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ABSTRACT: This study aims to convert ethanol to higher value-added products, particularly diethyl ether and ethylene using the
catalytic dehydration of ethanol. Hence, the gas-phase dehydration of ethanol over Al2O3-HAP catalysts as such and modified by
addition of palladium (Pd) in a microreactor was evaluated. The commercial Al2O3−HAP catalyst was first prepared by the physical
mixing method, and then, the optimal ratio of the Al2O3−HAP catalyst (2:8 by wt %) was impregnated with Pd to develop a new
functional catalyst to alter surface acidity. Based on the results, the combination of Al2O3 and HAP catalysts generated significant
quantities of weak acid sites which demonstrates an enhancement in catalytic activity. In addition, Pd modification in the optimal
composition ratio of the Al2O3−HAP catalyst extremely increased the amount of weak acid sites as well as weak acid density due to
the synergistic effect between the Pd and Al2O3−HAP catalyst that are supposed to suggest the active sites in the reaction. Among all
catalysts, the Al20-HAP80-Pd catalyst displayed brilliant catalytic performance in the course of diethyl ether yield (ca. 51.0%) at a
reaction temperature of 350 °C and ethylene yield (ca. 75.0%) at a reaction temperature of 400 °C having an outstanding stability
under time-on-stream for 10 h. This is recognized to the combination of the effects of weak acid sites (Lewis acidity), small amount
of strong acid sites, and structural characteristics of the catalytic materials used.

1. INTRODUCTION

The continuous increase in energy demand, as well as the need
to decrease greenhouse gas emissions resulting from the usage
of fossil fuels, led to a significant increase in research on
renewable energy sources.1 Bio-ethanol obtained by biomass
fermentation is one of the crucial raw materials in the global
shift from fossil-based resources to renewable ones.2 For this
reason, catalytic reactions of ethanol to higher value-added
products such as hydrogen, diethyl ether, ethylene, 1-butanol,
aldehydes, and so forth have been extensively investigated due
to its sustainability.3,4 Among the secondary intermediates
potentially obtainable by converting ethanol, diethyl ether and
ethylene can be obtained by catalytic ethanol dehydration.
Basically, there are two conceivable reaction pathways for
ethanol dehydration: intramolecular and intermolecular
reaction pathways.5 The former is an endothermic reaction
(high reaction temperature, ca. 350−500 °C) that favors

ethylene formation, while the latter suggests an exothermic
reaction (low reaction temperature, ca. 150−350 °C) that
renders diethyl ether formation.6 Also, acetaldehyde can be
produced by ethanol dehydrogenation as a side reaction.
Homogenous catalysts exhibit advantages in terms of activity
and stability due to their good solubility in reaction media.
However, homogeneous catalysts are difficult to separate and
recover from the reaction mixture, resulting in increasing
economic cost, environmental pollution, and corrosion. Thus,
the heterogeneous catalyst represents a very attractive system
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for obtaining bio-based and/or specific product because the
reaction can be carried out as a continuous gas-phase process
and catalyst separation problems are avoided.2 Industrially,
ethanol dehydration is carried out over solid acid catalysts with
HZSM-5 zeolite and alumina (Al2O3) being the most
commonly applied and thus used as benchmark catalysts.7−9

In addition, amorphous silica-alumina,10 transition-metal
oxides,11 phosphoric acid12 and silica-supported heteropoly
acids5 can be named among other commonly studied catalysts.
Nevertheless, the selective synthesis of diethyl ether and
ethylene on solid acid catalyst with extremely high conversion,
selectivity, and yield, especially with lower reaction temper-
ature and stability, still needs further developments.
The selection of the catalyst depends on the products

desired in the conversion of ethanol. Alumina is an active
catalyst in the ethanol conversion, and depending on the
reaction temperature, the product distribution can be directed
toward diethyl ether and ethylene.13 For example, Doheim et
al.14 investigated that Al2O3 doped with Na2O and Mn2O3
followed by heating at 500 °C can improve the ethanol
conversion (ca. 97%) at a reaction temperature of 300 °C.
Feng et al.15 investigated ethanol dehydration to ethylene on a
mesoporous γ-Al2O3 catalyst prepared by a precipitation
method and thereafter hydrothermal treatment method,
showing that the surface area of the γ-Al2O3 catalyst had a
great influence on ethanol conversion and ethylene selectivity
at the same reaction temperature. Cosimo et al. revealed that
Lewis acid site-Brønsted basic site pairs of different strengths
on Al2O3 and mixed oxide (MgO−Al2O3) catalysts were
required for the conversion of ethanol to ethylene and diethyl
ether. Phung and Busca.10 prepared SiO2−Al2O3 catalysts by
different procedures. The results demonstrated that ethanol
conversion occurred on strong acid sites (Brønsted acid sites)
together with weak acid sites (Lewis acid sites), which were

more selective for diethyl ether and ethylene at suitable
reaction conditions. However, many research works have
stated that the intrinsic acidity of the Al2O3 support, especially
the strong acid sites on the catalysts, can favor undesirable
reactions that result in coke formation.16−18 Therefore, an
innovative idea is to decrease the amount of strong acid sites
(Brønsted acid sites) and/or generate more weak acid sites
(Lewis acid sites) which favors catalytic activity while reducing
coke deposition on the catalyst surface.
To test these ideas, common methods to alter the strong

acidity of Al2O3 to weak acid sites are the addition of basic
catalysts to its surface. Hydroxyapatite [Ca10(PO4)6(OH)2,
HAP] is naturally found in a major composition of skeleton,
especially in bone and teeth.19 Characteristics of the HAP
catalyst depend on the Ca/P ratio including substitution of
component ions. It shows active area with both of acidic and
basic sites in a single-crystal lattice, which are crucial property
for dehydration reaction.20,21 For instance, Tsuchida et al.22,23

studied the HAP catalyst in ethanol dehydration reaction. The
results indicated that the reaction temperature and contact
time led to enhancing various products such as ethylene,
diethyl ether, 1,3-butadiene, butanol, olefins, propylene,
aromatic, and so forth. Rahmanian and Ghaziaskar19 studied
the conversion of ethanol over AlPO4/HAP catalysts with a
(Ca + Al)/P molar ratio of 1.62 at high pressure and
temperature (supercritical conditions). At these conditions,
diethyl ether selectivity (ca. 96%) and diethyl ether yield (ca.
75%) were obtained. Hence, it is of interest to develop a
combination of Al2O3 and HAP as a catalyst in dehydration of
ethanol, but research including other metals and/or noble
metals is still inadequate. From previous works in our
laboratory,4,24,25 it showed that the palladium (Pd) played a
crucial role in ethanol dehydration, which depends on the
reaction temperature. This is because the effect of Pd

