had acidic sites, and these acidic sites were 
eliminated from the catalyst structure with the addition of CaO.

CO2-TPD analysis was conducted to determine the distribution of basic sites on 
the reduced catalysts. According to the studies, materials may show three types of 
CO2 desorption peaks, which are attributable to weak, moderate, and strong basic 
sites [54]. CO2 is adsorbed linearly (O═C═O─M) on weakly basic sites, forming a 
bridge-type configuration ( ) on moderate and strong basic sites. This bridging 
configuration was formed by the adsorption of each oxygen in the CO2 to the metal 
catalyst surface; this makes it more difficult to remove the adsorbed CO2. As a result, 
the desorption temperature increases to 350–550 ºC in moderately basic adsorption 
sites and to 600 ºC in case of removal from strong basic sites [80]. The CO2-TPD 
profile of Al2O3 showed a strong CO2 desorption peak around 130 °C attributed to 
the weak basic site and a weak peak around 540 °C attributed to the moderate basic 
site (Fig. 4b). With the addition of Pd to alumina, there was a significant decrease in 
the weak basic site peak intensity, while the peak in the moderate basic site shifted 
to the strong basic site and increased in intensity as well. The CO2-TPD profile of 
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CaO showed a CO2 desorption peak in the strong basic site at ~ 760 ºC. The addi-
tion of Pd to the CaO material increased the peak intensity of the strong basic site. 
1Pd@CaO catalyst shows a high-intensity peak for strong basic sites at 808 ºC. As 
expected, the addition of CaO to the Al2O3 support material increased the density 
of basic sites. Strong basic sites were obtained at approximately 778 ºC, 738 ºC, 
and 739 ºC in 1Pd@CaO–Al2O3, 1Pd@SGM, and 1Pd@48CaO@Al2O3 catalysts, 
respectively. These results are in agreement with the pyridine DRIFTS analysis.

XPS analyses were performed to determine the nature of the Pd compound in 
the synthesized materials. Complete spectra of O 1s, C 1s, Al 2p, Ca 2p, and Pd 
3d regions were collected for each catalyst sample. Charge shifting was adjusted 
for in the data using C 1s binding energy of 284.5 eV. XPS spectra of the reduced 
catalysts Pd 3d region are given in Fig. 5. The Ca 2p region (342–354 eV) [81] 

Fig. 4   (a) DRIFTS spectra of the reduced catalysts after pyridine adsorption at 40 °C and (b) CO2-TPD 
analysis of the reduced catalysts
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and the Pd 3d (330–346 eV) [82] regions for different catalysts show almost iden-
tical behavior. The low Pd ratio in the catalysts and the overlap with the Ca region 
caused the peak intensities to be low. Since the Pd peak intensities of the Ca-free 
1Pd@Al2O3 catalyst were obtained relatively better than the other catalysts, the 
Pd 3d region of this catalyst is given separately (Fig. 5a). 1Pd@Al2O3 catalysts 
showed two strong peaks at binding energies of around 336 and 341 eV that were 
assigned to the Pd 3d5/2 and Pd 3d3/2. The peaks obtained indicate the presence 
of metallic palladium (Pdº species) in the structure, as expected [22, 83–85]. The 
Pd 3d regions of the synthesized Ca-containing catalysts are given in Fig. 5b. The 
two peaks seen between 340.5–341 and 335–336  eV in the XPS spectra of all 
catalysts belong to metallic palladium similar to the 1Pd@Al2O3 catalyst. These 
results show that the reduction process was carried out successfully, and all pal-
ladium crystals on the catalysts synthesized are in the reduced state.

SEM analysis was used to determine the surface morphology of the synthesized 
catalysts and metal distributions. SEM images of the synthesized catalysts are given 

