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Abstract In a recent paper (Zuo et al.,, Appl Catal A
408:130-136, 2011), the mechanism of dimethyl ether
(DME) synthesis from methanol dehydration over y-Al,O;
(110) was studied using density functional theory (DFT).
Using the same method, the effect of surface hydroxyls on
v-Al O3 in liquid paraffin during DME synthesis from
methanol dehydration is investigated. It is found that DME
is mainly formed from two adsorbed CH3;O groups via
methanol dehydrogenation on both dehydrated and hydrated
v-AlL,O5 in liquid paraffin. No close correlation between
catalytic activity and acid intensity was found. Before and
after water adsorption at typical catalytic conditions (e.g.,
553 K), the reaction rate is not obviously changed on -
Al,03(100) surface in liquid paraffin, but the reaction rate
decreases by about 11 times on the (110) in liquid paraffin.
Considering the area of the (110) and (100) surfaces under
actual conditions, the catalytic activity decreased mainly
because the Al3 sites on the (110) surface gradually become
inactive. Catalytic activity decreased mainly due to surface
hydrophilicity. The calculated results were consistent with
the experiment.
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Introduction

Dimethyl ether (DME) synthesis has recently attracted in-
creased attention because of its low NO, emission and non-
corrosiveness [1, 2]. It can be produced from syngas over a
bi-functional catalyst, such as Cu/Zn/y-Al,O3 [3-5]. The
slurry bed has the following advantages low gas recycling
ratio, no diffusion limitations, low pressure drop over the
reactor, and caloric transfer [6]. Therefore, the slurry reactor
has attracted more attention in DME synthesis from syngas
[7-11]. The catalyst is dispersed in an inert liquid medium,
such as liquid paraffin, in a slurry reactor, during which y-
Al,O3 is used for methanol dehydration [6—-11]. DME is
generally synthesized from methanol dehydration via the reac-
tion 2CH;0OH — CH;0CHj; + H,O [12, 13]. In our previous
studies, we showed that CH3;OH undergoes dissociative ad-
sorption on the y-Al,O5 surface and DME is formed by the
reaction of two CH30 groups [14]. In these works, water was
observed to be the main by-product. In liquid paraffin, the
activity of y-Al,O3 decreases as reaction time increases, and
some researchers propose that water decreases the activity of
v-Al,O5 acid by its high adsorption capacity on acid sites
[15-17].

v-Al,O5 is commonly used as a catalyst/support because of
its fine particle size, large surface area, excellent thermal
stability, high mechanical resistance, and wide range of chem-
ical, physical, and catalytic properties [18—-20]. Raybaud et al.
[20-22] and Tonescu et al. [23] proposed that non-dissociative
and dissociative adsorptions of water occur over the Lewis
acid sites of the y-Al,Oj3 surface, indicating that the amount of
water may influence catalytic activity during DME synthesis
from methanol dehydration. Studies show that the y-Al,O5
surface is inevitably hydrated/hydroxylated under realistic
reaction conditions. The influence of surface hydroxyls over
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v-Al,O5 has been studied using theoretical methods [24-27].
For example, Pan et al. [24] studied the effect of surface
hydroxyls on selective CO, hydrogenation over Ni/y-ALOs.
The intermediates found on the dehydrated and the hydroxyl-
ated y-Al, O3 (110) surfaces were HCOO and CO, respective-
ly, indicating that hydroxylation of y-Al,O3 supports can alter
the pathway and selectivity of CO, hydrogenation. Zhang
et al. [25] also studied the effect of surface hydroxyls on
selective CO, hydrogenation over Cu/y-Al,O5 and found that
hydroxylation of the y-Al,O5 support cannot alter the path-
way of CO, hydrogenation; the selectivity of CO, hydroge-
nation for HCOO formation on Cu/y-Al,O3 was also high. In
our previous study, it is found that water adsorption on y-
Al,O5 surface will influence the adsorptive behavior of meth-
anol and DME [27].

