Applied Catalysis A: General 455 (2013) 219-226

journal homepage: www.elsevier.com/locate/apcata

Contents lists available at SciVerse ScienceDirect

Applied Catalysis A: General

Kinetic study for the direct synthesis of dimethyl carbonate from
methanol and CO, over CeO, at high pressure conditions

@ CrossMark

B.A.V. Santos, C.S.M. Pereira, V.M.T.M. Silva, J.M. Loureiro, A.E. Rodrigues*

Laboratory of Separation and Reaction Engineering, Department of Chemical Engineering, Faculty of Engineering of University of Porto,

4200-465 Porto, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 30 November 2012

Received in revised form 23 January 2013
Accepted 4 February 2013

Available online xxx

Keywords:

Dimethyl carbonate
High pressure reaction
CEOZ

The kinetics for the direct synthesis of dimethyl carbonate was studied over CeO, at high pressure con-
ditions in a batch reactor. Langmuir-Hinshelwood and Eley-Rideal mechanisms were proposed and
compared by the performance of the respective reaction rate expression in fitting to the experimental
kinetic data. The reactions were held at different temperatures (378-408 K), CO,/methanol molar ratios
(1.1-4.0) and pressures (15-20 MPa) in order to adjust the kinetic parameters. An activation energy of
106 k] mol—!, as well as the standard enthalpy and Gibbs energy of reaction (—20.10 and 31.50k] mol~1)
were calculated from experiments. Furthermore, the changes in pressure revealed an effect on the kinetic
constant, with an activation volume equal to —0.208 cm? mol-!.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dimethyl carbonate (DMC) is a promising chemical for green
chemistry processes due to its high versatility and low toxicity [1].
DMC is considered a build block for organic chemical synthesis,
having specially importance for replacing the hazardous and toxic
phosgene and dimethyl sulphate or methyl halide in carbonyla-
tion and methylation reactions [2,3]. It can also be used as reactant
for the synthesis of diphenyl carbonate [4] or glycol carbonate [5],
which are useful for polymers production. DMC has also benign
properties to become an alternative to conventional solvents [6],
reducing the VOCs and particles emissions; or even be used as gaso-
line additive [7], due to its blending properties and high oxygen
content (53.3%), reducing the particles and NOx emissions.

However, in order to be considered a green chemical, DMC
ought to be produced by a green process as well. Until 1980,
DMC was produced by phosgenation of methanol (MeOH) [1],
which was abandoned due to the high toxicity of phosgene.
Nowadays, it is produced mainly by oxy-carbonylation of MeOH
[8] and carbonylation of methylnitrile [9], although those routes
use toxic and corrosive chemicals. Therefore, new alternatives
have been developed such as the transesterification of ethylene

Abbreviations: DMC, dimethyl carbonate; MeOH, methanol; mHV2, modi-
fied Huron-Vidal second order mixing rule; MC, methyl carbonate; NC, number
of compounds; NP, number of points; SEM, scanning electron microscope; SRK,
Soave-Redlich-Kwong equation of state.
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carbonate [10-12], transesterification of methylcarbamate [13], or
the direct synthesis from CO, and MeOH [14-16]. In the work
of Leino et al. [14] a comparative review for conventional versus
direct synthesis method for dialkylcarbonates is presented. The
direct synthesis (CO, +2MeOH <« DMC+H,0) is considered to be
one of the most promising routes for DMC production based
on economical and environmental features [17]. However, this
route shows high thermodynamic limitations even at high pres-
sure conditions as concluded from our previous work [18]. Several
approaches have been studied in order to overcome this issue,
such as the use of dehydrating agents, which will react with the
water, to shift the equilibrium towards the DMC production: ketals
(0.5-200MPa, 383-453K, 24h, conv./selec.: 1.5-88/60-100%)
[19-24], orthoesters (30 MPa, 453K, 24 h, conv./selec.: 20/93%)
[25], acetonitrile (0.5 MPa, 423K, 2 h, conv./selec.: 3.5/95%) [26,27],
benzonitrile (0.5 MPa, 423 K, 2 h, conv./selec.: 9.4/99%) [28], buty-
lene oxide (9 MPa, 423 K, 8h, conv./selec.: 12/80%) [29], or ionic
liquids (9 MPa, 393 K, 9 h, conv./selec.: 12/90%) [30]. The decrease of
selectivity and the need of removing the side products are pointed
as the major drawbacks for this approach. In alternative, Choi et al.
[31] reached a DMC yield around 40% by removing the water with
molecular sieve 3A in an external cooled loop, reaching similar
yields as with dehydrating agents.