Fig. 5   XPS spectra of Pd 3d region for the reduced (a) 1Pd@Al2O3 catalyst and (b) 1Pd@CaO, 1Pd@
CaO–Al2O3, 1Pd@SGM, 1Pd@48CaO@Al2O3 catalysts
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in Fig. 6. Alumina, calcium oxide, and mayenite supported monometallic catalysts 
showed various structures with different morphologies resulting from the combina-
tion of different species. In alumina-supported materials, slit-like wall structures are 
observed. Only the material with CaO support (1Pd@CaO) shows calcium oxide’s 
spongy and foamed spherical structure. Elemental mapping of Al, Ca, and Pd carried 
out for 1Pd@SGM and 1Pd@48CaO@Al2O3 catalysts showed a well-dispersion of 
palladium within the structures (Fig. 7). The chemical composition of the synthe-
sized materials and the concentrations of palladium contained in them were deter-
mined using the energy-dispersive X-ray spectroscopy (EDS) technique together 
with the SEM technique. EDS results given in Table 2 showed that the percentage of 
Pd metal on the catalyst surface was in line with the desired loading ratios within the 

Fig. 6   SEM images of the reduced catalysts
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catalyst structure, which suggests that the active metal was distributed evenly within 
the structure. While EDS analysis focuses primarily on specific surface morphology 
in elemental analysis, ICP-OES analysis can accurately detect the metal composition 
of the complete sample. Therefore, the palladium contents of the synthesized cata-
lysts were also determined by ICP-OES analysis (Table 2). As a result of the analy-
sis, it was determined that the palladium percentages were close to the desired ratios 
and that it was successfully impregnated onto the support materials.

Activity test results

Methanol decomposition reactions were carried out in the 100–400 ºC temper-
ature range for 6  h. The methanol decomposition reaction is endothermic, and 
according to Le Chatelier’s principle, as the temperature increases, the equilib-
rium shifts in the direction of the products. However, while the methanol decom-
position reaction takes place, by-products such as dimethyl ether, methane, and 
carbon dioxide can also be formed depending on the temperature and the struc-
tural and physical properties of the catalyst used. For this reason, most of the test 
studies carried out were conducted in the form of temperature scanning in the 
literature. Since catalysts with different structural and physical properties were 
used in this study, the range of 100–400 °C was decided by considering the lit-
erature studies to examine the temperature effect. The duration of the tempera-
ture scan was determined by considering the equilibrium state of the system for 
each temperature. The performances of the synthesized catalysts were evaluated 
in terms of methanol conversion and selectivity of H2, CO, CO2, CH4, C2H6O, 
CH2O2, and CH2O. All catalysts showed catalytic activity above 200 ºC (Fig. 8a). 
1Pd@Al2O3 catalyst showed higher methanol conversion compared to the 1Pd@
CaO catalyst at all reaction temperatures. However, when evaluated in terms of 
product selectivity (Fig.  8b, c and d), the 1Pd@Al2O3 catalyst predominantly 
catalyzed the methanol dehydration reaction (2CH3OH ↔ CH3OCH3 + H2O) and 
produced DME. This result is not surprising since the DRIFTS analysis showed 

Fig. 7   SEM–EDX images of the reduced (a) 1Pd@SGM and (b) 1Pd@48CaO@Al2O3 catalysts
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the presence of surface acidity on this catalyst and acidic catalysts favor the ether 
formation. In the 1Pd@CaO catalyst that has no surface acidity, it was deter-
mined that DME selectivity was below 5% and methanol decomposition was the 
main reaction. 1Pd@CaO catalyst produced H2 and CO as desired, but methanol 
conversion was limited on this catalyst. To increase the conversion by keeping 
the H2 and CO selectivity high, alumina and CaO were physically mixed in equal 
proportions to obtain the support material, with the aim of reducing alumina’s 
acidity by using calcium, an alkaline element. Higher methanol conversion was 
obtained at all temperatures with the 1Pd@CaO–Al2O3 catalyst compared to the 
1Pd@CaO catalyst. In addition, while DME selectivity is high in the 1Pd@Al2O3 
catalyst, with the addition of calcium oxide, DME selectivity is reduced below 
2% and the main products are H2 and CO in the 1Pd@CaO–Al2O3 catalyst, as 
expected. 1Pd@CaO–Al2O3 catalyst exhibited lower methanol conversion than 
the 1Pd@Al2O3 catalyst, which may be due to the decrease in surface area with 
the addition of CaO (Table  2). In addition, it was determined that CaCO3 and 
Ca(OH)2 phases were present in the XRD patterns of CaO-supported catalysts 
(Fig.  2b). As important as the active metal used in catalytic activity test stud-
ies, the support’s structural and physical properties also significantly affect per-
formance. A study performed with the methanol decomposition reaction in the 
presence of CaO support has not been reported, but in other studies, such as bio-
diesel production [86], it has been reported that CaCO3 formed in the presence of 
CaO reduces the effectiveness of the catalyst. At 400 ºC, both catalysts showed 
approximately the same methanol conversion, and the DME selectivity of 1Pd@
Al2O3 and 1Pd@CaO–Al2O3 catalysts were 40.12% and 1.64%, respectively. In 

