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Production of dimethylether
(DME) as a clean fuel using sonochemically
prepared Cu0O and/or ZnO-modified y-alumina catalysts

Sameh M. K. Aboul-Fotouh
(Ain Shams University, Faculty of Education, Chemistry Department, Roxy, Cairo 11566, Egypt)

Abstract: The catalytic conversion of methanol to dimethylether (DME) was studied over CuO/Al,O,, ZnO/Al,O, and ZnO-
CuO/Al, O, nanocatalysts prepared in presence or absence of ultrasonic irradiation. The catalysts were characterized by X-ray
diffraction (XRD), surface characterization method (BET), scanning electron microscope ( SEM), H,-temperature programmed
reduction (H,-TPR) and temperature programmed desorption of ammonia (NH;-TPD). The experimental results show that during
catalytic dehydration of methanol to dimethylether, the activities of the CuO/Al,O;, ZnO/Al,O; and ZnO-CuO/Al,O, catalysts
prepared using ultrasonic treatment are much higher than those prepared in absence of ultrasonication. SEM shows that the use of
ultrasonication results in much smaller nanoparticles. BET and XRD show that the ultrasonication increases the surface area and pore
volume of the catalysts. H,-TPR profiles indicated that reducibility of the sonicated nanocatalysts is carried out at lower
temperatures. NH,-TPD shows that ultrasound irradiation has enhanced the acidity of the nanocatalyst and hence enhanced catalytic

performance for DME formation.
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Dimethyl ether (DME) has been found to be an
alternative diesel fuel because it has low NO,
emission, near-zero smoke amounts and less engine
noise compared with traditional diesel fuels''?'. Tt
can also be used to replace chlorofluorocarbons
(CFCs) which destroy ozone layer of the atmosphere
and used as an intermediate for producing many
valuable chemicals such as lower olefins, methyl
acetate, dimethyl sulfate and liquefied petroleum gas
( LPG ) alternative. It is also used in power
generation and as an aerosol propellant, such as in
hair spray and shaving cream, due to its liquefaction
property:‘g”i. Hence, there is a growing demand to
produce a large amount of DME to meet the global
need.

Dimethyl ether can be produced by methanol
dehydration over a solid-acid catalyst or direct
synthesis from syngas by employing a hybrid catalyst,
comprising a methanol synthesis component and a
solid-acid ~catalyst'®’.  Methanol dehydration to
dimethyl ether is a potentially important process and
more favorable in the views of thermodynamics and
economy'’’. Commercially, y-Al,O, is used as the
catalyst for this reaction. It has high surface area,
excellent thermal stability, high mechanical resistance
and catalytic activity for DME formation due to its
surface acidity. Recently, many methods have been

applied to synthesize alumina with a higher specific
surface area and activity for DME synthesis' " .

CuO/Zn0O/Al,O, catalysts have been widely
used in methanol and DME synthesis from CO
hydrogenation because of their high catalytic activity,
long lifetime, high poison resistance, and relatively
low reaction temperature and pressure'" '*'. In spite
of the wide use of these catalysts, novel technologies
such as ultrasound energy application on catalytic
performance of CuO/Zn0O/Al,O, catalysts is still not
well understood and examined.

Aboul-Fotouh'”’" have found that ultrasound
irradiation can enhance and improve the catalytic
performance of halogenated +y-Al,O, catalyst.
Therefore, the purpose of the current research is to
investigate the effect of ultrasound irradiation on the
preparation of CuO, ZnO and ZnO-CuO supported on
v-Al, O, nano-catalysts. The surface characterization
and acidity of the catalysts were investigated to
acquire an insight on the relationship between
characterization and activity of these catalysts for the
dehydration of methanol to dimethylether ( DME ).