Figure 1. XRD patterns for all catalysts (● Al2O3 and ▼ HAP).
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modification on the catalytic activity can be attributed to the
increased amount of weak acid sites (Lewis acid sites). Hence,
Pd is still added to elucidate the reasons for enhanced activity
of the mixed Al2O3 and HAP catalysts. However, to the best
knowledge of the authors, there are no detailed accounts of the
catalytic performance for ethanol dehydration on the different
composition ratios of Al2O3−HAP catalysts with Pd
modification.
With this aim, the work reported here was performed to

investigate the Al2O3 catalyst that were physically mixed with
the HAP catalyst for ethanol dehydration. In addition, the
optimal catalyst is now being focused on developments of
noble Pd with their properties, stability, and performance in
enhancing the catalytic reaction of ethanol dehydration to
higher value-added products, especially diethyl ether and
ethylene. The modified catalysts were then characterized by X-
ray powder diffraction (XRD), N2 physisorption, scanning
electron microscopy−energy dispersive X-ray (SEM−EDX)
spectroscopy, inductively coupled plasma (ICP), NH3-TPD,
and thermogravimetric analysis (TGA). A possible mechanism
for ethanol dehydration is also proposed based on the results
presented here.

2. RESULTS AND DISCUSSION

2.1. Catalyst Characterization. XRD analysis was carried
out in order to describe the crystal structure and phase of the
bulk catalysts. The XRD patterns of all different catalysts are

displayed in Figure 1. The characteristic sharp peaks of the
bare Al2O3 catalyst are located at 2θ values of 37° (311
reflection), 46° (400 reflection), and 67° (440 reflection)
which is in agreement with the database standard for gamma-
alumina structure JCPDS file no. 00-010-0425 (face-centered
cubic structure) in the International Centre for Diffraction
Data (ICDD) database.26 The bare HAP catalyst flourished
sharp peaks at 26, 30, 32, 33, and 49°, which is confirmed by
the existence of the main diffraction peaks of hydroxyapatite
identified based on JCPDS file no. 09-0432.27 Furthermore,
other mixing catalysts exhibited both the sharp peaks at 25−35,
46, and 67°, representing the crystallite structure of
hydroxyapatite and alumina. No additional phases were
detected in these mixing catalysts except a very small shift of
the XRD patterns. Nevertheless, the peak of Pd was not
observed due to the small loading of Pd metal and/or the very
small size of crystallites (<3−5 nm) that are highly dispersed
thoroughly in the Al20-HAP80 catalyst.
Based on the XRD data, the average crystallite size is usually

obtained by calculating the full width at half-maximum and the
Scherrer’s equation, such as in refs 28 and 29 (Table 1). The
average crystallite size of bare Al2O3 and bare HAP are 22.3
nm and 25.1 nm, whereas those of Al50-HAP50, Al20-HAP80,
and Al20-HAP80-Pd catalysts are calculated as 21.4, 21.8 and
18.3 nm, respectively. The decrease in the crystallite size is due
to the presence of HAP as well as the incorporation of Pd,
which prevent the fusion of Al2O3 particles. Thus, the HAP

Table 1. Characteristics of all Supports and Catalysts

amount of element on surfacec (wt %)

catalysts
BET surface area

(m2/g)a
pore volume
(cm3/g)b

pore size
(nm)b Ca P Al O Pd

Pd content
(wt %)d

crystalline size
(nm)e

Al2O3 13.5 0.3 5.6 64.3 35.7 22.3
HAP 1.2 0.1 10.3 37.6 22.9 39.5 26.1
Al50-HAP50 5.1 0.1 6.3 16.5 16.1 21.9 45.5 21.4
Al20-HAP80 2.2 0.2 6.4 25.4 17.0 13.7 43.9 21.8
Al20-HAP80-Pd 3.1 0.1 6.7 24.3 18.4 16.7 38.6 2.0 0.38 18.3

aDetermined from the BET method. bDetermined from the BJH adsorption method. cDetermined from EDX analysis. dDetermined from ICP
analysis. eCalculated from XRD using the Scherrer equation.

Figure 2. N2 adsorption−desorption isotherms and PSD of all catalysts.
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catalyst and metallic Pd helps to avoid the particle
agglomeration and maintain the particle size smaller for
Al50-HAP50, Al20-HAP80, and Al20-HAP80-Pd catalysts.
The Brunauer−Emmett−Teller (BET) surface area, average

pore volume, and average pore size diameter of all catalysts are
presented in Table 1. The bare Al2O3 possesses a BET surface
area of 13.5 m2 g−1, a pore volume of 0.3 cm2 g−1, and a pore
diameter of 5.6 nm. When increasing the amount of HAP, the
BET surface area decreases due to the progressive blocking of
pores by the HAP catalyst inside Al2O3 pore channels,
particularly at higher HAP contents. However, after Pd is
incorporated into the Al20-HAP80 catalyst, the BET surface
area and pore volume of the catalyst did not show any
significant change, suggesting that a small amount of Pd oxide
nanoparticle was dispersed thoroughly on the Al20-HAP80
catalyst. Moreover, the average pore diameter ranged from 5.6
to 10.3 nm within the boundary of mesoporous values.
Figure 2 represents the N2 physisorption isotherms and