Fig. 8   Catalytic activity test results of the synthesized reduced catalysts at different temperatures (a) 
methanol conversion, (b) hydrogen selectivity, (c) carbon monoxide selectivity, and (d) dimethyl ether 
selectivity (GHSV: 21,600 ml/h.gcat, Methanol/Argon: 1/5)



4167Outperformance of CaO‑incorporated alumina‑supported Pd…

the presence of 1Pd@Al2O3, 1Pd@CaO, and 1Pd@CaO–Al2O3 catalysts, CH4, 
CO2, CH2O2, and CH2O by-products with selectivities of less than 5% were also 
observed.

As expected, adding CaO to Al2O3 increased the H2 and CO selectivity and higher 
methanol conversion was achieved compared to the 1Pd@CaO catalyst. Mayenite 
(12CaO.7Al2O3), which has a unique crystal structure containing CaO and Al2O3, 
was also used as a support material, and its activity in the methanol decomposition 
reaction was tested. In the presence of mayenite-supported palladium catalyst (1Pd@
SGM), higher methanol conversion than 1Pd@CaO and 1Pd@CaO–Al2O3 catalysts 
was achieved at all temperatures. The main products observed with this catalyst are 
H2 and CO, and the selectivity of DME is calculated below 1% at 250 ºC and above. 
The selectivities of the other by-products (CH4, CO2, CH2O) obtained in the 1Pd@
SGM catalyst are also below 1%. At 350 ºC, 1Pd@SGM and 1Pd@Al2O3 catalysts 
show approximately the same methanol conversions (78%), while DME selectivi-
ties are 0.64% and 41.79%, respectively. Above 350 ºC, 1Pd@SGM catalyst showed 
higher activity compared to the 1Pd@Al2O3, 1Pd@CaO, and 1Pd@CaO–Al2O3 cat-
alysts and gave almost complete conversion (99%) at 400 ºC. The synthesized 1Pd@
SGM catalyst has no surface acidity (Fig. 4a) and has strong basic sites (Fig. 4b). 
The structural properties of the support directly affect the product selectivity in the 
methanol decomposition. It was mentioned that CaCO3 phase is formed in the pres-
ence of CaO support, and this may negatively affect catalytic activity. This is a diffi-
culty encountered in processes using CaO and is considered a problem that needs to 
be overcome. This study shows that catalytic activity increases with the addition of 
CaO to acidic Al2O3 material, and that mayenite, which is a unique structure of cal-
cium and aluminum oxide, exhibits high activity with its synergistic effect. While no 
CaCO3 phase is observed in the XRD analysis of 1Pd@SGM (Fig. 2a), its presence 
in FTIR analysis (Fig.  2c) shows that it contains a small amount of CaCO3 com-
pared to CaO-supported materials. At this point, the importance of using mayenite 
as a support material in the methanol decomposition reaction becomes apparent.

To demonstrate the effect of calcium oxide on methanol decomposition and com-
pare with the synthesized mayenite support, 48 wt% CaO, which represents the same 
Ca/Al ratio as the structure of mayenite, was added to the Al2O3 by the impregnation 
method. 1Pd@48CaO@Al2O3 catalyst showed catalytic activity close to the 1Pd@
SGM catalyst in methanol decomposition. The methanol conversions and product 
selectivities obtained in the presence of these two catalysts are quite similar. As 
a result of the characterization studies, it was observed that the crystal structure, 
surface area, acidic, and basic properties of the 1Pd@48CaO@Al2O3 catalyst were 
also very similar to the 1Pd@SGM catalyst. The fact that the structural and physical 
properties of the catalysts are similar explains the almost identical catalytic activity 
obtained from both catalysts.

