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ABSTRACT: Experiments and molecular simulations were combined to
investigate the adsorption mechanism of dimethyl carbonate (DMC) and methanol
(MeOH) azeotrope onto a-AlL,O; while the differences and similarities between

MeOH-DMC azeotrope.

pure and azeotropic components were discussed. Static experimental results have !
shown that @-Al,O; exhibited capacities in an unexpected order as azeotropic e «
MeOH > pure DMC > pure MeOH > azeotropic DMC. MeOH-DMC and pure ¢’ 1

MeOH both fitted the PFO model with proximal kinetic constants, while the pure ¢ « g
DMC exhibited a different behavior with a diffusion-controlled stage followed by ‘p;” u{\?‘}'{ Ty r TR
chemisorption. The interfacial configuration as well as the mechanism at the & %
molecular level was studied by molecular dynamics and density functional theory. ¢
Molecular simulation results indicate that a multilayer adsorption conformation is
formed on the a-Al,0; (0 0 1) surface for MeOH-DMC with most Al sites being
occupied by MeOH followed by DMC constructing a bilayerlike structure with the
preadsorbed MeOH molecules. Moreover, the adsorption of DMC can further
reduce the dissociation of preadsorbed MeOH. This factor seems to promote the adsorption of more MeOH molecules on the a-
ALO; (0 0 1) surface, leading to DMC aggregation outside the MeOH layer.

1. INTRODUCTION (PSD), extractive distillation (ED), membrane separation, and
adsorption.'”™"* Currently, PSA is an effective but energy-
intensive method for the separation of homogeneous
azeotropes with a high operating cost and equipment
investment issues.'”'> ED has been considered more
economical than PSD.'”'” However, toxic solvents may
cause environmental problems. Membrane separation, espe-
cially pervaporation (PV), has received widespread attention.'®
However, this technique faces challenges of low processing
capacity and short membrane life."”” Compared with other
techniques, adsorption demonstrates several advantages
including its mild condition, simple operation, and low energy
consumption which has been considered as one of the most
promising separation methods.”” Apparently, adsorbents are
always crucial for the adsorption process, and various
adsorbents have been studied for the separation of MeOH-
DMC azeotrope. Hydrophilicity or hydrophobicity is an
important factor in the separation of MeOH-DMC given

Dimethyl carbonate (DMC) is a green chemical raw material
with low toxicity and high biodegradability." DMC (CH;0—
CO-OCH;) contains carbonyl, methyl, and methoxy carbonyl
groups, which can be applied to replace hazardous reagents
such as phosgene and dimethyl sulfate to produce various high-
value products.” Moreover, given its high octane number
(105), high oxygen content (53.28%), and high H/C ratio,
DMC has been also employed as an ideal fuel additive that
reduces particle matter and soot emission.”* In addition, there
is a rapid development of DMC being used as a solvent
especially in the electronics industry due to its good solubility
and high dielectric constant.’ Concerning the widespread
applications of DMC, the global production of DMC is
expected to exceed 300 kilotons by the end of 2025 while the
DMC demand will rise to about 450—1600 kilotons/a.%’
DMC can be synthesized via several methods including
transesterification, oxidative carbonylation, urea alcoholysis,
direct synthesis from CO, and so on.® However, most of these
synthesis processes use excessive methanol (MeOH) as the
feedstock to guarantee the product yield.” Therefore, the Revised:  January 1, 2025
production of high-quality DMC always faces the problem of AccePted: January 9, 2025
separating the MeOH-DMC azeotrope. Published:  January 21, 2025
At present, the main techniques for the separation of
MeOH-DMC azeotrope include pressure swing distillation
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that MeOH contains a hydroxyl group (—OH). Micheal
Spencer conducted the adsorption process in a packed bed
loading with silicalite (Si/Al > 20) as the adsorbent with less
than 50% of the DMC being taken up by the silicalite.” Later,
Fan et al.”” increased the removal ratio of DMC to 86% by
applying silicate-1 (Si/Al > 360) as the adsorbent. Although
the hydrophobicity was improved, the adsorption capacity did
not significantly increase, only 34.8 mg/g. The pore size is also
a prominent factor in the adsorption separation because of the
difference in molecular diameters of MeOH and DMC.>
Accordingly, five supporting materials with different surface
areas and pore sizes have been applied in MeOH-DMC
separation, including WAPO-5, ZSM-22, TS-1, H-beta, and
palygorskite (Pal).”* However, static adsorption studies have
shown that the physical structures of the adsorbents do not
significantly affect their separation performance. In addition to
the properties mentioned above, interactions between
adsorbates and active sites are also essential. Sun et al.*®
tried to adsorb MeOH from the azeotrope by impregnating
AL O; onto attapulgite (ATP) because the hydroxyl O atom of
MeOH can form a chemical bond with Al sites. The
synthesized CTAB/AL,O;/ATP adsorbent showed a high
capacity toward MeOH of 217.56 mg/g with a separation
selectivity equaling 7.63. They further increased the adsorption
capacity of MeOH to 621.62 mg/g while maintaining the
separation selectivity by loading Al,O; onto palygorskite
(Pal).”* Based on the static experimental results, Al,O; has
shown the highest MeOH wuptake and demonstrated a
promising separation performance among many metal oxides.
Therefore, Al,O; as a common adsorbent plays an important
role in MeOH-DMC separation.

Among different kinds of Al,O;, a-Al,0; shows low activity,
extreme hardness, and high stability when compared with
porous y-ALO,.%° As a result, a-ALO; is a good metal matrix
composite reinforced phase while y-Al,O; is often used as an
adsorbent.”””® Due to the large surface area and high porosity,
7-Al,O; should have a higher adsorption capacity. However,
previous research results indicated that both a-Al,O; and y-
Al,O; have shown similar adsorption capacity for MeOH
around 320 mg/g.”” However, a-ALO; was more effective in
the separation of MeOH-DMC because it had a lower DMC
uptake when compared with y-Al,O;. Hence, the adsorption of
the MeOH-DMC azeotrope onto @-Al,O; and the difference
between pure and azeotropic components have attracted our
research interest. Furthermore, both the characteristics of the
adsorbate and solid materials should be taken into consid-
eration when exploring the adsorption mechanism. It is not
hard to tell that MeOH-DMC azeotrope has its unique
property which cannot be simply represented by pure MeOH
or DMC. As a result, the difference or similarity between the
pure and azeotropic components is an issue worth exploring.

In this study, adsorption experiments, kinetic modeling,
molecular dynamics (MD), and density functional theory
(DFT) were combined to investigate the difference between
pure solution and azeotropic mixture as well as to reveal the
corresponding adsorption mechanism. Initially, batch experi-
ments were carried out to obtain the adsorption capacities of
MeOH and DMC using pure solutions and azeotrope mixture,
in which a-Al,O; was applied as the adsorbent. Subsequently,
adsorption kinetics were simulated by two mathematical
models to provide information on mass transfer behaviors.
Then, the adsorption conformations and spacious distribution
of molecules on the a-Al,O; surface were clarified by
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adsorption energy, relative concentration, and radial distribu-
tion functions (RDFs). Lastly, the formation of bonds and
charge transfer at the surface preadsorbed with adsorbates were
explored at a molecular level by DFT calculations. This work
aims to provide more useful information on the adsorptive
separation of MeOH-DMC azeotrope.

2. EXPERIMENTAL SECTION

2.1. Experimental Details. 2.1.1. Materials. a-Al,O,
adsorbents were obtained from Aladdin Scientific Corp.
MeOH, DMC, and m-xylene were all purchased from
Sinopharm Chemical Reagent Co., Ltd. N,N-dimethylforma-
mide (N,N-DMF) as an inert solvent was purchased from
Chinasum Specialty Products Co., Ltd. All chemical reagents
were of analytical grade and used without further purification.

2.1.2. Batch Experiments. The procedure of adsorbent
preparation and the batch adsorption experiments carried out
in this study are the same as those in the previous study.”***
During the batch experiment, liquid samples were collected at
regular time intervals and analyzed by gas chromatography
with a flame ionization detector (GC-FID). The adsorption
capacity at time ¢ and the equilibrium adsorption capacity were
then calculated using the following formula:

q, = (Co — C) X my/mg (1)

)

where g, (mg/g) is the adsorption capacity at time ¢, Q (mg/g)
is the equilibrium adsorption capacity, C, (wt %) is the initial
concentration of MeOH or DMC in the liquid, C, (wt %) is
the remaining concentration of MeOH or DMC in the liquid
at time t, C, (wt %) is the equilibrium concentration of MeOH
or DMC in the liquid, m (g) is the weight of the liquid, and
mg (g) is the weight of the solid adsorbent.

After reaching the equilibrium status, the selectivity S can be
determined using the following equation:

S = Queon’ Lome (3)

where Qu.on (mg/g) is the equilibrium adsorption capacity of
MeOH, and Qpyc (mg/g) is the equilibrium adsorption
capacity of DMC.

The adsorption capacities for pure MeOH and DMC were
also investigated for reference with the same method and
compared with those results obtained for the azeotrope. The
MeOH-DMC azeotrope solution contained 35 wt % MeOH,
15 wt % DMC, and 50 wt % DMF. In order to maintain the
same concentration of the corresponding component in the
azeotrope, pure MeOH solutions were prepared at a ratio of 35
wt % MeOH and 65 wt % DMF while the concentration of
DMC in pure solution was kept at 15 wt % by mixing with 85
wt % DMF.

2.1.3. Sample Analysis. The quantitative analysis of MeOH,
DMC, and N, N-DMF in liquid samples was conducted by
GC-FID, using m-xylene as an internal standard. The initial
column temperature was at 70 °C and kept at that temperature
for 1 min. Then the column temperature increased to 150 °C
at 35 °C/min and remained there for 1 min. The injection
temperature was maintained at 200 °C. To reduce errors, each
sample was analyzed three times under the same conditions,
and the average value was calculated.

2.2. Computational Details. All of the computational
simulations were completed using Materials Studio (MS)

Q=(C,— C,) X my/mg
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a) b)

Figure 1. O
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Figure 2. Simulation solution boxes of (a) pure MeOH, (b) pure DMC, and (c) azeotropic MeOH-DMC.

software. The geometric structures of a-Al,0;, MeOH, and
DMC were optimized through the DFT method conducted in
the Dmol® module. The Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA) with a double
numerical quality set (DNP) was chosen to describe the
electron change and exchange-correlation interactions. The
DFT-D method of Grimme was selected to describe van der
Waals interactions. The energy convergence tolerance was set
to 1.0 X 10~ Ha with a maximum force of 0.002 Ha/A while
the maximum displacement for the convergence criteria was
0.005 A. The Monkhorst—Pack scheme k-point mesh grid was
setto 3 X 3 X 1.

The a-AL,O; (0 0 1) surface has been proven to be the most
stable surface with the lowest energy.30 Therefore, a-Al,O; (0
0 1) was chosen for the surface construction in this study. The
lattice parameters of @-ALO; (00 1) were: a=b=4.759 A, c =
12991 A, a = = 90° y = 120°, which were in good
agreement with values from previous studies.”’ A (2 X 2 X 1)
supercell and a (4 X 2 X 1) supercell with a vacaum layer were
constructed for a-Al,O5 (0 0 1) for DFT and MD calculations,
respectively. The vacuum layer was set to 40 A to eliminate the
interactions between crystal surfaces caused by the periodic
boundary condition on the system. The smart algorithm with a
convergence level of 0.001 kcal/mol was used for the
optimization of the crystal geometry. The structures of
MeOH and DMC were also optimized by using the same
convergence criteria and calculation parameters. Figure 1
shows the optimized configuration of @-ALO; (0 0 1) cells and
supercells.

The adsorption of pure MeOH, pure DMC, and MeOH-
DMC solutions on a-Al,05 (0 0 1) was explored through the
molecular dynamic simulation. First, the pure and azeotropic
solution boxes were built in the Materials Visualizer module
and Amorphous Cell module. The pure MeOH solution box
contained 120 molecules, while the pure DMC solution box
contained 60 molecules. The density values were set to 0.791

g/cm® and 1.07 g/cm® for MeOH and DMC, respectively’ -
The azeotropic solution box containing 180 MeOH molecules
and 30 DMC molecules were then constructed with the
density being set to 0.84 g/cm’ based on the experimental
data.’* The optimized configurations of the simulated solution
boxes are displayed in Figure 2.

A layer adsorption model was constructed by placing the
solution box on the optimized alumina surface by using the
Build Layers module. A COMPASS 1I force field was selected
for this adsorption system. Atom-based summation and Ewald
summation were adopted for the calculation of the van der
Waals force and electrostatic energy. The energy was
minimized using a convergence criterion of 0.5 kcal/(mol
A). The cutoff distance was set to 12 A. The simulation was
run for 2000 ps at 298 K in NVT ensembles implemented at
the Nose thermostat using a time step of 1 fs. The initial
adsorption models before MD simulations are illustrated in
Figure 3.

a)

Figure 3. Initial layer configurations of (a) pure MeOH, (b) pure
DMC, and (c) MeOH-DMC adsorbed on a-Al,0; (0 0 1).
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3. RESULTS AND DISCUSSION

3.1. Static Experimental Results. The static experiments
were carried out using pure solutions and an azeotrope mixture
under ambient conditions. The adsorption curves by plotting
adsorption capacity g against time t are shown in Figure 4. The
adsorption equilibria were all observed at around 180 min. For

the adsorption of MeOH-DMC azeotrope by a-Al,O,, the
adsorption capacity of azeotropic MeOH was much higher

than that of azeotropic DMC. The final equilibrium capacities
of MeOH and DMC in the azeotrope were 741.24 and 211.36
mg/g, separately. As a result, the selectivity S toward MeOH of
a-Al,O; was 3.51. Therefore, a-Al,0; exhibited a promising
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Table 1. Adsorption Kinetic Parameters

pure

exp (Mg/g) 398.41

PFO q. (mg/g) 497.70
k, (1/min) 0.0122
R? 0.9963

PSO q. (mg/g) 653.59
k, X 10° (g/mg/min) 1.3022
R? 0.9865

MeOH

of MeOH and DMC onto a-Al, O,

DMC
azeotrope pure azeotrope
741.24 481.40 211.36
871.31 1286.91 228.61
0.0097 0.0031 0.0117
0.9996 0.8726 0.9907
1302.00 704.23 304.88
0.5360 1.8149 3.4321
0.9985 0.9807 0.9923

separation performance toward MeOH-DMC azeotrope,
which is consistent with our previous study.”” However, for
the adsorption of pure substances, that is not the case. The
final amount of pure DMC adsorbed by a-Al,O; was 481.40
mg/g, while the saturated capacity of pure MeOH was only
398.41 mg/g. Moreover, when judging from the two curves in
Figure 4a, a-Al,0; adsorbed more MeOH from the azeotrope
than from the pure solution. It seems that in the presence of
DMC, more MeOH molecules will be attracted to the active
sites. Meanwhile, due to the large number of active sites
occupied by MeOH, the adsorption capacity of DMC in the
azeotrope decreased significantly, as shown in Figure 4b. Not
only the capacity but also the mass transfer rate of DMC was
significantly slowed down by MeOH molecules appearing in
the azeotrope when comparing the slopes of two curves in
Figure 4b.

3.2. Adsorption Kinetics. To gain a deeper understanding
of the adsorption system, the static experimental data were
linearly fitted to two kinetic models, namely, the pseudo-first-
order (PFO) equation and the pseudo-second-order (PSO)
equation, expressed by eqs 4 and S. Considering the crucial
effect of the data selection on model regression, data points
after the equilibrium (t > 180 min) should not be used.*
Thus, data points before and at equilibrium were then applied
for linear fitting in this study.

In(q, — g,) =Inq, — k;t (4)

t/q, = 1/k,q. +t/q, (s)

where g, (mg/g) and g, (mg/g) are the amounts of MeOH or
DMC adsorbed at equilibrium and time ¢ (min), k; is the PFO
rate constant (1/min), and k, (g/mg/min) is the PSO rate
constant.

Fitting curves for MeOH-DMC adsorbed by a-Al,O; are
shown in Figures S and 6, while the related kinetic parameters
are summarized in Table 1. For pure MeOH and azeotropic
MeOH, the experimental data fitted the PFO equation better
based on the obtained correlation coefficient R? which
suggests that it is a diffusion-controlled process.”> Each active
site on the a-Al,O; surface could only be occupied by one
molecule. In addition, no big difference in the rate constant k;
was observed between pure MeOH and azeotropic MeOH,
suggesting that DMC contained in the azeotrope will not affect
the transfer rate of MeOH from the bulk liquid to the surface
sites. For DMC, the mass transfer behavior became
complicated. Based on the fitting results, neither PFO nor
PSO can accurately describe the kinetics of pure DMC.
However, when dividing the whole adsorption process into two
stages, the initial process (t < 60 min) fitted the PFO
suggesting that the adsorption of pure DMC is mainly
controlled by the film diffusion. After 60 min, it fitted the
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PSO indicating that the chemisorption is the rate-controlling
step.’® For azeotropic DMC, although PSO had a better
determination coefficient (R* = 0.9923), the estimated value of
g. was 304.88 mg/g, which was far from the experimental
result. As a result, we have considered that PFO is more
suitable than PSO to describe the kinetics for adsorption of
azeotropic DMC. Obviously, there are differences in kinetics
when compared to pure DMC with azeotropic DMC. Thus,
the MeOH contained in the azeotrope might not only affect
the adsorbed amount of DMC but also the adsorption
mechanism. As a result, MeOH-DMC and pure MeOH both
fitted the PFO model with similar kinetic constants while the
mass transfer of pure DMC was complex with two stages. The
possible explanation is that MeOH-DMC contains abundant
long chain structures of (MeOH), and DMC-(MeOH),,
which is highly similar to the liquid-phase structure of pure
MeOH.”” Therefore, MeOH-DMC and pure MeOH exhibit a
consistent mass transfer behavior in the bulk liquid phase.

3.3. MD Simulations. The MD simulation studies of pure
MeOH, pure DMC, and MeOH-DMC adsorbed on a-Al,O4
(0 0 1) were carried out to reveal the possible mechanism at
the molecular level, including the adsorption energy, diffusivity,
equilibrium configurations, relative concentration, and RDF.

The adsorption energy E, 4 is one of the main parameters to
characterize the binding strength between the adsorbate and
adsorbent which can be used to analyze the interaction
between molecules and the a-AL,O; (0 0 1) surface. For the
MD simulation of MeOH-DMC adsorbed onto a-Al,O; (0 0
1), the E,4(kJ/mol) was calculated by eq 6.*°

Eg4=E E - E, (6)
where E,., (kJ/mol) represents the total energy of the system
after the molecule adsorbs on the adsorbent surface, Egpate
(kJ/mol) represents the energy of the adsorbent, and E, (kJ/
mol) represents the energy of adsorbate A.

The computed E 4 results are listed in Table 2. Apparently,
the pure substances and azeotropic molecules can be adsorbed
onto the a-ALO; (0 0 1) surface because all calculated
adsorption energies were negative.”” The affinity between the
adsorbate and the surface can be determined based on the

total — Tsubstrate

Table 2. Adsorption Energy and Diffusivity of Pure and
Azeotropic Solutions Adsorbed on a-AL,O; (0 0 1) Surface

adsorption energy

solution  component E,4 (IJ/mol) diffusivity D (107¢ cm?/s)
pure MeOH —188.370 0.78

DMC —159.816 2.28
azeotrope MeOH —250.997 0.45

DMC —133.046 4.81
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Figure 7. Optimized adsorption configurations of (a) pure MeOH, (b) pure DMC, and (c) azeotropic MeOH-DMC on a-Al,0; (0 0 1).
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Figure 8. Relative concentration for (a) pure solution and (b) MeOH-DMC.

value of the adsorption energy. As shown in Table 2, E 4 of
MeOH was much smaller than E_ 4, of DMC for both pure and
azeotropic solutions, which indicates that the binding ability of
MeOH with the a-Al,Oj; surface is much stronger than that of
DMC. In other words, MeOH is more easily adsorbed onto the
a-AL,O; (0 0 1) surface. Moreover, a comparison of E,4
between pure MeOH and azeotropic MeOH also suggests that
the azeotropic MeOH exhibited a stronger binding strength
with surface active sites. However, the interaction between
azeotropic DMC with surface active sites weakened, judging
from the values of E_ 4 of pure and azeotropic DMC. Based on
the E,4 results, a-Al,O; demonstrates a promising ability to
break the MeOH-DMC azeotrope.

Besides E,q, the diffusivity D (cm?/s) is another quantity
reflecting the interaction strength between the adsorbate and
a-ALO; (0 0 1) surface.*® The diffusivity represents the
average displacement of a particle over a unit area in a unit
time, which can be calculated by the following equation.”'

2

-0

1

N
D =1/6N{limd ) <|n|t > /dt

t— 0o
i=l

()

where D (cm?/s) is the diffusion coefficient, N is the number
of particles, t represents time, r; (t) (cm) represents the

4031

position of particles at time t (s), and r; (0) (cm) represents
the initial position of particles at time ¢.

Azeotropic MeOH had the smallest value (D = 0.45 X 107
cm?/s) while azeotropic DMC had the highest value (D = 4.81
X 1078 cm?/s) among all diffusivities. The larger the value of
D, the more easily molecules move on the surface. In that case,
the movement of azeotropic MeOH molecules near the surface
is completely restricted, which indicates that there exists a very
strong interaction between azeotropic MeOH and «-Al,O;.
Meanwhile, azeotropic DMC had the weakest affinity with the
a-Al,O; (0 0 1) surface. This is also consistent with the
adsorption energy results.

Aside from the binding strength provided by E,4 and
diftusivity, the adsorption configuration and the spacious
distribution of the molecules on the solid surface are important
findings from the MD simulations. After the optimization, the
final configurations of pure substances and MeOH-DMC on
the a-ALO; (0 0 1) surface are reflected in Figure 7. Abundant
H atoms were attached to the surface O atoms for all three
cases while several O atoms in MeOH and MeOH-DMC
tended to form O—Al bonds with a solid surface.

Based on the equilibrium configurations, the concentration
profiles along the z-axis of the crystal bottom were calculated
to analyze the conformations and spacious distribution of
molecules. It can be seen from Figure 8 that pure MeOH, pure
DMC, azeotropic MeOH, and azeotropic DMC all have sharp
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Figure 9. Radial distribution function of MeOH and DMC from (a) pure solution and (b) azeotrope.

a) b)

Figure 10. Adsorption of MeOH on the surface preadsorbed with (a) 1 MeOH, (b) 2 MeOH, and (c) 3 MeOH.

peaks at a distance of around 13 A. It is clear that abundant
molecules have adsorbed on the a-Al,O; (0 0 1) surface. The
highest peak values of pure MeOH and pure DMC were 10.26
and 11.11, separately, indicating that more DMC molecules
have been attracted by the active sites. Meanwhile, multiple
peaks were observed for pure DMC at a distance of 15—30 A
while only one broad peak was observed for pure MeOH.
Therefore, in addition to monolayer adsorption, the remaining
pure MeOH molecules were distributed evenly in space. For
azeotropic MeOH and azeotropic DMC, the highest peak
values were at 15.72 and 9.77, respectively, indicating that
Al,O; has adsorbed more MeOH molecules than DMC from
the azeotropic mixture. The order of the highest peak values
was azeotropic DMC < pure MeOH < pure DMC < azeotropic
MeOH, which is consistent with the experimental results. The
distribution of azeotropic DMC and pure substance did not
change significantly with multiple peaks being observed.
However, the bond distance of the strongest peak shifted
away from the surface for azeotropic DMC, which could have
been achieved by DMC molecules being stacked on the
adsorbed MeOH. Meanwhile, the adsorption conformation of
azeotropic MeOH was different from that of pure MeOH,
which was close to the profile of DMC with several adsorption
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layers. In other words, the distribution of azeotropic MeOH is
affected by DMC in the MeOH-DMC system. This may be
caused by the formation of DMC-(MeOH), clusters.”

The RDF, also called the pair correlation function, is one of
the most useful methods to reveal structural information at
molecular length scales.”” In the MD simulation, the RDF was
calculated by the following equation.*

g(r) = dN/4nprdr (8)
Within the range of r (A) to r + dr, dN:
dN = 4¢(r)r’pdr (9)

where N is the number of particles, dN is the number of
particles between the distance r and r + dr, p is the density of
space, and g (r) refers to the probability that the aluminum
atom in alumina and the oxygen atom in the adsorbate reach a
certain distance.

The RDF curves of MeOH and DMC from pure solutions
and azeotropic mixtures are shown in Figure 9. For all cases, a
strong and sharp peak within 3.5 A was observed, which
indicates that those molecules can be strongly adsorbed on the
a-ALO; (0 0 1) surface by forming chemical bonds.** The
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Figure 11. Adsorption of DMC on the surface preadsorbed with (a) 1 MeOH, (b) 2 MeOH, and (c) 3 MeOH.

chemical bonds less than 3.5 A were considered O—Al
bonds.””** In particular, @-ALO; (0 0 1) has the highest
adsorption capacity for azeotropic MeOH. In contrast, the first
peak of azeotropic DMC was insignificant showing relatively
weak interactions between azeotropic DMC and active sites,
while a strong peak beyond 3.5 A was formed mainly by
Coulomb interactions and van der Waals interactions.*
Previous studies have shown that a chemical bond is formed
between the carbonyl oxygen from DMC and the Al sites
when there is no MeOH.”” However, in the presence of
MeOH, it is hard for DMC to interact with Al sites directly. In
that case, azeotropic DMC is more likely to bond with
adsorbed MeOH forming a multilayer adsorption configu-
ration. As a result, the interaction mechanisms are different for
azeotropic and pure DMC molecules.

Our previous study has shown that there is a competition
between MeOH and DMC with MeOH molecules being
preferentially adsorbed onto the Al active sites.”” As a result,
the a-AL,O; (0 0 1) surface will be covered with abundant
MeOH molecules and some DMC molecules. This also might
be one of the reasons to explain the difference in the capacities
of MeOH and DMC in the azeotrope. Meanwhile, a chemical
bond is always formed between hydroxyl O atoms of MeOH
and the Al sites not only for MeOH molecules but also for
azeotropic clusters containing MeOH.”” This indicates that the
azeotropic DMC has a minor effect on the bonding pattern
between the MeOH and surface Al sites. Therefore, the pure
MeOH and azeotropic MeOH show a similar adsorption
behavior However, from static experiments and MD
simulations, we have observed an increased MeOH adsorption
capacity and an enhanced binding strength of MeOH with
active sites in the presence of DMC, which cannot be
reasonably explained at this moment. Hence, the effect of
DMC on preadsorbed MeOH is then investigated by DFT.

3.4. DFT Calculations. In this section, the adsorption of
MeOH and DMC on the preadsorbed MeOH was explored by
using DFT calculations. The optimized configurations of
MeOH and DMC on the surface preadsorbed with 1-3
MeOH molecules are shown in Figures 10 and 11. Instead of
forming a chemical bond with other available Al sites, the
postadsorbed MeOH tends to form a bilayerlike structure with
the preadsorbed MeOH molecules, as seen in Figure 10. Such
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an adsorption configuration became much less stable with the
increase in the coverage of preadsorbed MeOH, judging from
the adsorption energy listed in Table 3. Due to the unstable

Table 3. Adsorption Energy of MeOH and DMC on the
Al,O; Surface Preadsorbed with MeOH

preadsorbed MeOH Molecules

E,4 (KJ/mol) 1 MeOH 2 MeOH 3 MeOH
MeOH —159.522 —129.193 —-31.232
DMC —207.895 —198.371 —145.251

multilayer adsorption configuration and the dissociation of
MeOH at high coverage,”” the adsorption capacity of Al,O; for
MeOH is relatively low. However, when there are empty Al
sites on the surface, the DMC sometimes tends to form an O—
Al bond, as seen in Figure 11b. Meanwhile, a hydrogen bond
was also formed between DMC and adjacent preadsorbed
MeOH. Even under a high coverage of preadsorbed MeOH,
the carboxyl O of DMC can still form a hydroxyl bond with the
hydroxyl H of MeOH. Therefore, the adsorption of DMC
might further immobilize the MeOH onto Al active sites which
could reduce the dissociation of preadsorbed MeOH as well as
enhance the configuration stability. As a result, an increased
MeOH-adsorption capacity on Al,O; can be observed in the
presence of DMC. Although the adsorption energy also
increased as listed in Table 3, the energy change was small.
Thus, the adsorption of DMC could be more favored when
compared with the adsorption of MeOH under the same
coverage of preadsorbed MeOH. This can also explain the
strong peak observed beyond 3.5 A by MD simulations,
indicating the aggregation of DMC above the preadsorbed
MeOH molecules.

Based on the differential charge density and electron
transfer, the formation of bonds and the charge transfer can
be determined and explained more clearly. Thus, the electron
density differences of MeOH and DMC on the surface
preadsorbed with 1—3 MeOH molecules were investigated and
are shown in Figures 12 and 13, with an isosurface of 0.02 au.
Yellow represents charge accumulation, while blue represents
charge depletion. From Figure 12b,c, it can be seen that it was
difficult for the MeOH to approach the active sites once some
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Figure 12. Electron density difference of the adsorption of MeOH on the surface preadsorbed with (a) 1 MeOH, (b) 2 MeOH, and (c) 3 MeOH.

Figure 13. Electron density difference of the adsorption of DMC on the surface preadsorbed with (a) 1 MeOH, (b) 2 MeOH, and (c) 3 MeOH.

MeOH molecules had already existed on the surface. The
postadsorbed MeOH barely interacted with the preadsorbed
molecules with no electron transfer. From Figure 13b,c, there
were overlapping electron clouds between the postadsorbed
DMC and the Al site as well as the preadsorbed MeOH,
indicating the formation of chemical bonds.

The charge transfer values are listed in Table 4 which can
reflect the interaction strength between the adsorbate and the

Table 4. Charge Transfer of the Adsorption of MeOH and
DMC on the Surface Preadsorbed with MeOH Molecules

charge transferred lel

preadsorbed postadsorbed
molecule molecule clusters preadsorption postadsorption
1 MeOH MeOH 0.20 0.12 0.08
2 MeOH 0.46 0.37 0.09
3 MeOH 0.53 0.50 0.03
1 MeOH DMC 0.28 0.27 0.01
2 MeOH 0.59 0.35 0.24
3 MeOH 0.68 0.62 0.06

solid surface. It can be seen from Table 4 that the electrons are
generally transferred from adsorbates to the a-Al,O5 (0 0 1)
surface, which is consistent with the electron density difference
results. For the adsorption of MeOH and DMC on the surface
preadsorbed with 3 MeOH molecules, the cluster transferred
0.53 lel and 0.68 lel to the solid surface, respectively.
Meanwhile, more electrons transferred from preadsorbed
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MeOH molecules to the surface. It suggests that the
interaction forces between preadsorbed MeOH and active
sites in the presence of DMC are greater. In other words,
DMC molecules would be preferentially adsorbed on the
MeOH layer.

4. CONCLUSIONS

In this study, the adsorption mechanism of MeOH-DMC onto
a-Al,O; as well as the difference between pure and azeotropic
components was investigated by conducting experiments and
molecular simulations. Static experiment results indicate that
a-Al,O; has shown certain adsorption capacities for MeOH
and DMC in both pure and azeotropic solutions. The order of
the adsorption capacities obtained by the static experiments
was: azeotropic MeOH > pure DMC > pure MeOH >
azeotropic DMC. Although DMC enhanced the adsorption
capacity of MeOH in the azeotrope, no big difference in the
mass transfer rate existed between pure and azeotropic MeOH,
indicating that DMC contained in the azeotrope will not affect
the mass transfer of MeOH from the bulk liquid to the surface
sites. However, the MeOH in the azeotrope significantly
decreased the adsorption capacity of DMC while altering the
adsorption mechanism at the same time. Molecular simulation
results indicate that a multilayer adsorption conformation was
formed on the a-Al,O; (0 0 1) surface for MeOH-DMC, and
most Al sites were occupied by MeOH molecules. Under the
MeOH preadsorption condition, the adsorption of DMC can
further reduce the dissociation of preadsorbed MeOH by
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forming a hydrogen bond, leading to the aggregation of DMC
outside the MeOH preadsorption layer.
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