Barrett−Joyner−Halenda (BJH) pore size distribution (PSD)
curves (the inset in Figure 2) of all catalysts. The analysis of
shapes of the isotherms for all studied catalysts shows that they
have the mesoporous structure. According to the IUPAC
classification, all catalysts submit type IV isotherms, and the
hysteresis loops can be classified into two types, that is, H1
indicating the existence of cylindrical pores and H3 (only bare
HAP) related to some amount of slit-shape pores. For all
different catalysts except the bare HAP catalyst, their N2
uptake increased sharply over the relative pressure (P/P0) of
0.5−0.9, due to the capillary condensation of N2 within the
uniform mesopores.30 In the corresponding high P/P0, the
course of the isotherm is quite steep with respect to the
pressure axis which indicates a large size of pores of cylindrical
shape.31 Therefore, the hysteresis loop of the bare HAP
catalyst at P/P0 ≈ 0.9 in a wide range of pressures is horizontal
which is due to the occurrence of slit pores.32 Furthermore, the
obtained PSD curves confirm that the pore sizes were in the
range of 2−50 nm assigned to the mesoporous structure.
The SEM images of all catalysts are displayed in Figure 3.

The morphology of the bare Al2O3 catalyst was quasi-spherical
shape with a rough surface and their average particle size
ranging from 0.3 to 0.5 μm, as well as the occurrence of very
small intergranular pores. In the case of bare HAP, it was
observed that the big grains are composed by small particles
with oval shapes, agglomerated between them. The addition of
HAP in Al2O3 catalysts (Al50-HAP50 and Al20-HAP80) show
a fine-grained morphology with low intergranular porosity,
composed of irregular-shaped grains. Similar SEM images were
reported by de Lima et al.33 After Pd was loaded into the Al20-
HAP80 catalyst, it can be observed that there was only a slight
change in the morphology of the catalyst. The morphology of
all mixed Al2O3−HAP catalysts was smaller than bare Al2O3
having the average particle size less than 0.3 μm, indicating that
the incorporation of HAP inhibited Al2O3 grain growth,
reducing intergranular porosity, and hence, locally enhancing
densification of the mixed Al2O3−HAP catalysts.
Elemental analysis of surfaces in SEM is performed using

EDX, which measures the energy and intensity distribution of
X-ray signals produced by the electron beam striking the
surface of the catalyst samples. The distribution of Al and O in
a particular region, as shown in Supporting Information, Figure
S1, confirms the existence of alumina. Also, the dense
distribution of Ca and P in Supporting Information, Figure
S2, with meagerly disturbed oxygen confirms the existence of

HAP. The elemental mapping of all Al2O3−HAP catalysts, as
shown in Supporting Information, Figures S3 and S4,
represents the microstructures of Al2O3 and HAP separately,
which is evident that no other intermediate compounds are
formed. Furthermore, the elemental mapping of the Al20-
HAP80-Pd catalyst (Figure 3) indicated the ubiquitous
presence of O, Al, P, Ca, and Pd at areas of differential
concentration. The Pd distribution corresponds well to the Al,
P, and Ca distributions, confirming the substitution of the Pd
ions into the Al2O3−HAP lattice.34 The elemental analysis
from EDX analysis is summarized in Table 1, for the relative
quantities of calcium, phosphorus, aluminum, oxygen, and
palladium in each catalyst. In addition, ICP measurement was
also performed to determine the bulk Pd loading. It can be
seen that the Pd content at bulk (ICP) was at 0.38 wt % for the
Al20-HAP80-Pd catalyst. Nevertheless, the elemental concen-
tration from the EDX analysis, which is a surface analysis,
provides an analysis depth of approximately 50 nm from the
typical external granule, and shows therefore only a part of the
whole analytical information; this is in total contrast to ICP
analysis, which shows an average results in the catalyst
sample.35 Thus, the Pd content on the catalyst surface
(EDX) is higher than Pd content in bulk measured by the
ICP technique. This is consistent with our previous work24,25

reported that Pd concentration obtained from EDX analysis
was higher than those detected by the ICP technique.
The amount of surface acidity of all catalysts was examined

by NH3-TPD between 150 and 600 °C. Figure 4a−c shows the
corresponding TPD profiles, distribution of acid sites, and
distribution of acid density, respectively, while Table 2
assembles the amount of NH3 desorbed (μmol NH3 g−1

cat.) and acid density (μmol m−2) for all different catalysts.
There are mainly three desorption ranges in the TPD profiles:
the desorption peak at a lower temperature below 300 °C is

Figure 3. SEM micrographs of all catalysts and typical EDX for O, Al,
Si, P, Ca, and Pd mapping (Al20-HAP80-Pd).
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attributed to weak acid sites; the second one at a medium
temperature between 300 and 450 °C is assigned to moderate
acid sites; and the third one at a high temperature above 450
°C is ascribed to strong acid sites.36,37 The sum of all the three
acid sites measured by the total ammonia desorbed gives the
total acidity of the catalysts. The bare Al2O3 catalyst displays
the largest total surface acidity maybe due to the high surface
area as well as the high physical adsorption of NH3 in the
framework of the Al2O3 catalyst.38 It is notable that with
increase in the amount of HAP catalysts, the TPD profiles was
shifted toward lower temperature which means that there was a
loss in both moderate and strong acid sites with significant
increase in the weak acid sites, indicating that the addition of
HAP can facilitate the formation of weak acid sites. This is due
to introduction of HAP that resulted in the synergistic
interaction between Al−OH groups in the structure of Al2O3
(strong acid sites) and Ca2+ ions as well as the high
coordination number of Ca2+ ions in the structure of HAP
(strong basic sites), as pointed out by Gao et al.39 Also, the
incorporation of HAP into Al2O3 catalysts leads to the
formation of calcium aluminate phases [such as CaO(Al2O3)6,
CaAl4O7, Ca3Al2O6, Ca5Al6O14, and CaAl2O4], probably
generates the formation of weak acid sites on the expense of

strong acidity.40 After the impregnation of the active Pd (0.5
wt %) on the Al20-HAP80 catalyst, Al−HAP species interact
with the active Pd species to form the [Al−HAP]−Pd+−O
bond, resulting in the formation of weak acid sites. Thus, the
Al20-HAP80-Pd catalyst showed the highest weak acid site of
312.7 μmol NH3 g