The H2/CO ratio was calculated for catalytic activity tests at different tempera-
tures, and it was determined that the H2/CO ratio was between 1.91 and 2 above 
250 °C for all catalysts except the 1Pd@CaO catalyst. It was found that the H2/CO 
ratio exceeded 2 in the temperature range of 300–375 °C in the 1Pd@CaO catalyst 
and reached a maximum of 2.17 at 325 °C. These ratios are around the optimum H2/
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CO ratio for Fischer–Tropsch process for the production of liquid synthetic fuels 
[87].

To investigate the catalytic stabilities of 1Pd@SGM, 1Pd@Al2O3, and 
1Pd@48CaO@Al2O3 catalysts, methanol decomposition reaction was carried out 
at 350 ºC for 6 h using spent catalysts in the temperature scan. The reaction tem-
perature was chosen as 350 ºC since the catalysts showed close methanol conver-
sion according to the temperature scan results at this temperature. Methanol conver-
sion and product selectivity graphs obtained as a result of time on-stream studies are 
given in Figs. 9a and b, respectively. It has been determined that the catalysts remain 
stable for 6 h and the main products with the use of 1Pd@SGM and 1Pd@48CaO@
Al2O3 catalysts are H2 and CO. On the other hand, it was observed that the main 

Fig. 9   (a) Methanol conversion, (b) hydrogen, carbon monoxide, and dimethyl ether selectivity over the 
spent 1Pd@SGM,1Pd@Al2O3, and 1Pd@48CaO@Al2O3 catalysts at 350 ºC (GHSV: 21,600 ml/h.gcat, 
Methanol/Argon: 1/5)
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product of the 1Pd@Al2O3 catalyst was DME and while the H2 and CO selectivity 
with the use of this catalyst decreased over time, the DME selectivity increased. The 
average DME selectivities obtained for 350 ºC temperature after 12  h of reaction 
are 0.9%, 1.6%, and 79.2% for 1Pd@SGM, 1Pd@48CaO@Al2O3, and 1Pd@Al2O3 
catalysts, respectively (Table  3). The by-product (CO2, CH4, and CH2O) average 
selectivities obtained for the three catalysts are less than 1%. Average methanol con-
versions obtained under the same conditions are 76.1%, 65%, and 65.8% for 1Pd@
SGM, 1Pd@48CaO@Al2O3, and 1Pd@Al2O3 catalysts, respectively. Although tem-
perature scan studies showed similar conversion and selectivity results for 1Pd@
SGM and 1Pd@48CaO@Al2O3 catalysts, 1Pd@SGM showed slightly higher con-
version during the stability test.

Characterization of the spent catalysts

Raman analyses were performed on the spent catalysts to obtain information about 
the carbon deposited on the catalysts during activity tests. Coke formation on the 
catalyst surface occurs as a result of the Boudouard reaction (Eq. 16) and methane 
cracking (Eq. 17). Methane cracking is most effective at temperatures over 550–600 
ºC, depending on the catalyst type and composition. However, because of its exo-
thermic nature, the Boudouard reaction has favorable thermodynamics at low tem-
peratures [1, 88]. Therefore, in the temperature range of the methanol decomposition 
reaction, the Boudouard reaction is expected to be effective in carbon deposition.

Post-reaction characterizations were applied on used 1Pd@Al2O3, 1Pd@SGM, 
and 1Pd@48CaO@Al2O3 catalysts after stability testing at 350 ºC. In Fig. 10, the 
Raman spectrum obtained for the spent catalysts is shown for the carbon region. 
For carbon-containing materials, the strongest Raman bands are the D band 
(1300 ~ 1400  cm−1), G band (~ 1580  cm−1), and 2D band (2600 ~ 2700  cm−1) 
[89–91]. No carbon bands were observed in the Raman spectra of the spent catalysts 
indicating no coking on the samples.