1 Experimental
1.1 Preparation of the catalysts

The powdered +vy-Al,O, was doped with an
aqueous solution of cupper nitrate and /or zinc nitrate
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containing the requisite quantity to obtain 3.0% CuO
and/or ZnO ( by weight ). This catalysts were
subjected to ultrasonic irradiation during the
impregnation step using Ultrasonic Processor UPSOH
(Hielscher) with a titanium sonotrode S, and having
a tip diameter of 3 mm, with 50 W/cm’ power
intensity ( related to 100% amplitude setting). The
ultrasonic irradiation lasted for 1 h at 25 C, followed
by centrifugation for 30 min. The catalysts was dried
at 110 C overnight and calcined at 400 C for 2 h in
air flow. The ultrasonicated catalysts were defined as
CuO/ALO,(U), ZnO/Al,0,(U) and ZnO-CuO/
AlLLO, (U). For comparison, a conventionally
impregnated catalyst was similarly prepared except
that the ultrasonic irradiation was replaced by stirring
of the catalysts during the impregnation of CuO and/
or ZnO on alumina at room temperature. The
catalysts was dried and calcined as above. In absence
of ultsonication the catalysts were defined as CuO/
Al,O,, ZnO/Al, O, and ZnO-CuO/Al,0O,.
1. 2 Hydroconversion reactor system and
reaction product analysis

A silica glass flow-type tubular reactor system
loaded with 0. 1 g of the current catalyst was used.
The reactor was heated in an insulated wider silica
tube jacket, thermostated to + 1 C. Argon was used
as a carrier gas at a flow rate of 30 cm’/min in all
runs. The methanol feed was introduced into the
reactor via continuous evaporation applying argon
flow passing into a closed jar thermostated at a fixed
temperature of 26 T, whereby the quantity of
methanol was always 4.98 x10~> mol/h. The reaction
runs were investigated at temperatures ranging
between 200 ~ 400 C, with 25 C increments. The
reaction effluent was analyzed using a Perkin-Elmer
Autosystem XL gas-chromatograph with a 4 m long
column, packed with 10% squalane plus 10% didecyl
phthalate supported on Chromosorb W-HP of 80 ~ 100
mesh. A flame ionization detector and a Totalchrom
Navigator Programme computed were used.
1. 3 Temperature programmed desorption
(TPD) of ammonia

The procedure adopted by Aboul-Gheit! """
using Differential Scanning Calorimetry ( DSC) was
applied for detecting and evaluating presorbed
ammonia from the acid sites of a catalyst. Ammonia
presorption was initially carried out in a silica-tube
furnace as follows; after evacuation of the catalyst at
1.33 x10™° Pa whilst heating for 30 min at 500 C and
subsequent cooling under vacuum to 50 C, ammonia
was introduced through the catalyst at a flow-rate of
50 cm’/min till saturation, normally 15 min. The

samples were then run in DSC unit ( Mettler TA-
3000 ) using standard aluminum crucibles in a
continuous current of ultra-pure N, gas at a flow-rate
of 30 cm’/min. The heating rate was 20 K/min and
the full-scale range was 25 mW. The thermograms
obtained for all samples show two peaks; a low-
temperature peak corresponding to the ammonia
desorption enthalpy from the weak acid sites of the
catalyst ( AH, ) and a high temperature peak
corresponding to the ammonia desorption enthalpy
(AH,) from the strong acid sites. The AH, values
were proportional to the number of acid sites, whereas
the peak temperature (7, ) was taken to correlate the
acid sites strength of the catalysts; the higher the T,
value, the stronger the acid sites in the catalyst.

1.4 X-ray diffraction patterns of the catalysts

The X-ray diffraction patterns of the catalysts
under study were carried out using a Phillips X, Pert
Diffractometer PW 1390 at 40 kV and 30 mA with Ni
Filter and Cu Ka radiation. The XRD runs were
carried out up to 26 of 60°. The traditional XRD
patterns obtained for the current catalysts show more
or less similar 26 of the diffraction peaks.