−1 cat. Besides, the decrease in the number
of the strong acid sites is observed due to the loading of Pd
ions. This indicated that these strong acid sites represent
Brønsted acid sites, which are reduced due to ion exchange of
the Pd ion with H+ ions. This also described that weak acid
sites obtained by NH3-TPD are representative of Lewis acid
sites (Lewis sites which are electron deficient).41 By integrating
the area under desorption peaks, the amount of NH3 desorbed,
particularly associated to the amounts of weak acid sites from
the catalysts decreases according to the following order: Al20-
HAP80-Pd (312.7 μmol NH3 g

−1 cat.) > Al2O3 (219.6 μmol
NH3 g−1 cat.) > Al20-HAP80 (189.2 μmol NH3 g−1 cat.) >
Al50-HAP50 (146.6 μmol NH3 g

−1 cat.) > HAP (40.7 μmol
NH3 g

−1 cat.) (see Table 2). Likewise, the amount of moderate
acid sites were also small and increased with the impregnation
of Pd. It is generally recognized that weak acid sites (Lewis
acid sites) play an important role in ethanol dehydration to
diethyl ether and ethylene, whereas the oligomerization and

Figure 4. NH3-TPD profiles (a), distribution of acid sites (b), and distribution of acid density (c) of all different catalysts.

Table 2. Amount of Surface Acidity and Acid Density of Catalysts Obtained by NH3-TPD
a

acidity (μmol NH3 g
−1 cat.) acid density (μmol/m2)

catalysts weak moderate strong total weak moderate strong total

Al2O3 219.6 556.7 871.3 1647.6 16.3 41.2 64.5 122.0
HAP 40.7 37.9 18.6 97.3 33.9 31.6 15.5 81.0
Al50-HAP50 146.6 137.3 297.9 611.9 28.7 26.9 58.4 114.0
Al20-HAP80 189.2 129.9 156.8 475.9 86.0 59.0 71.3 216.3
Al20-HAP80-Pd 312.7 151.4 105.5 569.6 100.9 48.8 34.0 183.7

aAcid density = number of acid sites/BET surface area.
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alcohol transformation to higher hydrocarbons takes place in
the strong acid sites (Brønsted acid sites).42 Additionally, the
amount of acid density on a solid catalyst is typically expressed
as the number or mmol of acid sites per unit surface area
(BET). In spite of the decrease of total acid sites on all
modified catalysts when compared with the unmodified
catalyst (bare Al2O3), these catalysts show high values of
acid density expressed as μmoles of NH3 per surface unit, due
to their low specific BET surface areas. The Al20-HAP80-Pd
catalyst demonstrated the highest density of weak acid sites
(100.9 μmol m−2) among all different catalysts. Besides, the
strength of acid sites as well as high acid density are crucial for
improving the conversion and selectivity toward target
products.43 This crucial characterization will be used to
elucidate the catalytic behaviors for all different catalysts
during the ethanol dehydration reaction. The conceptual
surface acidity model of the Al2O3−HAP catalyst with Pd
modification is summarized in Scheme 1. In fact, the Al−OH
group of the bare Al2O3 catalyst exhibited the Brønsted acid
sites property, but its acidity is very weak, which however
possess a very strong acid site character on the surface. Then,
after mixing with the HAP catalyst (Ca2+ ions and/or species),
Ca2+ substitute the OH groups located in adjacent six-
coordinated aluminum atoms and, therefore, can alter the
strong acid sites of bare Al2O3 to form (Al−CaHAP2+)−O

bonds, which can be generated as weak acid sites (Lewis acid
sites). In addition, it is obvious that modification of Pd on the
Al2O3−HAP catalyst led to [Al−CaHAP2+]−Pd+−O bonds,
which indicates a larger amount of Lewis acid sites.

2.2. Catalytic Evaluation of Ethanol Dehydration.
Normally, the ethanol can be transformed into value-added
chemical products including diethyl ether and ethylene based
on the reaction temperature by catalytic dehydration over the
solid acid catalysts. Zhang et al.44 claimed that the formation of
diethyl ether and ethylene is thermodynamically favored at
150−350 and 350−500 °C, respectively. The experiment was
performed with the same catalyst weight. Thus, the catalytic
performance of all catalysts was compared at different reaction
temperatures. The ethanol dehydration activity is apparently
significant at ca. 200 °C and total at 400 °C as established in
Figures 5a,b and 6a,b. In Figure 5a, ethanol conversion
increases with the increasing reaction temperature because of
the enhanced reaction rate as well as the nature of the
endothermic reaction. The obtained catalytic activity of all
catalysts was the highest at 400 °C without deactivation. For
the bare Al2O3 catalyst, the ethanol conversion is extremely
high, from 3.3 to 72.0%, despite the absence of modification
with other metals. This is consistent with our previous
works24,45 described that an increase in the ethanol conversion
corresponded to the amount of lattice water on the surface,

Scheme 1. Conceptual Surface Acidity Model of the Al2O3−HAP Catalyst with Pd Modification

Figure 5. Ethanol conversion (a) and reaction rate (b) of all different catalysts. Reaction condition: 0.05 g catalyst, ethanol flow rate = 1.45 mL/h,
at atmosphere pressure, WHSV = 22.9 (gethanol gcat

−1) h−1.
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which was evaluated from the Al 2p and O 1s peaks from the
XPS technique. The quantities of lattice water are significantly
high in the bare Al2O3 catalyst, hence leading to effective
ethanol dehydration. For bare HAP and Al50-HAP50 catalysts,
low ethanol conversions were observed over the whole reaction
temperature (1.3 to 13.0% for HAP and 4.6 to 14.3% for Al50-
HAP50). The deterioration of ethanol conversion can be
ascribed to the lower amount of weak acid sites. In the case of
increasing the ratio of HAP from 50 to 80% or Al20-HAP80,
this catalyst showed a mild increasing trend in ethanol
conversion with reaction temperature as indicated by the
ethanol conversion of 40.0% at 400 °C. The quantification of
the Al20-HAP80 catalyst exhibited higher weak acid sites than
those of the Al50-HAP50 catalyst. The specific interaction
between the surface hydroxyls of Al2O3 (acidity) and basicity
of HAP in that Al2O3−HAP catalysts were explained by the
presence of surface acid sites, especially weak acid sites (Lewis
acid sites), resulting thus in enhanced catalytic activity.46