How does water influence DME synthesis from methanol
dehydration over a y-Al,O5 catalyst in a slurry reactor? Al-
though water is the main product of the catalytic reaction, few
studies about the effect of hydroxylation of the y-Al,03
catalysts on the DME synthesis from methanol dehydration
have been conducted. To better understand the effect of water
adsorption during DME synthesis on a y-Al,O5 surface in a
slurry reactor, we performed DFT calculations on a conductor-
like solvent model (COSMO) and studied methanol dehydra-
tion on y-Al,O5 as influenced by water in the presence of
liquid paraffin, which is always used as a insert medium in the
liquid paraffin. A close relation between the dehydrated and
hydrated y-Al,O5 in liquid paraffin and the corresponding
reaction processes was found.

Computational models and methods
Computational models

Researchers have proposed that y-Al,O; models include the
defective spinel model and the non-spinel model [20, 28-31].
Because the non-spinel model agrees well with experimental
data (i.e., NMR, XRD, and IR), it is used in the present paper
to create surfaces as in previous studies [20, 32]. Experimental
results show that the y-Al,O3 (110) and (100) surfaces pre-
dominate 83 % and 17 % of the total surface, respectively
[33]. Thus, the two main orientations under actual catalytic
conditions, the (100) and (110) surfaces, were considered.

To minimize the interaction of adsorbates of neighboring
slabs, supercells of (1x2) and (2% 1) were chosen for the -
AlLO3 (110) and (100) surfaces, respectively. The supercells
contained 24 and 16 Al,O5 units, respectively. The last two
slabs of the y-Al,O5 (110) and (100) surfaces were frozen in
their bulk positions whereas the other slabs and adsorbates
were fully relaxed. The vacuum zone between the slabs was
setto 15 A.
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To describe the interaction between the adsorbates and the
v-ALO; (hkl) in liquid paraffin, the adsorption energy (E,qs)
was defined as [34]:

Euqs = E(adsorbate/slab)—[E(adsorbate) + E(slab)],

where E(adsorbate/slab), E(adsorbate), and E(slab) are the total
energies of the slab with the adsorbate on its surface, of the free
adsorbate, and of the slab surface, respectively. A negative E,
value signifies an exothermic adsorption and a positive E, 4
value indicates an endothermic adsorption. The reaction ener-
gy (AH), like A + B=C + D, was calculated as [35]:

AH = [E(C/slab) + E(D/slab)]|—[E(A/slab) + E(B/slab)],

where E(C/slab), E(D/slab) and E(A/slab), E(B/slab) are the
total energies of the slab with products and reactants on its
surface, respectively. A negative AH value signifies an exo-
thermic reaction and a positive AH value indicates an endo-
thermic reaction.

Computational methods

The unrestricted density functional calculations were
conducted using the DMol® program package in Materials
Studio 5.5 [36, 37]. The calculation is conducted with the
generalized gradient approximation with the Perdew—Wang
exchange—correlation functional (GGA-PWO1) [38], and the
electron-ion interaction was described using DFT semi-core
pseudopots (DSPP) [39, 40]. The double numerical atomic
orbital basis set plus polarization function (DNP) [39] was
also used. All calculations with a k-point grid of (2x2x 1) and
(2x2x1) gave a numerical difference in y-Al,O5 (110) and
(100) surfaces energy of less than 0.001 eV.

To simulate y-Al,Oj3 in liquid paraftin, the conductor-like
screening model (COSMO) implemented in Dmol® was used
[41, 42]. COSMO is a continuum solvent model where the
solute molecule forms a cavity within the dielectric continuum
of permittivity, ¢, that represents the solvent [43—45]. The
charge distribution of the solute polarizes the dielectric medi-
um. The response of the dielectric medium is described by the
generation of screening (or polarization) charges on the cavity
surface. These charges are then scaled by a factor f(e) = (e —1)/
(e+0.5) to obtain a rather favorable approximation of the
screening charges in a dielectric medium. The dielectric con-
stant of liquid paraffin was set to 2.06.

Transition states (TS) were searched using the complete
LST/QST method [46]. Linear synchronous transit (LST)
maximization was performed, followed by energy minimiza-
tion in the directions conjugating to the reaction pathway. The
approximated TS values were used for quadratic synchronous
transit (QST) maximization. From this point, another
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Fig. 1 Side views of the
dehydrated y-Al,O5(110)(/eft)
and (100)(right) in liquid
paraffin. Light gray and gray
spheres represent Al and O,
respectively

conjugate gradient minimization was performed. The cycle
was repeated until a stationary point was located [47].

Results and discussion

The side views of the dehydrated y-Al,O3 (110) and (100) in
liquid paraffin are shown in Fig. 1. According to the coordi-
nation of the atoms, unsaturated Al and O atoms comprise the
Lewis acid and base sites, respectively. Previous studies show
that DME synthesis from methanol occurs over Lewis acid
sites [20, 48—50]. Thus, in the present study, only Al sites were
considered. The (110) surface exhibited two kinds of unsatu-
rated aluminum surface sites. Al3 was three-fold coordinated.
All and Al2 atoms were four-fold coordinated but showed
different chemical environments. As for y-Al,O3 (100) sur-
face, Al4 is four-fold coordinated and in a position below the
surface plane, therefore, it is not available for adsorption. All
~ Al3 atoms are five-fold coordinated, however, All ~ Al3
atoms are different in the chemical environments. Thus, we
only consider DME and methanol adsorption over All ~ Al3
sites. The detail sees ref [14, 27].

The adsorptive behavior of water on the y-Al,O3 (hkl)
surface was studied by Raybaud et al. in detail [20, 28], who
found that the (100) surface is completely dehydrated above
873 °C whereas the (111) surface remains fully hydrated up to
about 1073 °C. Even at 1273 °C, the hydroxyl coverage was
still high (9.8 OH nm 2). When the temperature was around
280 °C, the OH concentrations on the (110) and (100) surfaces

Fig.2 Side views of the hydrated
v-ALO5(110) (left) and (100)
(right) in liquid paraffin. Light
gray, gray and white spheres
represent Al, O and H,
respectively

were 8.9 and 4.3 OH nm ~, respectively. In actual reaction
systems of DME synthesis from methanol over y-Al,O; cat-
alysts, the reaction temperature is within the temperature
range of 230 and 290 °C. Thus, (110) and (100) surfaces with
OH concentrations of 8.9 and 4.3 OH nm ? were studied.

Figure 2 shows the side views of the hydrated y-Al,O;
(110) and the (100) in liquid paraffin. On y-AlL,O3 (110) in
liquid paraffin, the Al3 site has an adsorbed OH group, two
All sites share one bridge-like OH group, and the Al2 site has
one adsorbed H,O molecule. On dehydrated (100) in liquid
paraffin, only one water molecule is necessary to achieve an
OH coverage of 4.30H nm 2. Water is adsorbed by dissocia-
tive adsorption on the All site while the dissociated hydrogen
group moves to the Ol site (for details sees ref [27]). Com-
pared with the relaxed dehydrated (100) surface, water ad-
sorption results in serious surface reconstruction brought
about by O1 and Al2 bond breakage.

DME formation on dehydrated y-Al,Oj3 in liquid paraffin

In our previous study, there are three possible paths of DME
synthesis [14]: Path I, CH;OH is nondissociative adsorption,
and DME is synthesized from two adsorbed CH;OH; Path II,
DME is syntheisized from one adsorbed CH3;0H and one
adsorbed CH;0 group; Path III, DME is syntheisized from
two adsorbed CH;0O groups. According to these paths, the
DME synthesized is studied.

The energy profile of methanol dehydrogenation and the
corresponding geometrical transition state on dehydrated -
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Fig. 3 Energy profile of
methanol dehydrogenation on 0.
dehydrated (110) in liquid
paraffin and transition state(TS) 0.
structures. a Energy profile. b, ¢,

0.

d TS of methanol
dehydrogenation on All, Al2 and
Al3 sites. Pink, red, gray, and
white spheres represent Al, O, C,
and H atoms, respectively
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Al,O5 (110) in liquid paraffin are shown in Fig. 3. The
activation energies of methanol dehydrogenation, which cause
the formation of H and CH30 groups at the All, AI2, and Al3
sites, were 0.30, 0.23, and 0.05 eV, indicating the dissociative
adsorption of methanol at typical catalytic conditions (e.g.,
280 °C). A small amount of CH30H is present due to CH;0OH
is dissociative adsorption, and it is impossible that the path I
and IT occur (for details see ref [14]).

In path III, when two CH30 groups are co-adsorbed on the
Al2 and Al3 sites, the activation energy of the DME synthesis is
1.23 eV and the process of DME synthesis from the two CH30
groups is endothermic (AH=0.82 eV). When two CH;0
groups are co-adsorbed on the All and Al2 sites, the activation
energy of DME synthesis is 1.58 eV and the process of DME
synthesis from the two CH;0 groups is endothermic (AH=
0.61 eV). The energy profile of DME synthesis from two CH;0
groups and the corresponding geometrical transition state are
shown in Fig. 4. The stability and activation energy of DME
synthesis on the All and Al2 sites were higher than those on the
Al2 and Al3 sites by 0.21 eV and 0.35 eV, respectively. These
results show that the AI2 and Al3 sites are suitable for DME
synthesis, with an activation energy of 1.23 eV.

Methanol dehydrogenation was also studied on the
dehydrated y-Al,0O3(100) in liquid paraffin. The energy pro-
file of methanol dehydrogenation and the corresponding geo-
metrical transition state are shown in Fig. 5. The activation
energies of methanol dehydrogenation for the formation H
and CH;O groups on the All, AI2, and Al3 sites were 0.33,
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Fig. 4 Energy profile of DME over dehydrated (110) in liquid paraffin
and TS structures. a Energy profile. b, ¢ TS of DME synthesis from two
adsorbed CH;0 groups over All, Al2 and Al2, Al3 sites. The interpre-
tation to color in this figure is referred to the Fig. 3
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Fig. 5 Energy profile of methanol dehydrogenation on dehydrated (100)
in liquid paraffin and TS structures. a Energy profile. b, ¢, d TS of
methanol dehydrogenation over All, Al2 and Al3 sites. The interpretation
to color in this figure is the same as Fig. 3

0.36, and 0.42 eV, respectively. The small activation energies
of methanol dehydrogenation also indicate the dissociative
adsorption of methanol such that paths I and II cannot occur.

In path III, when two CH30 groups are co-adsorbed on the
All and Al2 sites, the activation energy of DME synthesis is
1.42 eV and the process of DME synthesis from the two CH30
groups is endothermic (AH=1.01 eV). When two CH;0
group molecules are co-adsorbed on the Al2 and Al3 sites,
the activation energy of DME synthesis is 1.60 eV, and the
process of DME synthesis from the two CH;0 groups is
endothermic (AH=1.28 eV). The energy profile of DME
synthesis from the two CH50 groups and the corresponding
geometrical transition state are shown in Fig. 6. The stability
of DME synthesis at the All and Al2 sites was higher than that
at the Al2 and Al3 sites by 0.17 eV, but the activation energy
of DME synthesis at the All and Al2 sites was lower than that
atthe AI2 and Al3 sites by 0.18 eV. These results show that the
All and Al2 sites are suitable for DME synthesis, with an
activation energy of 1.42 eV.

DME formation on hydrated y-Al,Oj3 in liquid paraffin

On hydrated y-Al,O5(110) in liquid paraffin, only the All and
Al2 sites were considered because the Al3 site was unavailable
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Fig. 6 Energy profile of DME synthesis on dehydrated (100) in liquid
paraffin and TS structures. a Energy profile. b, ¢ TS of DME synthesis
from two adsorbed CH;0 groups over All, Al2 and Al2, Al3 sites. The
interpretation to color in this figure is the same as Fig. 3

for adsorption. The activation energies of methanol dehydroge-
nation for the formation of H and CH;0 groups on the All and
Al2 sites were 0.55 and 0.76 eV, respectively (Fig. 7). Com-
pared with the same adsorption sites on the dehydrated (110) in
liquid paraffin, the activation energies of methanol dehydroge-
nation (All and Al2 sites) on the hydrated surface increase.
These results show that the adsorption of the OH group or H,O
on the (110) surface restrains methanol dehydrogenation. Thus,
paths I and IT were considered in this section.

The energy profile of DME synthesis from the two CH;0
groups and the corresponding geometrical transition state are
shown in Fig. 8. When two CH3OH molecules were adsorbed
on the All and Al2 sites, the activation energy of DME
synthesis from the two adsorbed CH3;0H was 1.11 eV in path
I. In path II, the activation energy of DME synthesis from one
adsorbed CH30 group and another adsorbed CH3;OH was
1.02 eV. In path III, the activation energy of DME synthesis
from two adsorbed CH;0O group was 1.34 eV. The results
show that the activation energy of methanol dehydrogenation
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(0.73 eV) is obviously lower than that of DME synthesis from
one methanol and another adsorbed CH;0OH/CH;0 group
(1.11/1.02 eV). This behavior indicates that methanol dehy-
drogenation is preferred over the methanol reaction, in the
presence of another adsorbed CH;OH/CH;0 group. Hence,
on hydrated y-Al,O5 (110) in liquid paraffin, DME is formed

from two adsorbed CH;0 groups, with an activation energy of
1.34 eV, which is lower than that at the same active sites
; before hydration of the surface(1.58 eV).
/ On the hydrated y-Al,05(100) in liquid paraffin, only the
Al2 and Al3 sites were considered because the All site was
1 | unavailable for adsorption. Path I cannot occur because meth-
— anol adsorption on the Al3 site proceeds through dissociative
adsorption. On the Al2 site, the activation energies of metha-
nol dehydrogenation for the formation of H and CH30 groups
on the Al2 site was 0.27 eV, lower than that at the Al2 site on
the dehydrated (100) surface (0.36 eV). The transition state is
shown in Fig. 9a. The findings indicate that adsorption of an
OH group on the (100) surface will accelerate methanol
dehydrogenation and that the trend is different on the y-
Al,0O5(110) surface before and after hydration. Hence, DME
synthesis is mainly formed according to path III at an activa-
tion energy of 1.45 eV, which is lower than that of the
dehydrated (100) surface (1.60 eV). The transition state is
shown in Fig. 9b. Comparing the activation energies of
DME synthesis on the All and Al2, AlI2 and Al3 sites on
the (110) and (100) surfaces before and after hydration, it is
found that the activation energies after hydration are lower
than that of before hydration. In general, as the coordination
number of the Al atoms decreases, the Lewis acidity of the Al
site becomes strong. This result indicates no close correlation

Energy(eV)

Fig.7 Energy profile of methanol dehydrogenation on hydrated (110) in
liquid paraffin and TS structures. a Energy profile. b, ¢ TS of methanol
dehydrogenation on All and Al2 sites. The interpretation to color in this
figure is the same as Fig. 3

Fig. 8 Energy profile of DME L6 a
synthesis on All and Al2 on the 14 —2CHOH* —CHOH*+CHO* —2CH 0"
hydrated (110) in liquid paraffin
and TS structures. a Energy L2r
profile. b, ¢, d TS of DME e [p—
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group and one CH;0 group, and 2 06t ,'I \
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Fig. 9 TS structures on All and
Al2 on the hydrated (110) in
liquid paraffin. a TS structures of
methanol dehydrogenation on the
Al2 site, b DME synthesis on Al3
and Al2 sites on the hydrated
(110) in liquid paraftin. The
interpretation to color in this
figure is the same as Fig. 3

between catalytic activity and acid intensity, consistent with
the results obtained by Sung et al. [51], who showed that
catalytic activity and number of strong acid sites are not
correlated.

Finally, the barrier of the rate-limiting step of DME syn-
thesis from methanol dehydration on y-Al,O5 (110) and (100)
in liquid paraffin before and after hydration was considered.
The barriers of the rate-limiting step of DME synthesis on
dehydrated y-Al,O5 (110) and (100) in liquid paraffin were
1.23 and 1.42 eV, respectively. The barriers of the rate-limiting
step of DME synthesis on hydrated y-Al,O3 (110) and (100)
in liquid paraffin were 1.34 and 1.45 eV, respectively. The
barriers of the rate-limiting step of DME synthesis on the
(110) surface were similar before and after hydration
(1.42 eV vs. 1.45 eV). However, the barrier of the rate-
limiting step of DME synthesis on dehydrated y-Al,O;
(110) in liquid paraffin was lower than that on hydrated y-
Al,O3 (110) in liquid paraffin. Assuming the same pre-
exponential factor for the reactions at all Lewis acid sites of
the y-AlL,O3 (110) or (100) in liquid paraffin and using the
Arrhenius rate expression k = de %/®" [52], the differences
in activation energies show DME synthesis rate on dehydrated
v-ALO; (110) surface in liquid paraffin are faster than 11
times on hydrated y-Al,O5 (110) surface in liquid paraffin at
typical catalytic conditions (e.g., 553 K). The results are
consistent with the experiment, which indicates the catalytic
activity of y-Al,O3 for DME synthesis decreases mainly due
to water adsorption [15, 16]. Al3 and All sites on the y-Al,O3
(110) and (100) in liquid paraffin were unavailable for meth-
anol adsorption, and then the catalytic activity further de-
creases. Considering the area of the (110) and (100) surfaces
in actual conditions, the (110) surface predominates 83 % of
the total area whereas the (100) surface takes up about 17 %,
indicating that Al3 sites on the y-Al,O3 (110) in liquid paraf-
fin dominated during DME synthesis. Catalytic activity de-
creases mainly because Al3 sites of the (110) surface gradu-
ally become inactive. These findings are consistent with the
experimental result showing that catalytic activity is also
closely related to the fraction of the tetrahedral aluminum sites
(AI3 site in our article) [S1], which the reaction rate for

methanol dehydration decreases about 67 times if the frac-
tion of Al3 sites decreases from 0.26 to 0.12. Hence, to
prevent y-Al,O5 catalyst deactivation, reductions in the ad-
sorption ability of water on the catalyst surface must be
performed by increasing the hydrophobic nature of the sur-
face, such as using different surfactants.

Conclusions

DME synthesis from methanol dehydration on y-Al,O3 (110)
and (100) in liquid paraffin before and after hydration was
studied by DFT. The calculation results show that DME is
mainly formed from two adsorbed CH;0 groups via methanol
dehydrogenation before and after hydration. No close corre-
lation was observed between catalytic activity and acid inten-
sity. The barrier for the rate-limiting step of DME synthesis on
the (110) surface increase 0.11 eV before and after water
adsorption, corresponding to reaction rates of about 11 times
slower (T=553 K); the barrier for the rate-limiting step of
DME synthesis on the (100) surface before and after water
adsorption is similar with each other. This result shows that y-
Al,O3 becomes inactive due to water adsorption. Considering
the area of the (110) and (100) surfaces under actual condi-
tions, the catalytic activity decreased mainly because the Al3
sites on the (110) surface gradually become inactive. There-
fore, to prevent deactivation of the y-Al,O5 catalyst, reduc-
tions in the adsorption ability of water on the catalyst surface
must be formed by increasing the hydrophobic nature of the
surface.
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