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CO2 emissions and global warming have increased with the growth of the world economy and

industrialization. Direct synthesis of dimethyl carbonate (DMC) from CO2 and methanol (CH3OH) has

been considered a promising route from a green chemistry point of view due to global warming

mitigation by CO2 emission reduction. However, DMC yield, when obtained by direct synthesis, is limited

due to unfavorable thermodynamics and catalyst deactivation by water formation in the reaction

process. This problem motivated us to investigate the effect of dehydration on DMC production by

direct synthesis. Herein, different dehydrating agents (2,2-dimethoxypropane, sodium sulfate,

magnesium oxide and butylene oxide) were combined with molecular sieves to remove the water and

minimize the reverse reaction. A new reactor presenting a compartment to accommodate molecular

sieves in the gas phase was developed as well. The chemical/product analysis was carried out by gas

chromatography and the results were used to calculate methanol conversion and DMC selectivity. The

highest methanol conversion value was found for the combination of molecular sieves in the gas phase

with 2,2-dimethoxypropane in the reaction liquid phase (methanol conversion ¼ 48.6% and 88%

selectivity). The results showed that dehydration systems may promote increased yield in direct DMC

synthesis under mild conditions. The dehydration systems tested in this work exhibited excellent

conversion and yield as compared to other reported studies.
1. Introduction

The growth of the world economy allied to human and indus-
trial activities is the main origin of the increase in CO2 emission
in the atmosphere.1 CO2 emission reached 24 Gt in 1995,
growing about 1% a year from 1990 to 1999 and arriving at 35 Gt
in 2015. The CO2 level is expected to reach 40 Gt in 2020,
growing 2.0% by year over the decade.2 This scenario corrobo-
rates the need for exploring new ways of using CO2 as a raw
material in innovative industrial processes obtaining high
added value products and reducing the environmental impact.3

Direct synthesis reactions from CO2 and alcohol producing
organic carbonates, such as dimethylcarbonate (DMC) are
being investigated.4 Alkyl carbonate production allows the use
of excess CO2 generating low toxicity, biodegradable and non-
corrosive products.5
ngineering and Technology, Pontical

PUCRS, Brazil. E-mail: einlo@pucrs.br

University of Rio Grande do Sul PUCRS,

f Chemistry 2020
DMC is an important carbonate being used in several niches,
such as intermediate in polycarbonate production for building
utilization, medical devices, automobiles and electrolytic
solvent in lithium batteries due to the high dielectric constant.
Yet, due to the high oxygen composition (53%) and octane
number (105) dimethyl carbonate has been described as an
excellent diesel additive reducing the emission of soot particles
and, consequently, the environmental impact.6 Methyl tert-butyl
ether (MTBE) is used as additive in fuels, however, several
countries are banning its use due to the generated environ-
mental impacts. Therefore, DMC comes as a substitute, since,
in the concentration of 40% (v/v) in relation to the MTBE
concentration achieves the same effectiveness as MTBE
reducing waste generation by 50%.7–10

Industrial production of DMC is environmentally friendly,
however the Gibbs energy for DMC production by direct reac-
tion is greater than zero. Reaction equilibrium constant around
10�5 indicates that the formation reaction does not occur
spontaneously. DMC synthesis has traditionally occurred
through three routes. In the rst, DMC is synthesized from
phosgene and methanol (phosgene method) having a high
environmental impact.11 The second route uses methanol,
oxygen and carbon monoxide (oxidative carboxylation)
RSC Adv., 2020, 10, 34895–34902 | 34895
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Fig. 1 DMC direct synthesis.
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presenting an inherent health and safety risk by using CO as
reagent in addition to the high process and feedstock cost.12–14

The third route uses dimethyl sulfate and sodium carbonate
(transesterication method), products from the oil renery,
presenting the highest total cost per DMC produced.13,15 In
addition to the traditional methods, DMC can be obtained by
direct synthesis using carbon dioxide and methanol. This route
provides the lowest total cost per DMC produced and safer
chemicals besides a favorable carbon balance. The main
drawback of DMC direct synthesis is the low yield and selec-
tivity.13,14 Therefore, to improve yield and selectivity in DMC
direct synthesis modelled reactors, changes in pressure and
temperature and the use of techniques for directing the equi-
librium constant for product formation must be evaluated.16 In
addition, DMC direct synthesis from methanol and CO2

produces water as a by-product (see Fig. 1), decreasing yield by
directing the reaction balance towards reagents.17,18