Obviously, the amount of the HAP exerts a significant effect on
the ethanol dehydration. In addition, we extend our study on
how the Pd (0.5 wt %) modified on the Al20-HAP80 catalyst
affects the catalytic activity. Consequently, the Al20-HAP80-Pd
catalyst shows an improvement in catalytic activity by raising
the reaction temperature, where the ethanol conversion
reaches its maximum value of 84.2% at 400 °C. According to
the rate of reaction and/or ethanol consumption rate (Figure 5
b), it was found that the reaction rate of each catalyst was
increased with an increase in the reaction temperature.
Moreover, the reaction rate was found to be enhanced when
modifying the Al20-HAP80 catalyst with Pd. This can be
ascribed to the presented Al2O3−HAP that is surrounded by
the Pd sites, which would significantly improve the catalytic
activity. Yang and Nakane47 have shown that the catalytic sites
of Pd and specific active oxygen species (surface anion radicals
O− and surface superoxide anions O2) are formed that favor

catalytic activity in ethanol dehydration. Notably, the Al20-
HAP80-Pd catalyst exhibited the highest reaction rates of
190.04 mol ethanol·gcat

−1·h−1 at 400 °C among all different
catalysts. These results agree well with ethanol conversion
results. It should be noted that this result was related to acidity
of catalysts as proved in NH3-TPD results. Thus, the acidity of
the catalysts is a key factor to improve the catalytic activity.
The product selectivity of all different catalysts is shown in

Figure 6a,b. It revealed that low reaction temperatures (200−
350 °C) are favorable to diethyl ether formation by
intermolecular dehydration, whereas high reaction temper-
atures (ca. >350 °C) are favorable to ethylene formation by
intramolecular dehydration. At low reaction temperatures, not
only the catalyst activity is poor but also the selectivity of
ethylene is low because of a large amount of ethanol being
transformed to diethyl ether.48 The minor undesired product
was acetaldehyde, which is also produced by ethanol
dehydrogenation as a side reaction (refers Table S1 under
Supporting Information). The bare Al2O3 catalyst predom-
inantly leads to the high diethyl ether selectivity (ca. 47.8%) at
350 °C and high ethylene selectivity (ca. 88.6%) at 400 °C;
thus, this catalyst is considered to be a typical strong acid
catalyst, while the coke formation (3.41 wt %, not shown data)
was of a major effect under the investigated reaction condition.
In contrast, low diethyl ether selectivity (ca. 0.0−4.7%) and
low ethylene selectivity (ca. 0.0−10.0%) were obtained from
the bare HAP catalyst, which is a typical basic catalyst. So, we
hypothesized that addition of the HAP catalyst (basic catalyst)
into the Al2O3 catalyst (strong acid catalyst) can produce high
selectivity of diethyl ether and ethylene with suitable reaction
conditions. By modifying Al2O3 with HAP, the highest diethyl
ether selectivity (ca. 57.1%) was found over the Al20-HAP80
catalyst at 350 °C. Nevertheless, the diethyl ether selectivity
decreased due to its decomposition to ethylene at high reaction
temperature. The selectivity of ethylene appears to have a

Figure 6. Selectivity of diethyl ether and ethylene (a,b) and yield (c,d) of all different catalysts, respectively. Reaction condition: 0.05 g catalyst,
ethanol flow rate = 1.45 mL/h, at atmospheric pressure, WHSV = 22.9 (gethanol gcat

−1) h−1.
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maximum value of 77.7% at 400 °C when compared to the
results of the Al50-HAP50 catalyst. After the modification of
the active Pd (0.5 wt %) on the Al20-HAP80 catalyst, the
results show a relatively outstanding catalytic performance with
respect to the other catalysts. The diethyl ether selectivity gives
a maximum value of 85.9% at 350 °C. However, when the
reaction temperature was increased to 400 °C, agreeing with
the endothermic nature of intramolecular dehydration, ethyl-
ene is the main product. The Al20-HAP80-Pd catalyst has
enriched weak acid sites (312.7 μmol NH3 g−1 cat.), which
conceivably renders its superior ethylene selectivity of 89.1%.
The positive effect of weak acid sites (Lewis acid sites) on
diethyl ether and ethylene production has been similarly
demonstrated in the work of Tresatayawed et al.25 In addition,
the catalytic sites of noble palladium oxide is also very
important to activate and dissociate the first C−H bond of
ethanol molecules that is the rate-determining step of ethanol
dehydration.49 Besides, the highest acid density of weak acid
sites of Al20-HAP80-Pd catalyst (100.9 μmol m−2, Table 2)
might be the crucial aspects to improve the catalytic
performance in ethanol dehydration. Also, higher acid density
and the distance between the electronegativity (the more
electronegative, the more acidic) of the noble Pd (2.2) and
Al2O3−HAP catalyst [EN of (Al):(Ca)HAP = (1.61):(1.0)] may
be the factors which allow the ethanol molecules easily
adsorbed and rapidly catalyzed to produce the main product,
especially diethyl ether and ethylene.45 Feng et al.50 claimed
that the generated weak acid sites and reduced strong acid sites

may be ascribed to the synergistic action between weak
electronegativity compared to the strong electronegativity,
which is associated with increasing the product selectivity.
The diethyl ether and ethylene yields (calculated by

multiplying the selectivity of the product by the conversion
of ethanol) are shown in Figure 6c,d. From all different
catalysts, the Al20-HAP80-Pd catalyst gives excellent results in
producing diethyl ether yield (51.0% at 350 °C) and ethylene
yield (75.0% at 400 °C) due to the high amount of weak acid
sites in terms of weak acid density. In addition, it is noticed
that the Pd modification on the catalysts affected the product
yield by merely increasing the acetaldehyde yield in temper-
ature range of 200−250 °C (refers Table S2 under Supporting
Information), which could be consistent with the phenomenon
of the Pd site on γ-Al2O3−P as reported in our previous
work.24 Thus, the acidic properties and nature of surface
catalysts are important and effective to the catalytic perform-
ance in dehydration of ethanol to form diethyl ether and
ethylene. It is recognized that the dehydration of ethanol
essentially takes place on Lewis acid sites (weak acid sites).51

Besides surface acid sites, the textural properties of alumina/
hydroxyapatite catalysts could also affect the ethanol
conversion and product selectivity as well as product yield.
Our data and our explanation agree with the data reported by
Cheng et al.52 that found the catalysts with low BET surface
area and pore volume can improve the ethylene selectivity
from ethanol dehydration due to plausible hindrance of the
multiple adsorption of ethanol molecules, thereby decreasing

Scheme 2. Mechanism of Catalytic Ethanol Dehydration to Ethylene (a) and Diethyl Ether (b) Over Al2O3−HAP Catalyst with
Pd Modification
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the possibility of side reactions. Hence, the Al20-HAP80-Pd
catalyst represents the outstanding catalytic performance in
dehydration of ethanol to diethyl ether and ethylene at suitable
reaction conditions, attributed to its highest weak acid sites
(refers to Lewis acid sites), small amount of strong acid sites,
and reasonably lower textural properties.
Understanding the detail in reaction mechanisms of ethanol

dehydration to ethylene and diethyl ether would be of
particular interest to justify the results and, what is more
important, be able to design an improved catalytic system. As
shown in Scheme 2a, the ethanol molecule is attracted to the
Brønsted acid site, where the proton is transferred to the
ethanol hydroxyl group (proton transfers from acid to oxygen
atom to form alkyloxonium ion), which subsequently releases
water molecules to form an intermediate.41 Water molecules
function as Brønsted acid capable of releasing proton since the
OH bond is weakened during adsorption onto the Lewis acid
site of Al−HAP−Pd+−O. Afterward, an ethoxide surface group
forms and deprotonates one hydrogen atom of the methyl
group to form ethylene. Under this mechanistic scheme, the
formation of ethylene is mainly ascribed to a higher density of
Lewis acid sites, which results from Al−HAP−Pd+−O groups
on the catalyst surface. Thus, the reaction mechanism involves
adjacent Lewis acid sites playing a vital role in enhancing the
catalytic activity and selectivity to ethylene. Besides, Sarve et
al.,41 reported that some of the ethylene molecules adsorbed
on Lewis acid sites and metallic sites of the Al20-HAP80-Pd
catalyst act as an intermediate for diethyl ether. According to
the research works,25,53,54 the dehydration of ethanol to diethyl
ether is represented by two different pathways, termed the
dissociative pathway and associative pathway (Scheme 2b).
The dissociative pathway occurs by one ethanol molecule
adsorbed on the catalyst and followed by water molecule
elimination to obtain the adsorbed ethoxide. Subsequently, the
ethoxide on the surface catalyst reacts with the second ethanol
molecule on an adjacent-framework oxygen to produce diethyl
ether. In the associative pathway, an ethanol molecule is
adsorbed at a proton site; then, by the adsorption of another
ethanol molecule in close vicinity, the dimeric ethanol species
are formed. In the dimeric intermediate, the proton is held
between the alcohol oxygen atoms. Later, protonated dimers
rearrange and decompose into water molecules and an
adsorbed diethyl ether, which desorbs to regenerate the proton
site. Also, the noble metal of Pd was proposed to influence the
adjacent Lewis acid sites on the surface of the Al20-HAP80-Pd
catalyst, and a significant amount of diethyl ether was
generated.55 Concerning the ethanol dehydration reaction,
the formation of diethyl ether at low reaction temperature
might be the intermediate in the formation of ethylene at high
reaction temperature. Therefore, the high main product
(diethyl ether and ethylene) selectivity and/or yield in our
present work can be related to the weak acid sites (Lewis acid
sites) as well as the reduction of strong acid sites. Despite these
promising results, however, further enhancements in catalytic
performance and the development of reaction conditions are
still required.
After the activity test, the Al20-HAP80-Pd catalyst was

chosen to further explore the catalyst stability by carrying out a
short (10 h) time-on-stream (TOS) experiments at suitable
reaction conditions (ca. 350 °C for diethyl ether yield and ca.
400 °C for ethylene yield), and the result is presented in Figure
7. At the low reaction temperature, that is ca. 350 °C, the
diethyl ether yield was relatively stable at about 51.9−55.4%.

At the high reaction temperature, that is ca. 400 °C, the
ethylene yield was comparatively stable at about 74.7−80.2%
throughout TOS. These results indicate that the Al20-HAP80-
Pd catalyst has a high catalytic activity and high stability in
ethanol dehydration for the production of diethyl ether and
ethylene. According to Chen et al.,56 the incorporation of Pd
into the lattice of Al2O3−HAP catalyst and displaces the
Al2O3−HAP (calcium aluminate ion) sites to form [Al−
HAP]−Pd+−O bonds, which increase the negative charge
around the Al2O3−HAP. As a result, the interaction between
Pd species and the Al2O3−HAP is enhanced, leading to the
improvement of the thermal stability, we think which may be
one reason for the good stability of the Al20-HAP80-Pd
catalyst.
Thermal analysis was performed to study coke deposit on

the spent catalyst from TOS for 10 h. For the temperature
range of 200−800 °C, the weight loss during this period is due
to the de-coking process and three distinct stages are observed
(Figure 8). The first stage of the weight loss at the temperature

range of 200−400 °C is referred to soft coke. As the
temperature increases from 400 to 600 °C, the second stage is
called hard coke. This shows that the coke deposit on the spent
catalyst is hard coke which can be removed with proper de-
coking methods.57 From 600 to 800 °C (third stage), reaction
rate declines and is called laid coke, either due to its non-

Figure 7. Stability test for the Al20-HAP80-Pd catalyst under the
investigate reaction for 10 h.

Figure 8. TGA curve of the fresh and spent Al20-HAP80-Pd catalysts.
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reactivity or difficulty of left-over coke deep in the catalyst
particles. However, initial weight loss up to 200 °C is supposed
to be due to the removal of water molecules and volatile
materials; therefore, it had no effect on the coke calculation.
Thus, we could probably claim that at a temperature above 400
°C in TG profiles included hard and laid cokes on the spent
catalysts. We calculated the coke formation on the Al20-
HAP80-Pd catalyst surface in the temperature range of 400−
800 °C. Therefore, we found that the weight losses of the fresh
and spent Al20-HAP80-Pd catalysts in this stage were
insignificantly different, showing less amount of coke
formation. The quantitative calculation results demonstrated
that the weight loss of the spent catalyst was about 1.98%.
Table 3 shows a comparison between the Al20-HAP80-Pd

catalyst in this study and those reported in the literature.
However, the diethyl ether yield and ethylene yield over the
Al20-HAP80-Pd catalyst is not relatively high compared to
some catalysts. Finally, it should be emphasized that, apart
from their interesting intrinsic activity, the Al20-HAP80-Pd
tested in this study was a highly stable catalyst under mild and
green reaction conditions, thus making them have potential to
be applied in an industrial scale ethanol to diethyl ether and
ethylene plants competitive with steam cracking plants.

3. CONCLUSIONS
In this work, the study of ethanol dehydration, under the gas
phase from the temperature range of 200−400 °C, over
different composition ratios of Al2O3−HAP catalysts has been
thoroughly investigated for the first time. In addition, the
modification of Pd (0.5 wt %) on the optimal ratio of the
Al2O3−HAP catalyst was evaluated. These results show that
the acidic sites present and their strengths have been related
with the catalytic activities and the respective selectivities to
diethyl ether and ethylene. The combination of Al2O3−HAP
catalysts with a suitable ratio generated significant amounts of
weak acid sites and reduced strong acid sites, which is
considered to be relatively favorable for catalytic performance.
Deposition of Pd on the Al20-HAP80 catalyst led to an
extreme increase in the amount of weak acid sites (312.7 μmol
NH3 g

−1 cat.) as well as weak acid density (100.9 μmol m−2)
due to the presence of Al2O3−HAP (calcium aluminate ion
and/or bonds) that is surrounded by the Pd sites; the catalytic
activity can be facilitated. In particular, the Al20-HAP80-Pd
catalyst showed the best performance in term of diethyl ether
yield (ca. 51.0%) at a reaction temperature of 350 °C, whereas
75.0% yield of ethylene was observed at a higher reaction
temperature of 400 °C. The stability of the catalyst was
confirmed by TOS for 10 h without a deactivation trend and
significant evidence of coke deposition. Therefore, it can be
concluded that the catalytic performance of our catalysts may
be assigned to a combination of weak acid sites (Lewis

acidity), small amount of strong acid sites, and structural
characteristics of the catalytic materials used. Nevertheless, our
further work is still required in order to develop the
ambiguities of the surface of the solid acid catalysts.

4. EXPERIMENTAL SECTION
4.1. Materials. Commercial gamma alumina from BASF

Company, hydroxyapatite-nanopowder ([Ca5(OH) (PO4)3,
HAP], CAS: 12167-74-7, Sigma-Aldrich company, USA),
tetraamminepalladium(II) nitrate (Pd(NO3)2·4NH3, Sigma-
Aldrich company, USA as a precursor), and toluene (ACS
reagent, 99.7%, Sigma-Aldrich company, USA) were used as
received without further treatment and were used in the
present investigation.

4.2. Catalyst Preparation. Initially, alumina (Al2O3)
nanoparticles were mixed with hydroxyapatite (HAP) by the
physical mixing method in toluene and stirred at room
temperature for 40 min to achieve good homogeneity. Then,
the solvent was removed from the mixture and washed by de-
ionized water. The obtained Al2O3−HAP catalysts were dried
in an oven at 110 °C overnight and further calcined in
synthetic air at 600 °C for 2 h with a heating rate of 10 °C
min−1. After calcination, we placed the catalyst in a sample
bottle and maintained the bottle at room temperature. In our
present work, different weight ratios of Al2O3−HAP (1:0, 0:1,
5:5 and 2:8) were prepared and denoted as Al2O3, HAP, Al50-
HAP50, and Al20-HAP80, respectively.
To investigate the effect of Pd modification on the optimal

catalyst, the best composition ratio of the Al2O3−HAP catalyst
having the highest catalytic activity was prepared by incipient
wetness impregnation using an aqueous solution of
tetraamminepalladium(II) nitrate as the Pd precursor (nom-
inal palladium content of 0.5 wt %). The catalyst was dried in
an oven at 110 °C overnight and calcined in synthetic air at
600 °C for 6 h (heating rate of 10 °C min−1). The catalyst was
then cooled to room temperature and ground for phys-
icochemical characterization and reaction studies. The
impregnated catalyst is denoted as Al20-HAP80-Pd.

4.3. Catalyst Characterization. 4.3.1. X-ray Powder
Diffraction. XRD patterns of catalysts powders were
determined in a 2θ ranges from 10° to 80° at a scan rate of
1.5° min−1 from a Bruker D8 ADVANCE X-ray diffractometer
using the Cu Kα radiation source (λ = 0.15418 nm) as the X-
ray source. The phases were identified using JCPDS (Joint
committee on powder diffraction standards) powder diffrac-
tion files.

4.3.2. Nitrogen Physisorption. BET surface area and
porosity were performed by using N2 isothermal sorption
measurements at −196 °C and were determined volumetrically
with a Micromeritics ASAP 2020 instrument (Micromeritics
Instrument Corp., USA). The catalyst was thermally heated at

Table 3. Comparison of Different Catalysts for Ethanol Dehydration to Diethyl Ether and Ethylene in this Work and Others

catalysts reaction conditions diethyl ether yield (%) ethylene yield (%) references

Al20-HAP80-Pd 200−400 °C, 1 atm and (WHSV 22.9 h−1) 51.0 (at 350 °C) 75.0 (at 400 °C) this work
0.5Pd/Al2O3−P 200−400 °C, 1 atm and (WHSV 22.9 h−1) 33.3 (at 350 °C) 43.7 (at 400 °C) 24
Pd-HBZ-N 200−400 °C, 1 atm and (WHSV 22.9 h−1) 48.0 (at 250 °C) 99.0 (at 400 °C) 58
PdW/TiO2 200−400 °C, 1 atm and (WHSV 3.13 h−1) 41.4 (at 300 °C) 63.2 (at 400 °C) 25
Pd-G-Al 200−400 °C, 1 atm and (WHSV 22.9 h−1) 34.0 (at 350 °C) 80.0 (at 400 °C) 59
Pd(II)-doped SiO2/Fe2O3 280−670 °C, 1 atm n.a.a 15.3 (at 670 °C) 47
AlPO4/HAP 340 °C, 200 bar and (WHSV 1.01 h−1) 75.0 n.a.a 19

an.a. not analysed.
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200 °C for 4 h before the nitrogen physisorption process. The
total surface area of the catalyst was calculated using the BET
isotherm method, while the pore volume and average pore size
were estimated using the BJH correlation.
4.3.3. Inductively Coupled Plasma. The catalysts were

measured by the PerkinElmer OPTIMA 2000TM instrument.
In order to perform ICP analysis on the catalysts, a small
amount of the deposit catalyst (∼0.1 g) was dissolved in an
appropriate acid mixture. Generally, most deposit catalysts can
be dissolved in 10 mL of concentrated nitric/hydrochloric acid
solution. Acid digestion may also be used; however, precaution
must be taken to prevent loss of elements during the heating
process. Before sample analysis, the ICP must be calibrated.
Calibration consists of analyzing standards and a blank within
the linear range of the element being analyzed.
4.3.4. SEM and EDX. The morphologies of the catalysts

were determined by the JEOL mode JSM-5800LV scanning
electron microscope, and the elemental distribution over the
catalysts surface was determined by Link Isis Series 300
program EDX operated at 100 kV. Micrographs were taken at
an accelerating voltage of 30 kV and magnification ranged
between 1000 and 10,000 and a resolution of 3 nm.
4.3.5. Ammonia Temperature-Programmed Desorption.

The acidity and acid strength of all catalysts were determined
by using a Micromeritics Chemisorp 2750 Pulse for temper-
ature-programmed desorption of ammonia. In the experiment,
0.03 g of quartz wool and 0.1 g of catalyst were loaded in a U-
tube glass, and then, the catalyst was pretreated at 450 °C in a
flow of He for 1 h (He flow rate of 25 cm3 min−1). After the
temperature cooled down to 40 °C, the catalyst was saturated
with 15% NH3/He for 30 min. After that, the excess adsorbed
gas (physisorbed) NH3 was purged with He until the base line
was constant. Subsequently, the desorption of NH3 was
conducted by an increase of temperature from 40 to 600 °C
with a heating rate of 10 °C min−1.
4.3.6. Thermogravimetric Analysis. The thermal decom-

position of fresh/spent catalysts were carried out from ambient
temperature to 800 °C with a heating rate of 10 °C min−1

under N2 atmosphere using a STD Analyzer model Q600 from
TA instrument (USA).
4.4. Catalytic Testing. 4.4.1. Temperature-Programmed

Reaction. Catalytic experiments were performed at atmos-
pheric pressure in a fixed-bed continuous flow micro-reactor
(i.d. 7 mm). The temperature was measured using a
microprocessor-based temperature controller through a K-
type thermocouple reaching the top of the catalyst bed. In each
experiment, 0.05 g of catalyst particles and 0.01 g of quartz
wool were packed in the middle of reactor, which is located in
an electrically heated furnace. The pretreatment was performed
in a flow system operated under purified N2 gas with 50 mL
min−1 at 200 °C for 1 h to eliminate any trace of water from
the catalyst. Then, ethanol (conc. 99.98%) was vaporized and
injected into the reactor by using a single syringe pump at total
flow rate of 1.45 mL h−1. The WHSV of ethanol was set at a
selected value of 22.9 (gethanol gcat

−1) h−1. Finally, all products
were quantified in a reaction temperature ranging from 200 to
400 °C under atmospheric pressure. The reaction was kept for
1 h to reach a steady-state for each reaction temperature. The
outlet gases were analyzed by a Shimadzu (GC-14B) gas
chromatograph with a flame ionization detector (FID) using
capillary column (DB-5). GC signals were quantified by proper
calibration standards. The catalytic performance was reported
in terms of ethanol conversion (XEtOH, in %), product

selectivity (Si, in %), product yields (Yi, in %), and rate of
reaction (vrxn, in moles of ethanol per gram of catalyst per
hour), which are computable via eqs 1−4:

X
n n

n
(%)

(in) (out)
(in)

100EtOH
EtOH EtOH

EtOH
=

−
×

(1)

S
n

n
(%) 100i

i

i
=

∑
×

(2)

Y
X S

(%)
100i

iEtOH=
×

(3)

v
v X

RTmrxn
feed EtOH

cat
=

(4)

where nEtOH(in) is the number of moles of ethanol in the feed,
nEtOH(out) is the number of moles of unreacted ethanol, ni is
the number of moles of product i, vfeed is the ethanol feed rate
(in moles of ethanol per hour), R is the gas constant (0.0821 L
atm/mol K), T is the studied temperature (in kelvins), and mcat
is the mass of catalyst used (in grams).

4.4.2. Stability Test. The best composition ratio of the
Al2O3−HAP catalyst having the maximum catalytic activity in
the temperature programmed reaction was selected to study its
catalytic stability as a function of time on stream (TOS) at
optimal reaction conditions by extending the time-on-stream
duration to 10 h. The experiment was similar to those of
temperature-programmed reaction testing as described above.
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