Apart from the thermodynamic limitations, carbon dioxide is
also a stable molecule with low reactivity leading to low reaction
rates. The direct synthesis of DMC is achieved in the presence of
an acid-base catalyst. While strong basicity is recommended to
improve the activation of CO,, strong acidity could lead to the
dehydration of methanol [32]. On the basic site CO, is activated
and methoxy groups are formed from MeOH, while the methyl
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Symbols
A;C,  heat capacity change of reaction [Jmol~1 K]
Eq activation energy [J mol~1]
jj: standard fugacity of pure species i [Pa]
fi fugacity of species i in the mixture [Pa]
Fobj objective function
ArG;O Gibbs energy change of reaction [J mol~1]
ArH;o enthalpy change of reaction [J mol~1]
k kinetic constant [g~! min—!]
ko pre-exponential factor of kinetic constant
[g~! min~']
Kads,i adsorption constant
Keq equilibrium constant
Meat catalyst mass [g]
P,P°,P;  pressure, standard pressure, partial pressure [Pa]
o; fugacity coefficient of species i
r reaction rate [min=1]
R ideal gas constant [Jmol~1 K]
t time [min]
T temperature [K]
Av# activation volume [m3 mol~1]
X molar fraction
Xc molar reaction conversion

groups are produced on the acidic site [33,34]. Organometal-
lic complexes, in particular dibutyltin dimethoxy (Bu,Sn(OMe),),
show high selectivity for DMC synthesis [35,36]; however, these
catalysts have low activity mainly due to the deactivation in pres-
ence of water. Furthermore, heterogeneous catalysts are more
environmentally-friendly because they can be easily separated
from the reaction mixture avoiding the use of hazardous solvents
and more energetic-cost processes.

Tomishige et al. [37] reported the direct synthesis of DMC over
ZrO, with high selectivity. Afterwards, more efforts have been
done in order to find an efficient heterogeneous catalyst for this
route: Table 1 shows novel catalysts for this route. In spite of the
large variety of catalysts, those based on ZrO, and/or CeO, are
still showing the higher selectivity, which is due to the acid-base
properties of these catalysts [38]. The best results were achieved
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using CeO, combined with other oxides such as ZrO, [23] or TiO,
[39]; furthermore, the modification of ceria based catalyst with
H3P04 [40,41], H3PW]2040 [39,42], G3203 [43] or A1203 [44] have
also contributed for the improvement of acid-base properties of
the catalyst and improvement of ceria stabilization avoiding the
reduction of Ce** to Ce3*, which is the main cause of ceria based
catalyst deactivation [44].

In spite of the huge efforts done in searching for novel cat-
alysts and dehydrating agents, few studies present kinetic data
[55,56], which is essential to design and evaluate novel processes
for DMC production and turn this route competitive in comparison
with the conventional processes. In this work, it will be presented
a detailed kinetic and equilibrium model for the direct synthesis
over CeO,, at high pressure conditions. CeO, was chosen as catalyst
since besides the good results already achieved for this reaction it
is commercially available or it can be easily prepared by calcination
of cerium hydroxide with good reproducibility. Two reaction rate
expressions will be considered based on Langmuir-Hinshelwood
and Eley-Rideal mechanisms. It will be studied the effect of several
parameters on the reaction rate: temperature, initial CO,/MeOH
ratio and pressure in order to adjust the kinetic parameters.