This scenario evidences the need of assessing efficient
dehydrating agents for the removal of water produced during
reaction, consequently improving DMC yield. Several dehy-
drating agents have been investigated for DMC synthesis.11,12

Among investigated dehydrating agents molecular sieves can be
highlighted due to their large surface area, thermal stability and
excellent adsorption.13 Organic and inorganic dehydrating
agents, such as 2,2-dimethoxypropane (DMP) and magnesium
oxide, are also described as efficient water withdrawn agents
during DMC synthesis increasing product yield.14,15

The main goal of this work is to evaluate a new dehydration
system for direct DMC synthesis using CH3I as promoter,
CH3OK as catalyst. In this new designed system, molecular
sieves were tested in the reaction liquid phase and in the gas
phase. Yet, a combination of organic and inorganic dehydrating
agents (2,2-dimethoxypropane, sodium sulfate, magnesium
oxide and butylene oxide) in liquid phase andmolecular sieve in
the gas phase were tested as well.
2. Methodology
2.1 Materials

Methanol (>99.9% – EMSURE®), potassium methoxide (>95% –

ALDRICH), iodomethane (>99.5% – ALDRICH), diethyl ether
(>99.9% – EMSURE®), magnesium oxide (98% – ALDRICH), 2,2-
dimethoxypropane – DMP (98% – ALDRICH), sodium sulfate
(>98% – ALDRICH), dimethylcarbonate – DMC (>99.5% –

ALDRICH), pearl-shaped molecular sieves (3A – ALDRICH),
butylene oxide (99% – ALDRICH) and CO2 (99,8% – White
Martins).
Fig. 2 Scheme of experimental apparatus: (A) reactor 1 equipped with
a compartment to accommodate molecular sieves in the gas phase;
(B) reactor 2 used to add molecular sieve and/or dehydrating agent in
the liquid phase.
2.2 DMC synthesis

Two 120 ml reactors (made of titanium alloy) with constant
magnetic stirring were used to perform the experiments (see
34896 | RSC Adv., 2020, 10, 34895–34902
Fig. 2). Temperature was controlled by means of a thermo-
couple connected to a temperature controller and kept constant
using a resistive thermal band in both reactors. A reactor was
equipped with a compartment metallic support in the gas phase
lled with molecular sieves (see Fig. 2A). For a typical reaction
213 mmol of methanol, 10 mmol of CH3OK, 20 mmol of CH3I,
the desired dehydrating agent and 40 bar of CO2 were used.
Reactions were carried out using different dehydrating agents
(molecular sieve, 2,2-dimethoxypropane, sodium sulfate,
magnesium oxide and butylene oxide) added direct to the liquid
phase or by combining a molecular sieve placed in the gas
phase with dehydrating agent added in the liquid phase. The
reactor was pressurized with CO2 at 40 bar and heated at 80 �C.
Reaction time ranged from 6 h to 30 h. At the end of the reac-
tion, the reactor was cooled to room temperature and slowly
depressurized. The new reactor designed in this work (Fig. 2)
contains an apparatus in the upper part to supporting the
molecular sieves (A) capturing water in the gaseous phase. As
a way of comparison of the results for the DMC synthesis using
the new reactor and the already described process the sieves
were also tested in the liquid part (B). Yet, the use of molecular
sieves in the gaseous phase combined with different dehydrat-
ing agents in the liquid phase in the DMC obtainment reaction
by direct synthesis will also be tested using the system
described in Fig. 2A.

In order to compare the results a reaction without dehy-
drating agent was also performed. All tests were performed in
triplicate. The products of catalytic tests were analyzed by gas
chromatography (GC) in order to determine yield, conversion
and selectivity. Gas Chromatograph Shimadzu GC-2014 equip-
ped with SH-Rtx-5 column using a heating ramp of 31 �C for 0.5
minutes, 10 �C min�1 to 50 �C for 1 minute, 20 �C min�1 to
100 �C for 2 minutes and 50 �C min�1 to 220 �C for 2 minutes.
Samples were diluted with a concentration of 4% (v/v) in ethyl
This journal is © The Royal Society of Chemistry 2020
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ether and the peak area of DMC (2.4–2.7 minutes) was used to
dene the concentration through the calibration curve of pure
DMC following procedures described by Valente, Riedo and
Augusto (2003).23 Conversion and selectivity were performed as
described by Chen et al. (2012).20

Methanol conversion was calculated using eqn (1).

Methanol conversion (%) ¼ ((Methanol reacted)/

(Methanol total)) � 100 (1)

where methanol reacted (mol) ¼ 2 � DMC produced (mol).
DMC selectivity was obtained by eqn (2).

DMC selectivity (%) ¼ ((DMC)/(DMC + (by-products))) �
100 (2)

DMC yield was determined using eqn (3).

DMC yield (%) ¼ ((Methanol conversion (%))

� (DMC selectivity (%)))/100 (3)

In addition, water content was determined (in triplicate)
using the Karl Fischer test by digital automatic titration
equipment with the Karl Fischer solution.
2.3 Statistical analysis

Minitab 18 Statistical Soware-ANOVA was used to perform
statistical analysis in order to assess the standard deviation of
tests performed in triplicate and analyze the Tukey test with
95% reliability, where equal letters show statistical equality
between the samples averages.
3. Results and discussion
3.1 Direct synthesis of DMC using molecular sieve (3A) and
combination of dehydrating agents

Thermodynamic limitations and/or catalyst deactivation due to
water formation during DMC direct synthesis makes this
Table 1 Methanol conversion, DMC selectivity, DMC yield and paramete
deviation valuesa

Entry

Sieve
Dehydrating
agent

Time
(h)

Temperature
(�C)

Press
(bar)Phase (g)

1 — 0 — 24 80 40
2 Liquid 1 Sieve 24 80 40
3 Liquid 2 Sieve 24 80 40
4 Liquid 3 Sieve 24 80 40
5 Gas 1 Sieve 24 80 40
6 Gas 2 Sieve 24 80 40
7 Gas 3 Sieve 24 80 40
8 Gas 2 Sieve 6 80 40
9 Gas 2 Sieve 12 80 40
10 Gas 2 Sieve 18 80 40
11 Gas 2 Sieve 30 80 40

a Fixed parameters/methanol: 213 mmol; catalyst (CH3OK): 10 mmol; p
Methodology section.

This journal is © The Royal Society of Chemistry 2020
reaction unfavorable resulting in low DMC yield.5,24,25 Aiming to
evaluate the effect of dehydrating agents (chemical or physical)
on the yield of DMC obtained by direct synthesis reaction
CH3OK was used as catalyst and CH3I as promoter. Table 1
presents methanol conversion, DMC selectivity and DMC yield
values, reaction parameters and Tukey test results used to
evaluate statistical equality between samples (see letters a to g
in conversion column, Table 1).

One of the acceptable mechanisms for DMC direct synthesis
from CO2 and methanol (CH3OH) using CH3OK as catalyst and
iodomethane CH3I (Table 1, entry 1) is shown in Fig. 3. CH3I can
act as reaction promoter or as a reagent.26 In this mechanism
the hydrogen of the methanol hydroxyl is abstracted by the
catalyst producing a methoxy anion, which reacts with CH3I or
CO2, forming dimethyl ether or methyl carbonate anion which
successively reacts with CH3I to form DMC. The iodine anion
formed during the reaction steps reacts with the proton recy-
cling the catalyst. Produced HI reacts with methanol recovering
the CH3I.26

Results obtained in this work suggest that CH3I may be
acting as a promoter as no selectivity reduction was observed by
gas chromatography when only CH3I and CH3OK were used
(Table 1, entry 1).

The catalytic system employed by Cai et al. 2005 (ref. 27)
using CH3OK (catalyst) and CH3I (promoter) in the direct
synthesis of DMC from CO2 was selected to evaluate the effi-
ciency of dehydrating agents. In this work, catalyst content and
reactor size were different from that used by Cai et al. (2005).27

The reaction described in literature obtained a yield of �9.7%
with 100% of selectivity using reaction conditions of 80 �C, 40
bar and 6 h of reaction time. Different catalyst content and
promoter combined with the use of a smaller reactor may
explain the lower yield (see entry 1, Table 1) when using the
same catalyst system reported by Cai et al. (2005).27 The use of
different amounts (1.0–3.0 g) of molecular sieves in the liquid
phase demonstrated to be effective when compared to the
reaction carried out without the presence of dehydrating agent
rs for reactions using sieves in the liquid and gaseous part with standard

ure DMC selectivity
(%)*

Methanol
conversion (%)**

DMC yield
(%)***

Water
(%)

100 7.0 � 1.6f,g 7.0 � 1.6 7.1 � 0.1
100 13.6 � 1.9d 13.6 � 1.9 3.7 � 0.1
100 17.2 � 1.1c,e 17.2 � 1.1 1.6 � 0.1
100 9.3 � 0.7f 9.3 � 0.7 1.5 � 0.3
100 7.0 � 0.7g 7.0 � 0.7 3.3 � 0.2
100 30.5 � 2.3a 30.5 � 2.3 0.5 � 0.1
100 8.7 � 0.5f 8.7 � 0.5 4.5 � 0.1
100 9.7 � 1.2f 9.7 � 1.2 2.5 � 0.1
100 14.3 � 0.7d 14.3 � 0.7 2.6 � 0.2
100 16.1 � 0.4c 16.1 � 0.4 3.9 � 0.8
100 26.2 � 0.8b 26.2 � 0.8 6.1 � 1.2

romoter (CH3I): 20 mmol. *: eqn (1); **: eqn (2); ***eqn (3) described in

RSC Adv., 2020, 10, 34895–34902 | 34897
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Fig. 3 Proposed mechanism for CH3I reaction in DMC synthesis.
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(entry 1, Table 1: yield ¼ 7.0%), as statistically proved by the
Tukey test represented in Table 1 by unequal letters. The
highest DMC yield was obtained using 2.0 g of molecular sieves
(entry 3, Table 1: yield ¼ 17.2%) followed by reaction yields
obtained with 1.0 g (entry 2, Table 1: yield ¼ 13.6%) and 3.0 g
(entry 4, Table 1: yield ¼ 9.3%) of molecular sieve respectively.
The use of molecular sieve reduced the water content from 7.1%
to 3.7% (entry 2, Table 1: 1.0 g of molecular sieve), 1.6% (entry 3,
Table 1: 2.0 g of molecular sieve) and 1.5% (entry 4, Table 1:
3.0 g of molecular sieve). These results indicate that increasing
the amount of molecular sieve in the liquid phase from 2.0 to
3.0 g can hinder the interaction of reagents with the catalyst
active sites reducing catalytic activity. The use of 1.0 g of
molecular sieve may not be sufficient to remove the formed
water and achieve optimal yield values.
Table 2 Methanol conversion, DMC selectivity, DMC yield, water conten
dehydrating agents in the liquid phase, with standard deviation valuesa

Entry

Sieve
Dehydrating
agent

Temperature
(�C)

Press
(bar)Phase (g)

1 — — DMP 80 40
2 — — Na2SO4 80 40
3 — — Butylene oxide 80 40
4 — — MgO 80 40
5 Combined-gas 2 Sieve/DMP 80 40
6 Combined-gas 2 Sieve/Na2SO4 80 40
7 Combined-gas 2 Sieve/butylene oxide 80 40
8 Combined-gas 2 Sieve/MgO 80 40

a Fixed parameters / methanol: 213 mmol; catalyst (CH3OK): 10 mmol; p
ND ¼ not detected. *: eqn (1); **: eqn (2); ***: eqn (3) described in Meth

34898 | RSC Adv., 2020, 10, 34895–34902
Surprisingly tests performed with molecular sieve in the gas
phase showed an increase of more than 300% when using 2.0 g
of molecular sieve (entry 6, Table 1: yield ¼ 30.5%), 22%, 3.0 g
(entry 7, Table 1: yield ¼ 8.7%) and 0%, 1.0 g (entry 5, Table 1:
yield¼ 7.0%) when compared to the reaction without molecular
sieve addition (entry 1, Table 1, yield ¼ 7.0%). Increasing
molecular sieve content from 1.0 g (entry 5, Table 1: water ¼
3.3%) to 2.0 g (entry 6, Table 1: water ¼ 0.5%) signicantly
reduced the water content present in the reaction medium.
However, increasing molecular sieve content from 2.0 g (entry 6,
Table 1: water ¼ 0.5%) to 3.0 g (entry 6, Table 1: water ¼ 4.5%)
increased the water content present in the reaction medium.
This result indicates that the increase in molecular sieve
content is probably reducing the contact surface of molecular
sieves with water vapor due to the sieves agglomeration in the
reactor metallic support. These results are corroborated by the
t and reactions parameters using molecular sieves in the gas phase and

ure DMC selectivity
(%)*

Methanol conversion
(%)**

DMC yield
(%)*** Water (%)

55 6.4 � 0.9c 3.5 � 0.9 0.6 � 0.1
100 5.0 � 1.4c,d 5.0 � 1.4 1.1 � 0.3
ND NDb ND Traces
ND NDb ND Traces
88 48.6 � 1.9a 42.8 � 1.9 0.6 � 0.1
100 14.8 � 2.0e 14.8 � 2.0 2.3 � 0.2
15 2.5 � 1.4c,d 0.3 � 1.4 2.3 � 0.8
100 4.5 � 0.9c 4.5 � 0.9 0.7 � 0.1

romoter (CH3I): 20 mmol; dehydrating agent: 10 mmol; time: 24 hours.
odology section.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Gradual dehydration reaction between DMP and water during DMC synthesis.

Fig. 5 Direct synthesis of DMC in the presence of butylene oxide as a dehydrating agent.
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Tukey test. It should also be emphasized that the use of
molecular sieves in the gas phase facilitates the dehydrating
agent separating process from the reaction mixture reducing
cost and steps in DMC production process.

Effect of reaction time on DMC yield when molecular sieves
are used in the gaseous phase was also evaluated. In 6 hours of
reaction time a yield of around 9.7% (entry 8, Table 1) was
achieved. This result is similar to Cai et al. (2005)27 founds using
the same reaction conditions. However, aer 6 hours an
increase in DMC production was observed. Yield of 14.3% (entry
9, Table 1) was achieved in 12 h, 16.1% (entry 10, Table 1) 18
hours and the highest yield value of 30.5% (entry 6, Table 1) in
24 hours. Aer the 24 hour period, a small decrease in the
amount of DMC yield was observed reaching 26.2% (entry 11,
Table 1). According to literature,28 water withdrawal from the
reaction medium has great interference in the DMC synthesis
optimization time since smaller amount of water allows greater
catalytic activity and catalyst durability. From these results one
can infer that the molecular sieve porosity improved catalytic
activity and increased DMC production by withdrawing the
water produced during the reaction. Therefore, probably aer
24 hours of reaction time the molecular sieve become less
effective decreasing reaction yield. The use of 2.0 g of molecular
sieve in the gas phase for 24 hours was the best result for the
experimental conditions tested. Therefore, it was used in
combination with other dehydrating agents in the liquid phase
(DMP, Na2SO4, MgO and butylene oxide) aiming further yield
improvement as shown in Table 2.

DMP was evaluated as dehydrating agent (Table 2, entry 1)
due to its quick action by chemical hydrolysis making it easy to
use in dehydration processes. In addition DMP is stable during
storage.29 As seen in Fig. 4 acetone is produced as by-product
decreasing reaction selectivity.21,22

Butylene oxide is an effective dehydrating agent promoting
an increase in product conversion due to the excellent dehy-
dration capacity into the reaction medium.30 When reacting
with water, produces ethylene glycol decreasing DMC selectivity
due to by-product formation,31 as show in Fig. 5.

When combining molecular sieve with dehydrating agents
different yield values were obtained (DMP 42.8% (entry 5, Table
2), Na2SO4 14.8% (entry 2, Table 2), MgO, 4.5% (entry 4, Table 2)
This journal is © The Royal Society of Chemistry 2020
and 0.3% butylene oxide (entry 3, Table 2)). Although the
addition of solid dehydrating agent (Na2SO4 or MgO) in the
liquid phase promotes the reduction of the amount of water
formed in the reaction medium the presence of these
compounds may be reducing the interaction between the
reactants and the catalyst active sites. Yet, the use of DMP
decreases selectivity due to the ketone production in the reac-
tion medium, consequently decreasing yield. However, even
with this setback the yield is superior when using this system.
Ketone removal step, by distillation, can be added to the process
in order to improve selectivity increasing it to 100%.19,32

Butylene oxide decreased DMC selectivity by 15%, reaching
a methanol conversion of 2.5% being inefficient. So, it is clear
from results that the best performance was obtained by
combining the molecular sieve and DMP resulting in a yield
increase of almost 50% when compared to the reaction per-
formed using only molecular sieve in the gaseous phase (entry
6, Table 1). The dehydrating agents DMP (entry 1, Table 2),
Na2SO4 (entry 2, Table 2), butylene oxide (entry 3, