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ARTICLE INFO ABSTRACT
Keywords: This work investigates the direct production of dimethyl carbonate (DMC) from CO, by sorption-enhanced DMC
Azeotropic product mixture (SEDMC) synthesis, employing modelling techniques. SEDMC synthesis is shown to be an exemplary case for

CO,, utilization

Dimethyl Carbonate

Reactive adsorption

Steam separation enhancement

reactive separation, as it enhances the reaction and simplifies downstream processing through in-situ separation.
By incorporating in-situ water adsorption, SEDMC achieves significantly higher methanol conversions compared
to other direct synthesis routes. Simultaneously, the formation of two azeotropes can be avoided, leading to a
drastic simplification of downstream separation, requiring only one-step conventional distillation. By increasing
the methanol conversion to 45%, the formation of a DMC-methanol azeotrope is prevented, and the in-situ water
adsorption effectively avoids the DMC-water azeotrope. Based on these findings, further research should focus on
identifying suitable materials and (reactive) adsorbents, while also incorporating a more detailed process layout
and cycle design. These efforts will unlock the full potential of SEDMC synthesis in the production of renewable
materials.

as a potential solution for achieving net-zero CO, emissions by 2050,
and significant research has been conducted on the renewable produc-
1. Introduction tion of methanol (De Coninck, 2018; Detz and van der Zwaan, 2019;
Gabrielli et al., 2020; van Kampen et al., 2021; Katelhon, et al., 2019;
Dimethyl carbonate (DMC) finds applications as a solvent, a fuel Niass, 2017).

additive, and an intermediate in polycarbonate production (Santos, The direct synthesis of DMC from CO, involves an equilibrium re-
2014; Yunhai, 2005). Consequently, the production of renewable DMC action (1), while the preceding methanol synthesis is described by
is considered a promising solution for renewable and low-carbon fuels equilibrium reaction (2), where water is the main by-product in this CO5
and materials. However, conventional process routes for DMC synthesis, utilization pathway:

such as phosgenation of methanol and oxidative carbonylation of

methanol, can achieve high DMC yields, but rely on non-renewable re- C0, +2CH;0H=CH;0(CO)OCH; + H,0 M
sources and involve toxic and/or explosive reactants (Santos, 2014; CO, + 3H,=CH;OH + Hy0 @

Faria, 2020; Zhang, 2021). As a result, alternative process routes for
DMC synthesis are being explored. These include transesterification of
cyclic carbonates, transesterification of urea, oxidation of dimethoxy synthesis of DMC from CO, and methanol, focusing on addressing
methane, and direct synthesis from CO> and methanol (Santos, 2014). various challenges associated with this process route (Santos, 2014;

Amon.g these route.s, only the transesterification 0.f .cyclic cart.)onates and Faria, 2020; Zhang, 2021; Chen, 2012; Choi, 2002; Saavalainen, 2015;
the direct synthesis from CO2 and methanol utilize CO; directly as a

reactant, making them relevant in the context of carbon utilization. The
direct synthesis of DMC from CO3 and (renewable) methanol represents
a green alternative, especially when the methanol itself is produced
through carbon utilization from CO5 and renewable energy sources (Hs),
as illustrated in Fig. 1. Carbon utilization has been frequently discussed

In recent years, numerous research groups have investigated the direct

Santos, 2015). These challenges include: 1) Slow reaction rate leading to
kinetic limitations, 2) Thermodynamic limitations caused by the stable
nature of CO,, 3) Deactivation of the catalyst and the formation of an
azeotrope between water and DMC, as water is formed as a by-product,
4) Formation of an azeotrope between DMC and methanol.
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Nomenclature

CCU(S) Carbon capture, utilization (and sequestration)
DMC Dimethyl carbonate
DME Dimethyl ether