2. Experimental
2.1. Materials

Cerium oxide was prepared from cerium hydroxide (Ce(OH)y,
Sigma-Aldrich®) by calcination. Anhydrous methanol (99.9%,
AcroSeal®), CO, (99.995%, Linde®) and dimethyl carbonate (99%,
Sigma-Aldrich®) were used without further purification. The water
used was deionised.

2.2. Analytical method

All the samples were analyzed by GC chromatography (GC2010
plus, Shimadzu®) using a fused silica capillary column, Chrompack
CP-Wax 52 CB (25m x 0.25mm x 1.2 um) to separate the com-
pounds coupled with TCD and FID detectors. Helium N50 was used
as carrier gas at a constant linear velocity of 30 cms~! with a split
ratio equal to 30 for 2 L of sample injected. The temperature of
the injector and the detectors were set at 573 K, while the oven
temperature was set at 348 K during 5 min of analyzing time.

Table 1
Heterogeneous catalysts for the direct synthesis of DMC.
Catalyst Operating conditions Time Yield/selec. Ref. Year
Zr0, 433K 2h 0.3/100% [37] 2000
Ni(CH3C00),-4H,0 413K; 7.0 MPa 12h 2.1/45% [45] 2000
H3PO04/Zr0O, 403K 2h 0.3/100% [41] 2000
H3PO04/Zr0O, 403K 2h 0.3/100% [40] 2001
Ce0,-Zr0; 383K; 6.0MPa 4h 0.8/100% [23] 2002
H3PO04/V,05 453K; 0.6 MPa -2 1.8/93% [46] 2005
Cu-Ni/V,05-Si0, 413K; 0.9 MPa -2 2.4/87% [47] 2006
CeO, 403K 5h 0.8/100% [48] 2006
Cu(Ni,V,0)" 393K; 1.2 MPa - 4.5/90% [49] 2007
Cu(Nij, V,0) 393K; 1.2 MPa - 3.5/93% [49] 2007
H3PW12040/Ce.1 Tig 902 443K 12h 5/100% [39] 2007
Al;03/Ce0, 408 K; 5.0 MPa 3h 0.4/100% [44] 2007
Zr0,/Si0, 423K; 20 MPa 80h 6¢/100% [50] 2010
CuCl,/AC 398K; 1.2 MPa 4hP -/90% [51] 2010
Co15PW12049 353K; 0.25 MPa 5h 1.1/69% [52] 2010
C01.5PW12040 473K; 0.1 MPa -b 7.6/86.5% [53] 2010
H3PW;2040/Ceo6Z10402 443K; 6.0 MPa 3h 1.2/100% [42] 2011
5Gay03/Ceq6Zro40; 443K; 6.0 MPa 3h 2.3/100% [43] 2011
Cu-Ni/GNS 373K; 1.2 bar 3hb 5/92% [54] 2011

2 Continuous reactor.
b UV radiation.
¢ DMC/cat. molar ratio.
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Fig. 1. Sketch of the experimental set-up for high pressure reactions.

2.3. Experimental set-up

Fig. 1 shows the sketch of the experimental set-up where all the
experiments were conducted. The set-up is composed by an auto-
clave reactor (HP reactor 4575A, Parr®) coupled with temperature
(£1K) and stirrer speed control, and a pressure gauge (+0.01 MPa)
(4848 reactor controller, Parr®); the HPLC pump (K-1900 100 mL
head, Knauer®) is cooled with an external cooling bath at 278 K in
order to keep CO, in the liquid state; the feed cylinder is used to
add other chemicals to the reactor through the CO, stream. The
depressurization of the system is easily done through a metering
valve into a trap cylinder to expand the CO,; moreover, the valve
is heated by an external resistance thereby avoiding freezing.

2.4. Experimental procedure

The catalyst is firstly added to the reactor and then the reactor
is closed; the loss of catalyst is avoided by the use of a filter. Then
the reactor is filled with CO,, through the feed cylinder, at environ-
mental temperature around 1 MPa and heated until 413 K, followed
by depressurization. This procedure is used to reduce the initial
water content in the reactor, which is present on the tubes and

Table 2
Experimental conditions for kinetic and/or equilibrium experiments.

reactor walls. With this approach it was reached an average of ini-
tial water contents around 0.5% for all the experiments performed.
Afterwards, the methanol is dragged through the feed cylinder by
the CO, stream. Finally, the temperature is set followed by the
pressurization with CO, to the desired pressure. The samples are
carefully collected through the sample line (2 mL) by a metering
valve to reach a slow depressurization and a complete condensed
sample (without CO,). Then the pressure drop (around 0.4 MPa for
each sample) is compensated with CO, that also cleans the dead
volume for the next sample. In the end of the reaction, the reaction
mixture is cooled until 300K and the reactor is slowly depressur-
ized improving the condensation of the reaction mixture (without
COy).

Six standard solutions (50-60 mL), with known concentrations
of DMC, from 0.10 to 0.30%, diluted on MeOH were added to the
reactor with the purpose of validating the sampling. Two sam-
ples were collected: one from the sampling line and other after
depressurization. Both methods showed good agreement with the
real concentration inside the reactor, with an average absolute
deviation of 0.03%. A typical experiment is carried out at 403K,
pressurized with CO;, at 20 MPa with 50 mL of MeOH and 4.5 g of
catalyst. Table 2 presents the reaction operating conditions held

Run T/K P/MPa nC0O,/nMeOH xi_‘,‘z“(‘;‘l % (CO; free basis) Meatalyst/g Stirrer/rpm
1 398 20.0 2.5 0.42 4.6 200
2 398 20.0 2.5 0.57 4.6 200
3 398 20.0 2.5 0.34 4.6 400
4 408 20.0 24 0.72 4.4 200
5 403 20.0 2.5 0.35 4.6 200
6 393 20.0 2.6 0.56 4.6 200
7 388 20.0 2.7 0.57 4.7 200
8 388 20.0 2.7 0.37 4.7 200
9 383 20.0 2.9 0.58 4.6 200

10 378 20.0 29 0.74 4.4 200

11 398 20.0 1.1 0.17 4.7 200

12 398 20.0 1.6 0.18 4.6 200

13 398 20.0 1.8 0.28 4.6 200

14 398 20.0 4.0 1.06 4.6 200

15 398 20.0 4.0 0.78 4.5 200

16 398 17.5 2.5 0.54 4.6 200

17 398 15.0 2.5 0.86 4.5 200
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Fig. 2. XRD patterns of CeO; prepared by calcination. Crystal structure: fluorite (O).

for all the experiments. Several experiments were carried out with
the objective of studying the effect of different physical parameters
on the reaction rate and/or equilibrium yield: external mass trans-
fer (200 and 400 rpm), temperature (378-408 K), CO,/MeOH molar
ratio (1.1-4.0) and pressure (15-20 MPa).

3. Results
3.1. Catalyst characterization

As mentioned before, our catalyst, CeO,, was prepared by calci-
nation of cerium hydroxide, Ce(OH),, as reported by Yoshida et al.
[48]. They observed that above 873K the reaction rate was pro-
portional to the surface area; however for 673K the activity was
lower than expected, probably due to insufficient water removal.
The calcination temperature should be as low as possible in order
to minimize the decrease of surface area by sinterization but ensur-
ing the maximum water removal. The thermogravimetric analysis,
for Ce(OH),4, showed a complete water loss above 900 K. Therefore,
after increasing the temperature at a rate of 5Kmin~!, CeO, was
calcined at 923 Kduring 4 h, in order to guarantee a complete water
removal. Furthermore, a BET area of 36 m? g~! was determined,
which s in accordance with the values reported at this temperature
using Ce(OH),4 as a precursor [48].

Fig. 2 shows the X-ray diffraction patterns for CeO calcined at
923 K. The diagram reveals crystallinity similar to fluorite structure,
as expected, with low crystallinity. The low crystallinity was also
observed by Yoshida et al. [48]. They observed an increase of crys-
tallinity with the increase of temperature, although the increase of
temperature leads to a decrease of surface area.

3.2. Reproducibility and external resistance to mass transfer

In order to evaluate the reproducibility of our experiments, two
reactions were carried out at almost the same operating conditions
(Table 2). The small difference in the initial water contents between
the two reactions has negligible effect on the initial reaction rate.
The DMC molar fractions along the time for these two experiments
are depicted in Fig. 3. It can be observed a good reproducibility since
the curves are coincident within experimental errors.

Then, in order to evaluate the external mass transfer resistance,
two reactions were held at the same conditions, again with small
differences in the initial water content, but varying the stirrer
speed. Fig. 4 shows the DMC produced along time. Since, in both
runs, the initial reaction rates are similar, the external resistance to
mass transfer is negligible above 200 rpm.
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Fig. 3. Reproducibility: experimental DMC molar fraction along the time. Reaction
conditions: 20 MPa, 398 K, 200 rpm, 4.6 g CeO,, nCO,/nMeOH: 2.54/1.
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Fig. 4. Experimental DMC molar fraction along the time for different stirrer speed.
Reaction conditions: 20 MPa, 398K, 4.6 g CeO,, nCO,/nMeOH: 2.54/1.

3.3. Chemical equilibrium

Once guaranteed good reproducibility and negligible external
mass transfer resistance, the kinetic modelling can be optimized;
however, the reaction equilibrium data is needed for the kinetic
model. In our previous work [18] we reported some reaction equi-
librium data at high pressure conditions. Herein is presented a
deeper study for the reaction equilibrium, varying the temperature,
CO,/MeOH molar ratio and pressure. The equilibrium constant can
be calculated based on the fugacity of each compound (fl by the
following equation [57]:

NC Al O NC /x;-@;-P o;
Keq:Hi=1<j{ic) :Hi=1<x1(ﬁ’ ) (1)

For ideal gas the fugacity coefficient is equal to one (¢; = 1).
Besides, the equilibrium constant can also be calculated based
on the thermodynamic properties of reaction (standard enthalpy
(ArH;O ), Gibbs energy (ArH;0 )and heat capacity (A;C,) change of
reaction):

In Keq = Gy, + Ay, (1_@>
‘9T 1R T, R-To T

T T o
1 . 1 ArG
0 0

In the present work the enthalpy and Gibbs energy of reaction
are adjusted from our experimental data for ideal and real gas mix-
ture by minimization of the maximum relative deviation (Eq. (3)).
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Table 3
Standard enthalpy and Gibbs energy change of reaction: adjusted from our reaction
equilibrium data.

Table 5
Reaction mechanism based on Langmuir-Hinshelwood and Eley-Rideal
methodology.

Model ArH}D/kj mol-! ArGTO/kj mol~!
Ideal gas -20+£2 31+1
Real gas (SRK/mHV2) -22+3 32+1

This objective function gives a more homogenous distribution of
the relative deviation.

‘Xmodel _ XEXP-l
Fobj = min { max w (3)
XpMC

The Soave-Redlich-Kwong (SRK) equation of state coupled with
the modified Huron-Vidal second order (mHV2) mixing rule was
used to describe the fugacity of the real gas, with the binary ener-
getic parameter optimized in our previous work [18]. All the other
physical properties were collected from DIPPRTM. Table 3 contains
the enthalpy and Gibbs energy of reaction adjusted forideal and real
gas; note that these values are slightly different from the predicted
by Hofmann et al. [56], —17.99 and 37.31 k] mol~1, respectively.