1.5 Scanning electron microscope (SEM)

The SEM samples were mounted on aluminum
slabs and sputter-coated with a thin gold layer of ~
15 nm thickness using an Edward sputter-coater. The
samples were then examined in a scanning electron
microscope model JSM-5410 with Electron probe
micro-analyzer (JEOL) at 30 kV.

1.6 H,-temperature programmed reduction
(H,-TPR)

H,-TPR diagrams were obtained for ZnO-CuO/
Al,O, catalyst in a microreactor loaded with
previously calcined sample at 500 C in presence of a
mixture of H, and N, (5% H,) at a flow rate of
20 mL/min. The heating rate was fixed at 10 C/min
and the heating programming continued from 100 C
up to 300 C.

1. 7 Dispersion of the metal (s) in the
catalysts

The dispersion of the metal (s) in the catalysts
( metal fraction exposed ) was determined by
hydrogen chemisorption using a pulse-technique
similar to that used by Freel ™.

2 Results and discussion
2.1 Characterization of catalysts
2.1.1 XRD

The XRD patterns of the current catalysts are
shown in Figure 1, which clearly exhibit the typical
v-phase of alumina. Table 1 presents the average
particle size of various catalysts calculated by Deby-
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Scherrer formula, where the catalysts prepared under
the effect of ultrasonic irradiation exhibited the
smallest crystallite size.
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Figure 1 XRD patterns of the current catalysts

(a): ALO,; (b): CuO/ALO;; (c): CuO/ALOL(U);
(d) : ZnO/ALO,; (e): ZnO/AlL0,(U);
(f) : ZnO-CuO/ALO;; (g): ZnO-CuO/Al,0,(U)

2.1.2 BET

The specific surface area of the synthesized
nanocatalysts is listed in Table 1, where the surface
area of the «catalysts is found to increase by

ultrasonication due to its decreasing particle size.
These results indicate that applying irradiation of
ultrasonic to the catalysts increases their surface area
as well as the total pore volume.

Hence, ultrasonic irradiation applied to a catalyst
during its preparation gives it higher porosity.

The theoretical particle sizes have been calculated

from surface area, assuming spherical particles
according to the following equation'?'’ ;
dger= 6000/ p x A (1)

Where dg; is the equivalent particle diameter
(nm) , p is the density of the material (g/cm’), and
A is the specific surface area (m’/g). It can be
observed from Table 1 that the equivalent particle
diameter decreased with the ultrasound irradiation.
This observation confirms the positive effect of
ultrasound irradiation in decreasing the particle size.
As a result, it can be seen that the particle size of
ultrasonicated catalysts CuO/Al,O,(U), ZnO/Al, O,
(U) and ZnO-CuO/Al,0,(U) are smaller than those
of non-ultrasonicated versions.

Table 1 Surface properties and metal(s) dispersion of the current alumina catalysts

Agpr Total pore volume Particle size Crystallite size Metal (s)
Catalyst y T . b . .
/(m”-g™) v/(em’-g™) d'/nm d’/nm dispersion /%

Al O, 203.7 0.11 8.0 12.7 -
CuO/ Al 0, 177.8 0.08 9.1 9.5 45.5
CuO/AlL,0,(U) 246.2 0.12 6.6 7.5 52.7
Zn0/Al, O, 164.4 0.09 9.9 8.6 38.5
Zn0O/Al,0,(U) 244. 4 0.12 6.6 6.0 45.8
Zn0O-CuO/ Al O, 149.7 0.07 10.8 10.3 48.8
Zn0-Cu0O/Al,0,(U) 230.7 0.11 7.0 7.8 56.2

“determined by BET area; " determined by XRD results

2.1.3 SEM

Figure 2 shows the SEM photographs for the
CuO/ Al O;, ZnO/ Al,O, and ZnO-CuO/Al, O, catalysts
prepared via precipitation of the nitrates of Cu, Zn and
co-precipitation of Cu and Zn nitrates. Evidently, the
ultrasonicated catalysts are formed of much smaller
nano-particles  than  those  prepared  without
ultrasonication. Agglomeration is found to be more
significant in case of preparing the bimetallic oxide
catalyst than the monometallic oxide one.
2.1.4 H,-TPR

Figure 3 depicts the H,-TPR profiles obtained for
the ZnO-CuO/Al,O, catalyst, before and after
ultrasonication. Evidently, ultrasonication has caused
CuO to be reduced at lower temperatures than without
sonication which may contribute to increasing the
activity of the ultrasonicated catalyst for DME

production from methanol where the dehydrogenative
activity plays an important role in the reaction
mechanism. Figure 3 shows two reduction peaks at
about 220 and 250 C, which corresponding to
reduction of CuO and Cu,O, respectively. Figure 3
also shows that the H,-TPR profile for CuO reduction
in case of ultrasonicated catalyst is smaller than before
ultrasonication which indicates that CuO has been
highly dispersed which is in accordance with
increasing the catalytic activity ( Table 1 & Figure 6).
It is to be noted that ZnO cannot be reduced under the
given conditions. Since reduction temperature of ZnO
to metallic is higher than 650 C, no ZnO reduction
peaks observed in this study. In this case, zinc can
improve the dispersion of CuO and promote the
reducibility of CuQ'?"*/,
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Figure 2 SEM photographs of alumina catalysts
(a): y-ALO;; (b): CuO/v-Al,0;; (c): CuO/v-ALO,(U); (d): ZnO/v-Al, 055 (e): ZnO/y-Al,O,(U) ;
(f) : ZnO-CuO/vy-AlL,0,; (g): ZnO-CuO/v-Al,0,(U)

---- ultrasonic

— non-ultrasonic

H, consumption

100 150

Temperature t/°C

Figure 3 H,-TPR profiles
of ultrasonicated ZnO-CuO/Al, O, catalysts

2.1.5 NH,-TPD

Figure 4 gives two NH,-TPD profiles for the
Zn0O-CuO/AL,O;, catalyst before and  after
ultrasonication. Both profiles include a major peak in
the temperature range 100 ~275 C with maximum at
~200 C. This low temperature peak corresponds to
the desorption enthalpy of NH, from the weak acid
sites in the current catalyst. Also another peak with
low intensity appears at temperatures between 275 and

375 C with maximum at ~ 325 C corresponding to
ammonia desorption enthalpy from the strong acid
sites. Evidently, the ultrasonicated ( dashed curve)
obtained for the low temperature peak encounters a
shift towards higher temperature indicating an increase
of the acid strength of these acid sites. Moreover, the
higher temperature peak has also encountered some
increase of its height indicating no change of acid
strength but show some increase of the number of
strong acid sites.
2.1.6 Metal active dispersion

Metal active dispersion is the ratio of metal
exposes to surface in comparison to total metal in the
catalyst. Table 1 shows that effect ultrasonic can
increase metal dispersion that is compared to non-
ultrasonic catalysts. Dispersion can be arranged in the
following order ;

Zn0-Cu0O/AlL,0,> CuO/Al,0,> ZnO/ AL O,

CuO acquire higher dispersion than ZnO whether
before or after sonication. Combining ZnO with CuO
is found to increase the dispersion of the bimetal. In
all cases ultrasonication increases the metals
dispersion. Ultrasonic has very high energy that
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Figure 4 NH,-TPD profiles for ZnO-CuO/Al, O, catalysts

2. 2
stability

Figure 5 illustrates the promotional effectiveness
of 6% Zn0O/Al,O,, 6% CuO/Al,O, and their mixture
3% Zn0O-3% CuO/ Al, O, as catalysts for the methanol
dehydration reaction at temperatures between 200 ~
400 C. Figure 5 shows that the activities of the
current catalysts in the reaction temperature range 225
~350 C can be arranged in the order:

Zn0-CuO/Al, O, > CuO/AL O, > ZnO/Al, O, >
Al O,

The data indicate that ZnO and CuO act as
mutual promoters for Al,O,. These promotional
effects can be principally attributed to enhancing the
acidity (acid sites number and strength)'*’. Tt is
observed that the higher the activity of a catalyst at
lower temperatures, the faster the drop of this activity
at higher temperature. For instance, ZnO-CuO/Al,O,
is the most active, so it shows an activity drop at
325 C, whereas CuO/Al, O, is less active than ZnO-
CuO/Al, O, but its activity declines at 375 C. Even
though ZnO/Al,O; is the least active among the current
catalysts and continues its DME enhancement up to as
high as 400 C where on this catalyst, DME is the
only product obtained, i. e. no olefinic hydrocarbon
by-product was formed (in Figure 7).

The surface investigation data obtained using the
6% CuO, 6% ZnO and 3% ZnO +3% CuO/Al, O,
catalysts are given in Table 1. Evidently, the
unloaded Al,O, acquires a surface area and total pore

203.7m’/g and 0.11 cm’/g,
whereas, the CuO/Al,O, catalyst
acquires a lower surface area (177. 8 m’/g) and
lower pore volume (0.08 cm’/g) due to some pore

Catalytic activity, selectivity and

volume  of
respectively ;

filling in Al,O, with the metal.

1001 -«-ALO,
——CuO/ALO,
ﬁ>—ZI10/A],Oz |
801 ——ZnO-CuO/ALO,
3 601 .
=
=
g
m 40 d
=
a
20 4 °
e v : ,
200 250 300 350 400

Reaction temperature t/°C

Figure 5 DME in products using alumina catalysts

Ultrasonication of the CuO/Al,O, catalyst is
found to increase the surface area and pore volume to
246.2m’/g and 0. 12 cm’/g, respectively, indicating
that ultrasonication has loosened some already present
agglomerates of the catalytic particles. Figure 6 shows
that using the CuO/AlL,O,(U) ultrasonicated catalyst,
the increase of temperature from 200 up to 300 C has
increased DME almost linearly to reach 90% at
300 C, beyond which DME increases slowly to
94.5% at 375 C. It may be assumed that this
moderate increase of surface area and pore volume
associated with an increase of catalytic activity can be
attributed to an increase of the density of acid sites of
the CuO/Al, O, particles in the catalytic bed inside the
reaction.

Also, the treatment of the ZnO/Al,O, catalyst
via applying ultrasonication, producing (ZnO/Al,O,
(U)), has increased the surface area and pore
volume from 164. 4 m® <g™', respectively, and
0.09cm’/g to 244. 4 m’/g and 0. 12 cm’/g,
respectively. This increase of surface area and pore
volume, associated with an increase of catalytic
activity (in Figure 6) by virtue of ultrasonication can
be said to operate in accordance with optimized
catalytic bed packing. Nevertheless, the
ultrasonication effectiveness on the catalytic reaction
does not exhibit deviated behaviors of the CuO and
ZnO sites relative to the catalytic sites of the Al,O,
support. In Figure 6, using the ZnO promoted
catalyst, DME is increased with temperature to attain
a maximum of 88. 0% at 325 C, beyond which it
declines via a further increase of temperature to attain
72.0% at 400 C due to side product formation (in
Figure 7).

The ultrasonicated ZnO-CuO/ Al,O, is more active
than the non-ultrasonicated version in the temperature
range 100 ~ 325 C. However, at higher temperatures
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(325 ~400 C) a strong deviation takes place, where the
ultrasonicated catalyst is steadily activated, but the non-
ultrasonicated one suffers a significant drop of catalytic

activity. This can be considered a valuable advantage for
impeding the deteriorative side reaction producing olefins
instead of DME.

100 100

< ~CuO/ALO, © ~ZnO/ALO, s¢ 1009 —ZnO-Cu0O/AlO,

S 80 ~CuO/ALO( S go TZnO/ALOYU) S 0] +Zn0-CuO/ALO

§ 60 § 60 1 §

E E g

; 40 g 40 - g 40

jSa) 8] m

= 20+ = 204 = 201

a A a
0 ; . . 0 ; ; . 073 ; ; ;
200 250 300 350 400 200 250 300 350 400 200 250 300 350 400

Reaction temperature t/°C

Reaction temperature t/°C

Reaction temperature t/°C

Figure 6  Effect of ultrasonication on DME formation using alumina catalysts

20

——AlLO,
-=+CuO
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157 700
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—+—7n0O-CuO
—o—7Zn0-CuO(U)

Hydrocabons in products w/%
S

0 - Q . :
275 300 325 350 375 400

Reaction temperature ¢/°C

Figure 7 Hydrocarbons in products using alumina catalysts

In case of the bimetallic ZnO-CuO/Al O,
catalyst, the surface area has significantly increased
from 149.7 to 230.7 m*/g and the pore volume also
increased from 0.07 to

0.11 cm’/g  using
ultrasonication.  Such correlation indicates that
ultrasonication  has  increased  these surface
characteristics in case of the ZnO-CuO/AlOQO,

catalysts but decreased them in case of the
monometallic CuO/Al, O, catalyst. However, for all
catalysts the ultrasonication treatment improved the
catalytic activities for DME production due to
increasing the acid sites number and strength as well
as to increasing the surface area and pore volume in
addition to decreasing the nanoparticle size of the
catalysts (in Figure 4 & Table 1) as noticed in
acquiring increased reducibility of the metal oxides
(in Figure 3).

The selectivity for producing DME and
hydrocarbons in the reaction product at a relatively
high reaction temperature (400 C) is shown in
Figure 8 for the current catalysts. The highest
selectivity for DME is 99. 7% using the ZnO/Al, O,
catalyst either using or not using ultrasonication.
However, for CuO/Al, O,, DME is somewhat less
selective after ultrasonication (84.3% vs. 81.5% ),
whereas the selectivity to hydrocarbons is somewhat

higher after ultrasonication (18.5% vs. 15. 7% ).
On the other hand, the bimetallic ZnO-CuO/Al, O,
catalyst exhibits a great improvement for DME
selectivity after ultrasonication (93.4% vs. 69.0% )
and hydrocarbon selectivity of 6. 6% vs. 31. 0%.
Here, the metals dispersion has been improved via
combining both metals in presence of ultrasonication
irradiation in addition to increasing the acid site
strength (in Figure 4).

100
@ DME

80 - “' = oHC
O\o -Tl
= 60
z
2z
8 404
] iz
» Z

204 |

i .

CuO CuO(U) ZnO ZnO(U) ZnO-CuO ZnO-CuO(U)

Figure 8 Effect of ultrasonication (U)
on DME and HC selectivities using current catalysts at 400 C
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Figure 9 Effect of time on methanol
conversion using ZnO-CuO/ Al, O, catalysts at 300 C

Figure 9 shows that the stability of ZnO-CuO/
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Al, O, catalyst, as a function of time-on-stream, has
been significantly improved via ultrasonication such
that DME production continued without any drop in
activity up to 240 min. This can be attributed to
enhancing the dispersion of the metal oxide on the

the catalytic activity and selectivity for DME using the
CuO/ AL O;, ZnO/ Al O, and ZnO-CuO/ AL, O, catalysts
which can be attributed to: increasing the acid sites
number and strength, increasing the surface area and
pore volume, decreasing the nanoparticle size of the

alumina support by ultrasonication" """ .

3 Conclusions

2] catalysts, activating the reducibility of the metallic

components, increasing the catalytic stability and

S ) increasing the metal(s) dispersion.
The overall effect of ultrasonication in improving
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