DSTWU  Shortcut distillation model

RES Renewable energy sources

SEDMC Sorption-enhanced dimethyl carbonate
Ajjji Binary interaction parameter

Bij/ji Binary interaction parameter

The presence of the azeotrope between DMC and methanol compli-
cates the use of conventional separation methods like distillation. As a
result, alternative separation techniques have been proposed by various
researchers, including extractive distillation, pressure-swing distillation,
true moving bed reactor, and membrane separation (Santos, 2015; De
Figueiredo, 2011; Holtbruegge et al., 2014; Kanse, 2019). However,
extractive distillation and pressure-swing distillation present challenges
and incur additional costs compared to conventional distillation due to
the need for multiple distillation columns and extra chemicals or high
pressure, respectively. The true moving bed reactor has high energy
requirements, difficulties in maintaining plug flow behavior, issues with
equipment erosion and particle attrition caused by solids motion, and a
low DMC concentration in the product (Santos, 2015). Finally, while
membrane separation could be an energy-efficient alternative, it ne-
cessitates significant scale-up to meet the required membrane area for
methanol separation, and currently falls short of achieving industrial
standards in terms of DMC purity (Holtbruegge et al., 2014).

In contrast, the azeotrope between DMC and water (De la Torre,
2006) is often overlooked in process synthesis studies. Due to the low
conversions (0-15%) typically achieved in the direct synthesis of DMC,
the amount of water formed is minimal, and as a result, this azeotrope is
frequently disregarded. However, incorporating steam separation
enhancement could significantly enhance the yield of direct DMC syn-
thesis, as has been extensively demonstrated for methanol and dimethyl
ether synthesis (van Kampen et al., 2021). Specifically, sorption
enhancement, which involves the in-situ removal of water through
adsorption, emerges as a promising alternative for the direct synthesis of
DMC (refer to Fig. 2). Reactive adsorption has proven to shift equilib-
rium reactions, improve catalyst stability, and eliminate or simplify
downstream separation processes. This approach has already been suc-
cessfully demonstrated in the synthesis of CO, methanol, methane, and
DME (Borgschulte et al., 2013; Carvill et al., 1996; Centi and Perathoner,
2009; Iliuta et al., 2011; van Kampen, 2021; van Kampen et al., 2021;
van Kampen et al., 2019; Pieterse et al., 2022; Terreni et al., 2019;
Walspurger et al., 2014).
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As the DMC yield increases, more by-product water is formed,
resulting in the formation of an azeotropic mixture of DMC-water.
However, in sorption-enhanced DMC synthesis, this water is effec-
tively removed in-situ, eliminating the requirement for azeotropic sep-
aration. Sorption-enhanced DMC synthesis is an exemplary case for this
reactive separation method, as it offers advantages in terms of
enhancing the reaction (conversion and catalyst stability) and simpli-
fying downstream separation processes. It effectively avoids the for-
mation of two azeotropes through the in-situ water separation.

In this study, our objective is to explore the potential of sorption-
enhanced DMC synthesis and identify the operating conditions that
can prevent the formation of these azeotropes, which pose significant
challenges in the direct synthesis of DMC from COs. The following
section presents two modelling approaches employed to simulate the
overall performance of the sorption-enhanced process. Subsequently,
the results and discussion section focuses on analyzing the impact of in-
situ water separation on the direct synthesis of DMC and the subsequent
separation processes. Finally, we summarize the key conclusions
regarding the potential of sorption-enhanced DMC synthesis.

2. Modelling
2.1. Model approaches

Aspen Plus V11 software has been utilized to examine the perfor-
mance of sorption-enhanced DMC synthesis using two distinct modelling
approaches, which are explained in greater detail below. It is important
to note that the primary objective of this work is to model the overall
performance of the SEDMC process and to identify an operational range
that avoids the formation of azeotropes. Rigorous modelling of the
reactor and distillation units, typically employed for more comprehen-
sive unit design, falls outside the scope of this study. However, subse-
quent research aiming to assess the advantages of SEDMC synthesis in a
techno-economic evaluation would necessitate detailed kinetic model-
ling of both the reaction and separation steps (van Kampen et al., 2021;
van Kampen et al., 2020; Skorikova et al., 2020).

Firstly, the shortcut DSTWU method was used to model the distil-
lation columns. Before applying this method in the overall process, its
accuracy to describe the methanol-DMC-water azeotropes was validated
by comparing it against experimental data obtained from literature.
Further details on this validation can be found in the Results section.

Secondly, in the process design, a separate CO, separation unit was
not included. This decision was based on the relatively straightforward
separation of COy due to significant differences in boiling points
compared to other components. Furthermore, considering that uncon-
verted CO, and methanol are recycled together, the requirement for
separate CO; recovery might be unnecessary. Consequently, the study
aimed to assess the DMC recovery and the methanol content in the
product with and without the incorporation of a separate flash

\EELS

H20

Fig. 1. Schematic process route for the production of renewable materials from renewable energy sources (RES) and CO, via DMC.
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Fig. 2. Molar fraction of various CO utilization products as a function of the remaining steam partial pressure based on minimization of the Gibbs free energy of

reaction (van Kampen et al., 2019).

distillation column for CO, separation, preceding the conventional
distillation of methanol (using an equilibrium reaction product
mixture). The findings revealed that the DMC recovery increased from
58% with flash distillation for CO2 to 97% without a separate CO5
separation step. Due to the low concentration of DMC in the equilibrium
product mixture, even a minor absolute loss of DMC can significantly
impact the overall recovery. Conversely, without the presence of a flash
distillation column, the amount of methanol in the product increases as a
result of the flash distillation also separating some of the methanol.
Therefore, a trade-off exists between the recovery of DMC and the
amount of methanol present in the final product. The advantages of
achieving higher DMC recovery with reduced equipment appear to
outweigh the increased amount of methanol in the product, which is also
tackled by the sorption-enhanced approach.

2.2. Modelling conversion enhancement

The first modelling approach utilized a stoichiometric reactor, where
the desired methanol conversion was specified, together with two
downstream DSTWU distillation columns to separate the remaining
methanol and water respectively (as depicted in Fig. 3). This approach

CO,, MeOH

DMC, H,0, CO,, MeOH

N

Stoichiometric reactor

yl

aimed to investigate the possibility of avoiding the azeotrope formation
between DMC and methanol by increasing the methanol conversion, a
characteristic of sorption-enhanced DMC synthesis. For different meth-
anol conversions, maximization of the DMC purity or DMC recovery
determines the light and heavy key recovery in the DSTWU column for
the methanol separation. The gains in terms of DMC purity and DMC
recovery were calculated for both approaches (DMC purity or DMC re-
covery) at each methanol conversion. The appropriate approach was
determined based on the larger gain achieved.

2.3. Modelling in-situ water adsorption

Rigorous modelling of sorption-enhanced reaction processes dem-
onstrates that the composition of the reaction product mixture follows
an adsorption-enhanced equilibrium, which is influenced by the
remaining steam partial pressure (as shown in Fig. 2). This holds true
when sufficient adsorption capacity is available and there are no kinetic
limitations (van Kampen et al., 2021; van Kampen et al., 2020). Based on
this, the second modelling approach (depicted in Fig. 4) incorporates a
stoichiometric reactor, a separator block, an equilibrium (Gibbs)
reactor, and a DSTWU column to simulate the overall performance of the

CO,, MeOH H:0

$TWU column DSfWU column

DMC, H,0

\—[ DMC

Fig. 3. Process flow diagram for the first modelling approach of sorption-enhanced synthesis of DMC from CO, and methanol.
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Fig. 4. Process flow diagram for the second modelling approach of sorption-enhanced synthesis of DMC from CO, and methanol.

reaction with in-situ water separation. The combination of the first three
blocks emulates the sorption-enhanced reaction process at equilibrium.
In the first block, the stoichiometric reactor, 100% of the methanol is
converted to produce the maximum amount of water that can be present
in the reaction mixture. The second block, the separator block, separates
water from the process stream, representing the efficiency of the dehy-
drating agent. The third block, the Gibbs reactor, calculates the product
composition for the sorption-enhanced process at the given remaining
partial pressure of water, optimizing the system by minimizing the Gibbs
free energy. Finally, the last block, the DSTWU column, separates the
remaining methanol to obtain DMC of industrial purity.

The reaction conditions for the gas phase process were chosen based
on experimental data available in the open literature (Chen, 2012; Bian
et al., 2009; Bian et al., 2009; Han et al., 2018; Huiling et al., 2012;
Kumar et al., 2017). The selected conditions are 120 °C and 12 bar, at
which catalysts for the direct synthesis are validated. It is important to
mention that these conditions are considered relatively mild compared
to industrial DMC processes and other studies on direct synthesis, where
pressures as high as 300 bar have been reported (Santos, 2015). How-
ever, separation-enhanced processes are able to operate at relatively
mild conditions compared to conventional processes due to their
equilibrium-shifting nature.

2.4. Model parameters

The selection of an appropriate property method in Aspen Plus is
crucial, especially when dealing with systems that involve azeotropes.
The property method is responsible for calculating various properties
related to transport, kinetics, and thermodynamics (Al-Malah, 2016).
However, the default UNIQUAC method and other commonly imple-
mented property methods in Aspen Plus are not capable of accurately
predicting azeotropes based on the equilibrium diagrams of methanol
and water. To overcome this limitation, the UNIQUAC method is

Table 1

modified by incorporating specific binary interaction parameters that
can describe the investigated azeotropes. For the azeotrope between
DMC and methanol, the binary interaction parameters proposed by
Rodriguez et al. (2002) are used (Rodriguez, 2002). These parameters,
summarized in Table 1, are derived from experimental results and have
been compared to results from other authors (Holtbruegge, 2013).
Similarly, the azeotrope between DMC and water is described using
binary interaction parameters proposed by Hu et al. (2018) (Hu, 2018).
These parameters, also provided in Table 1, are based on experimental
results from De la Torre et al. (2006) (De la Torre, 2006). Incorporation
of these binary interactions parameters in the UNIQUAC method enables
a more reliable simulation of systems containing DMC, methanol and
water.

3. Results and discussion

Firstly, the modelling of the DMC-methanol and DMC-water azeo-
tropes in Aspen Plus is validated against experimental data. Subse-
quently, the impact of the methanol conversion is investigated with and
without considering the DMC-water azeotrope. Finally, the investigation
focuses on the effect of in-situ water separation on the potential to
prevent azeotropes between DMC, methanol and water.

3.1. Azeotropes

The azeotrope between DMC and methanol, as predicted by Yunhai
et al. (2005) (Yunhai, 2005), is compared to the experimental results.
According to their findings, this azeotrope is observed at a methanol
molar fraction of approximately 0.86, under a pressure of 1 bar and a
temperature of 64.2 °C. Fig. 5 visualizes the obtained equilibrium dia-
gram of methanol for the DMC-methanol binary mixture, demonstrating
a close agreement with experimental data.

The comparison between the azeotrope between DMC and water and

Binary interaction parameters between DMC and methanol from Rodriguez et al. (2002) and between DMC and water from Hu et al. (De la Torre, 2006; Rodriguez,

2002; Holtbruegge, 2013; Hu, 2018).

Component i Component j Ajj Aji Bjj Bji Reference
Methanol DMC —0.201 0.273 14.870 —306.550 (Rodriguez, 2002; Holtbruegge, 2013)
DMC Water 2.280 —1.053 —1002 133.1 (De la Torre, 2006; Hu, 2018)




J. van Kampen et al.

Chemical Engineering Science 282 (2023) 119326

0.8 4 ...00"..

0.6 - (J

Vapour molar fraction of methnaol
o

0 & v r g T r T r T v 3
0 0.2 0.4 0.6 0.8 1

Liquid molar fraction of methanol

Fig. 5. Equilibrium diagram of methanol for the binary analysis of DMC and methanol at 1 bar(a) and 64.2 °C.
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Fig. 6. Equilibrium diagram of DMC for the binary analysis of DMC and water at 8 bar(a) and 152.65 °C.
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the findings by Hu et al. (2018) (Hu, 2018) reveals that the azeotrope
occurs at a molar fraction of 0.6225 under a pressure of 8 bar and a
temperature of 152.65 °C. Fig. 6 displays the equilibrium diagram of
water for the water-DMC binary mixture under these conditions, high-
lighting the satisfactory agreement between the Aspen simulation re-
sults with the binary interaction parameters, and the experimental data.

In Fig. 7 the azeotropes between DMC and methanol, and between
DMC and water are shown as a function of temperature, while in Fig. 8
the azeotropes are shown as a function of pressure. These figures clearly
demonstrate that operating at different temperatures or pressures alone
does not prevent the formation of azeotropes between DMC and meth-
anol, and between DMC and water. Therefore, an alternative approach is
necessary to address this issue.

3.2. Sorption-enhanced DMC synthesis

3.2.1. Conversion enhancement

Once the model approach has been validated for describing the
azeotropes and their separation, the investigation focuses on the influ-
ence of methanol conversion in order to avoid the formation of azeo-
tropes. The sorption-enhanced process offers the potential to achieve
high conversion levels by favoring the product side of the equilibrium
reaction. Conversions of up to 99% have been reported for sorption-
enhanced DME synthesis (van Kampen et al., 2021). In this study,
using the first modelling approach, we examine whether the sorption-
enhanced process can overcome the formation of the azeotrope be-
tween DMC and methanol by increasing the methanol conversion and
attaining the desired DMC purity. Fig. 9 illustrates the achievable DMC
purity after separation as a function of the methanol conversion for two
scenarios: one where the DMC-water azeotrope is disregarded, and
another where the DMC-water azeotrope is accurately considered. When
the azeotrope between DMC and water is ignored, as it often is over-
looked in process synthesis studies, the industrial standard of DMC pu-
rity (99%) could be attained at approximately 45% methanol conversion
or higher. However, it is evident from this figure that increasing the
methanol conversion alone does not enable the desired DMC purity
when the azeotrope between DMC and water is properly accounted for.
This emphasizes the significance of including the DMC-water azeotrope
in these investigations.

3.2.2. In-situ water adsorption
The next investigation involves examining the impact of in-situ water

200 1
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separation on the potential to avoid azeotropes between DMC, meth-
anol, and water. In-situ water adsorption, as mentioned earlier, shifts the
equilibrium reaction towards the product side, leading to enhanced
conversion and the avoidance of the first azeotrope. The second azeo-
trope, between DMC and water, is circumvented through direct water
separation. Fig. 10 presents the results of a sensitivity analysis on the
extent of in-situ water separation, represented by the partial pressure of
water in the product stream. Under the mild conditions employed in this
study, the desired DMC purity can be reached with partial pressures of
water of approximately 0.1 Pa. Optimal reaction conditions, such as
higher pressures, offer significant advantages in terms of reaction ki-
netics and the extent of in-situ water adsorption, resulting in higher
permissible water partial pressures. Fig. 11 displays these allowable
partial pressures as a function of overall pressure and various temper-
atures. Whereas the model validation is conducted under milder con-
ditions, additional experimental validation is necessary for the
extrapolated conditions in Fig. 11. Nonetheless, even for the direct
synthesis of DMC, the required partial pressure remains relatively low
compared to other processes. As also shown in Fig. 2, these extremely
low allowable steam partial pressures make membrane applications
unsuitable for enhancing steam separation. Although depending on the
specific conditions, a steam partial pressure of 1 bar is argued to be the
minimum for membrane separation to be considered for steam separa-
tion enhancement utilizing state-of-the-art membrane materials and
reactor configurations (van Kampen et al., 2019). Alternatively, steam
adsorption enhancement could potentially achieve the desired low
steam partial pressures, although it remains challenging in certain cases.
Consequently, it appears to be a promising alternative for direct DMC
synthesis. Most experimental studies on steam adsorption enhancement
focus on zeolite-type materials, which demonstrate hydrothermal sta-
bility, adequate adsorption capacity, and suitable regeneration proper-
ties under the required conditions, in comparison to other materials such
as typical chemisorbents (van Kampen et al., 2021). Regeneration
methods can be classified into pressure swing, temperature swing,
concentration swing, reactive regeneration, displacement regeneration,
or combinations of these operations (van Kampen et al., 2019). Given
the low partial pressures required, the commonly used pressure swing
regeneration method poses challenges. Therefore, the use of mild vac-
uum swing and/or temperature swing regeneration techniques would be
most beneficial for this application (Dhoke et al., 2020).

Furthermore, the investigation involved varying the feed composi-
tion. It was observed that a higher CO»-to-methanol ratio in the feed

Temperature [°C]

120 T T
0 0,2 04

0,6 0,8 1

Molar fraction of DMC

Fig. 7. Azeotropic point for DMC and methanol (blue) and for DMC and water (orange) as a function of the temperature at 12 bar(a). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Azeotropic point for DMC and methanol (blue) and for DMC and water (orange) as a function of the pressure at 120 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. DMC purity depending on the methanol conversion with and without accounting for the DMC-water azeotrope (no in-situ water separation).

corresponded to a higher allowable remaining partial pressure of water
for achieving the desired industrial standard purity. The presence of an
excess of CO; in the feed proves advantageous for the separation process
due to three key reasons. Firstly, a higher CO2 content enables lower
temperatures to be employed in the gas phase process, which is bene-
ficial for both reaction and adsorption equilibria. Secondly, the sorption-
enhanced process, with its ability to shift the equilibrium, benefits from
a lower methanol content in the feed. This results in a larger part of the
initial methanol being converted, leading to a higher DMC-to-methanol
ratio. Lastly, the separation of excess COg is considerably easier
compared to the challenging methanol separation.

4. Conclusion

This work investigates the sorption-enhanced dimethyl carbonate
(SEDMC) synthesis using modelling techniques. Sorption-enhanced
DMC synthesis proves to be an excellent example of the reactive sepa-
ration method, as it improves the reaction (conversion and catalyst

stability) and simplifies downstream separation through in-situ
separation.

By employing in-situ water adsorption, two azeotropic product sep-
arations in the downstream process are successfully avoided. The
azeotrope between DMC and methanol can be overcome by increasing
the methanol conversion to 45%. Similarly, the DMC-water azeotrope
can be avoided through in-situ water removal, allowing the desired in-
dustrial standard DMC purity to be achieved. It has been demonstrated
that for sorption-enhanced DMC synthesis with a partial pressure of
water in the product stream ranging from approximately 0.1-1 Pa
(depending on the chosen operating conditions), a simple one-step
conventional distillation can indeed yield the industrial standard in
terms of DMC purity (i.e. 99%). SEDMC enables the attainment of very
high methanol conversions, even at milder conditions, compared to
other direct synthesis routes, which typically achieve only 0-15% con-
version. Simultaneously, the formation of both azeotropes can be avoi-
ded, greatly simplifying downstream separation. However, achieving
the required very low steam partial pressures present challenges that can
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Fig. 10. Effect of in-situ water separation with conventional distillation for various feed compositions.
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Fig. 11. Effect of temperature (120, 200 °C) & pressure (10-20 bar) on the water partial pressure (for a fixed separation fraction of 45%).

be addressed through adsorption enhancement. Nonetheless, material
and process design considerations remain crucial. It is essential to
identify suitable adsorbent material with adequate capacity and regen-
eration properties, as well as investigate process layout and cycle design
to optimize the regeneration. Further research, combining rigorous
modelling and experimental validation, is necessary to fully unlock the
potential of sorption-enhanced DMC synthesis and quantify its benefits.
This research should focus on identifying suitable materials, including
(reactive) adsorbents, and developing a more detailed process layout
and cycle design tailored to the selected materials.
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