The experimental DMC molar fractions at equilibrium condi-
tions as well as the values estimated by both the ideal and real gas
models are shown in Table 4. Contrarily to the expected, consid-
ering an ideal gas mixture leads to a lower deviation than using
SRK/mHV?2 to predict the fugacity. This may be explained due to
the deviation of the real gas model at supercritical conditions, since
the model was adjusted based on liquid-vapour equilibrium, at
temperatures and pressures below the critical point of the mixture.

3.4. Mechanisms and kinetic models

Two mechanisms were considered for the direct synthesis
of DMC over acid-base catalysts: Eley-Rideal and Langmuir-
Hinshelwood mechanism. The Eley-Rideal mechanism was suc-
cessfully used to model the kinetics of the direct synthesis of DMC
using butylene oxide as dehydrating agent over ZrO,-MgO [55].
This mechanism was based on in situ infrared spectroscopy [33,58];
in this work the formation of an intermediate species, methyl
carbonate (MC), over zirconia, was observed. However, this mech-
anism does not consider the adsorption of CO, over the catalyst as
an important step; it is assumed that the CO, reacts directly with
the methoxy group adsorbed on the catalyst (Zr-OCH3) since the
adsorption of MeOH seems to be much stronger. Tomishige et al.
[34] proposed the formation of methyl carbonate from CO, and the
methoxy group, both adsorbed on the catalyst. In order to have
a comparison with this mechanism, the Langmuir-Hinshelwood
mechanism was proposed since it considers the adsorption of all
species on the catalyst and also because this mechanism has been
successfully fitted to several reactions. The two reaction mecha-
nisms proposed are shown in Table 5; moreover, the reaction rate
expression can be obtained from the reaction mechanism [59].

Table 4

Step Mechanism 1 Mechanism 2 [55]

1 CO, +* < COz* MeOH +* <> MeOH*

2 MeOH + * <> MeOH* MeOH* +CO, < MC*

3 2MeOH* +CO,* «+» DMC* + H,0* +* MC*+MeOH* <> DMC+H,0 +*
4 DMC* <> DMC+*

5 H,0* < H,0+*

Controlling step: 3 Controlling step: 2

* Active centre.

The reaction rate expressions (r/min~') can be deduced from
the mechanisms considering each step as an elementary reaction
and defining the controlling step. Egs. (4) and (5) express the reac-
tion rates, for mechanisms 1 and 2, respectively, as function of
the kinetic constant (k), catalyst mass (mcat), partial pressure (P;),
standard pressure (P°), adsorption constants (K,4s) and (global)
reaction equilibrium constant (Keq).

Meat - k- | Pco, - P}

. MeOH — (PDMC ~Pl'bo/Ketﬂl/Pa)J

(143 Keasi - (PP)]
Mear - k- LPCOZ Phreon (PDMC ‘PHZO/Keq/PJ)J
- (PMeOH/p") [1 + Kags.1 - (PMeOH/p“) + Kags.2 - (PMeOH/p”) . (Pcoz/p' )]

The adsorption constants were considered as not depending of
temperature for the studied temperatures range, because a large
number of parameters drastically increases the complexity of the
optimization and may lead to unrealistic values for the adsorption
enthalpy. These values ought to be measured by adsorption exper-
iments. However, the kinetic constant was considered function of
temperature following an Arrhenius equation:

(4)

(5)

k = kg - e Ea/RT (6)

The activation energy (E,) reflects the effect of temperature on
the reaction rate; ky is the pre-exponential factor. For a batch reac-
tion the dependence of molar reaction conversion (X.) with time is
expressed by the following equation:

% =r, Initial condition: X;(t=0)=0 (7)

3.5. Parameters optimization

The kinetic parameters were adjusted from the experimental
data by minimization of the maximum average deviation of each
reaction experiment (Eq. (8)). Furthermore, bootstrapping tech-
nique was used in order to estimate the parameters errors [60].

Among the experiments shown in Table 2, just some were used
for parameters optimization (Runs 1-3, 6, 8, 11-15); the others
were used only for equilibrium purposes, or to measure the ini-
tial reaction rate (lowest temperature); the pressure effect was not

Experimental and predicted DMC molar fractions (CO; free basis) at equilibrium for several reaction conditions.

Run Xpmc% Experimental Equilibrium conversion (%) Xpmc’ Ideal gas Relative deviation (%) Xpmc’% Real gas Relative deviation (%)
1 0.57 1.1 0.52 -9.5 0.50 -13.9
4 0.33 0.7 0.37 11.3 0.35 6.4
5 0.57 1.1 0.52 -10.5 0.49 -15.3
6 0.52 1.0 0.51 -3.0 0.49 -7.2
7 0.59 1.2 0.54 -10.1 0.51 -14.7

12 0.58 1.2 0.56 =29 0.64 9.2

13 0.51 1.0 0.54 54 0.59 129

15 0.39 0.8 0.44 12.2 0.35 -10.3

16 0.43 0.9 0.44 1.8 0.43 0.6

17 0.33 0.7 0.31 -5.6 0.31 -5.0
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taken into account for these parameters optimization but only to
evaluate its effect afterwards.

NP model exp .
IXpme — XDMCVXeD)I(\iC'

Fopj = min { max Z NP (8)
i=1

The ordinary differential equation, which constitutes an initial
value problem, was solved using a Runge-Kutta method imple-
mented in Matlab® (subroutine ODE45). Fig. 5 shows the average
deviation, as well the standard deviation, for mechanisms 1 and
2; furthermore, the model based on mechanism 1 was optimized
considering a real gas (f; < P;) since mechanism 1 showed higher
performance in fitting the model to the experimental data, the
fugacity of the real gas was also estimated using the SRK/mHV2
model, optimized in our previous work. However, the ideal gas
model showed better results than considering a real gas; once again
this may be explained by the fact that reactions were conducted
above the critical point.

The kinetic parameters optimized from the experimental data
and the respective errors are shown in Table 6. Some parameters
were neglected due to its high error (>100%) and also because their
low effect on the performance of the model: K 453 and K,4s4 (H20
and DMC adsorption constants) for mechanism 1 and the K4
for mechanism 2. For the three models the activation energy was
between 101 and 117 k] mol~!, which is higher than the reported
by Hoffmann et al. [56] for CeO,-ZrO, (Ce 80%), which is around
75k] mol~1. The large difference on the activation energy between
the two catalysts was possibly caused by the difference of the
acid-base properties, which are affected by the ZrO, content and
synthesis conditions [38]. The acidity and basicity are directly
related to the catalyst activity [42,43].

The activation energy obtained for the model based on mech-
anism 1 for ideal gas (106 k] mol~') was similar to the estimated
by the Arrhenius plot for the initial reaction rate (107 k] mol=1).
Fig. 6 shows the respective Arrhenius plot, where the initial reac-
tion rate was calculated by the slope of the linear line fitted to the
first reaction experimental points.

Table 6
Kinetic parameters optimized from the kinetic experiments.
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Fig. 6. Arrhenius plot: logarithm of initial reaction rate as function of the inverse of
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Fig. 7. Experimental DMC molar fraction along the time at different temperatures.
Reaction conditions (approx.): 20.0 MPa, 200 rpm, 4.6 g CeO,, nCO,/nMeOH: 2.6/1.

3.6. Simulation results

Herein are presented the main simulation results for the kinetic
modelling at high pressure conditions. The evolution of DMC molar
fraction along the time at three different temperatures is depicted
in Fig. 7. It can be observed from the graph a good fitting for the
experimental data, with exception of the last point for 388 K. The
major drawback in the experiments is the estimation of the initial
amount of water that is predicted based on the final amounts of
water and DMC, since there is some water present on the walls of
the tubes and vessel that are mixed with the stream of MeOH and
CO,. Thus, this uncertainty may lead to relative high deviations for
the equilibrium, which also explains some deviations observed on
the equilibrium prediction. However, this has almost no effect on
theinitial reactionrate as predicted from the model. The DMC molar
fractions as function of time for 4 different CO,/MeOH molar ratios
are shown in Fig. 8. These results are the most important to validate
the reaction rate expression, while the variation of temperature is
mainly useful for the determination of the activation energy almost
independently of the reaction rate expression.

It can be concluded that the model shows a reasonable fitting
to the experimental data considering that the experiments were

Model Ea/k] mol~! Error (%) ko/min~! Error (%) Kads 1 Error (%) Kads2 Error (%) Mean deviation (%)
Mechanism 1 106 1 0.8 21 9 26 109 9 17
Mechanism 2 117 1 21 28 173 16 - - 19
Mechanism 1: Fugacity 101 1 9 34 0.2 34 994 9 22
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Fig. 8. Experimental DMC molar fraction along the time at different nCO,/nMeOH. Reaction conditions (approx.): 20.0 MPa, 398 K, 200 rpm, 4.6 g CeO,.

carried out for a large range of CO,/MeOH ratio and temperature,
which increases the fitting difficulty. Furthermore, the very low
concentration of water and DMC leads to high relative deviation

on

the quantification method which may also contribute to these

deviations.

The reaction rate is also affected by the pressure since it affects

the equilibrium yield or by changing the partial pressure of each
compound (Egs. (4) and (5)). However, the pressure also affects
the kinetic constant. The activation volume (Av*) is the physical
parameter that describes this effect, similar to the activation energy

on
on

kp

e — kpo - exp[—Av¥ - (P — Pp)]

the temperature effect. Eq. (9) expresses the effect of pressure
the kinetic constant [61].

(9)

RT

The activation volume of —0.24 +0.16 cm3 mol~! was adjusted

from our experimental data (Runs 1, 16, and 17) using the same

X e %o (CO, fiee basis)

Fig.
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9. Experimental DMC molar fraction along the time at different pressures. Reac-

tion conditions (approx.): 398 K, 200 rpm, 4.6 g CeO,, nCO,/nMeOH: 2.5/1.

objective function (Eq. (8)). The experimental and the predicted
DMC molar fractions along the time for three different pressures
are shown in Fig. 9. A drastic decrease on the DMC molar frac-
tion at equilibrium conditions as well as on the reaction rate was
observed by decreasing the pressure. A decrease around 30 and 40%
on the DMCyield was observed for 17.5 and 15.0 MPa, respectively.
The model prediction was significantly improved when consid-
ering the effect of pressure on the kinetic constant (activation
volume).

4. Conclusions

In this work the kinetics for the direct synthesis of DMC over
Ce0O, was investigated under high pressure conditions. The reac-
tion experiments performed showed high reproducibility and were
conducted under conditions that guarantee negligible external
mass transfer resistances. The kinetic and equilibrium experi-
ments were better modelled as ideal gas than considering real
gas behaviour, using the SRK/mHV2 thermodynamic model from
our previous work [18], probably due to the difficulty to pre-
dict the fugacity above the critical point. Furthermore, a standard
enthalpy and Gibbs energy change of reaction equal to —20 + 2 and
31+ 1kJmol-1, respectively, were adjusted from equilibrium data.
The reaction rate model based on Langmuir-Hinshelwood mecha-
nism showed lower deviations than the model based on Eley-Rideal
mechanism. An activation energy of 106 + 1 k] mol~! was fitted to
the kinetic experiments, for the direct synthesis of DMC over CeO,.
Finally the effect of pressure on the reaction rate revealed an acti-
vation volume equal to —0.24+0.16 cm3 mol~!(also adjusted to
experimental data).

The developed kinetic model will be an important tool for
the development and evaluation of novel processes, as reactive-
separation technologies, which should be the most feasible
engineering solution for the DMC sustainable production.
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