(16)2CO ↔ C + CO2 ΔH
◦

298
= −173 kJ mol−1

(17)CH4 → C + 2H2 ΔH
◦

298
= 75 kJ mol−1

Table 3   Catalytic activity test results over the reduced 1Pd@SGM, 1Pd@Al2O3, and 1Pd@48CaO@
Al2O3 catalysts at 350 ºC (GHSV:21,600 ml/h.gcat, Methanol/Argon: 1/5)*

* Average data after 12 h

Catalysts Methanol 
conversion, 
%

H2/CO ratio Selectivity, %

H2 CO DME CH4 CO2 CH2O2 CH2O

1Pd@SGM 76.1 1.97 97.1 98.5 0.9 0.16 0.3 0 0.15
1Pd@Al2O3 65.8 1.97 19.1 19.7 79.2 0.89 0 0 0.19
1Pd@48CaO@Al2O3 65.0 1.97 96.6 97.8 1.6 0.13 0.4 0 0.12



4170	 B. Eryildirim et al.

In addition to the Raman analysis, XRD analyses of the spent catalysts were per-
formed to determine possible changes in the crystal structure of the catalyst dur-
ing methanol decomposition reaction tests  (Fig.  11). In the XRD patterns of the 
spent 1Pd@SGM and 1Pd@Al2O3 catalysts, no different phase was found com-
pared to fresh catalysts (Fig.  2a). In the spent 1Pd@48CaO@Al2O3 catalyst, the 
CaAl2O4 phase appeared, which was not present in the fresh catalyst. This phase, 
which is also seen in the 48CaO@Al2O3 before Pd impregnation, was re-formed 
under the reaction conditions. XRD analysis results showed that fresh 1Pd@SGM 
and 1Pd@48CaO@Al2O3 catalysts have the same crystal structure (Fig.  2a). The 
fact that there is no change in the crystal structure of the 1Pd@SGM catalyst after 
the reaction reveals that its structure is more stable compared to the 1Pd@48CaO@
Al2O3 catalyst. In XRD analysis, the characteristic peak of carbon appears at 2θ: 
26.2º [52]. The absence of this peak in spent catalysts indicates that carbon is not 
formed in the structure, which confirms the results of Raman analysis (Fig. 10).

Fig. 10   Raman spectra of the spent 1Pd@Al2O3, 1Pd@SGM, and 1Pd@48CaO@Al2O3 catalysts

Fig. 11   XRD pattern of the spent 1Pd@SGM, 1Pd@48CaO@Al2O3, and 1Pd@Al2O3 catalysts
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Conclusions

Methanol decomposition was carried out over Pd-containing alumina and/or cal-
cium oxide-supported catalysts. The effect of CaO incorporation to alumina on 
the reaction was evaluated in terms of methanol conversion and product selec-
tivity. Characterization results revealed that CaO addition decreased the surface 
acidity of alumina and intensified basic regions. In this way, the selectivity for 
DME, which is one of the important by-products of methanol decomposition, 
decreased, while the selectivity for hydrogen and carbon monoxide, which are 
the main products, increased. A significant amount of DME was produced in the 
presence of 1Pd@Al2O3 catalyst, while trace amounts of DME were observed in 
catalysts containing CaO. Stability testing was also carried out using 1Pd@SGM, 
1Pd@Al2O3, and 1Pd@48CaO@Al2O3 catalysts, which showed higher methanol 
conversion as a result of the temperature scan. These catalysts used in the tem-
perature scanning activity studies that last for 6 h also showed stable activity for 
6  h at 350  °C during stability testing. As a result of a total of 12  h of activity 
test studies, DME selectivity was determined to be below 2% in catalysts con-
taining CaO, while it was found to be 79.2% for the 1Pd@Al2O3 catalyst. With 
the addition of CaO to the structure, the surface acidity of alumina was removed 
and DME produced by methanol dehydration was reduced, increasing hydrogen 
and carbon monoxide selectivity. In conclusion, 1Pd@SGM and 1Pd@48CaO@
Al2O3 catalysts showed higher methanol conversion than other catalysts above 
350 °C reaching almost 100% at 400 °C and higher hydrogen and carbon mon-
oxide selectivity at all temperatures compared to the 1Pd@Al2O3 catalyst, and 
the 1Pd@SGM catalyst displayed slightly higher activity than the 1Pd@48CaO@
Al2O3 catalyst during the stability tests. In addition, the CaCO3 phase, which 
occurs in the presence of CaO-supported catalysts and may adversely affect cata-
lytic activity, has been less detected in the presence of mayenite support. This 
study reveals that catalytic activity increases with the addition of CaO to acidic 
Al2O3, and that mayenite, which is a calcium and aluminum oxide with a unique 
structure, shows the best activity with its synergistic effect.
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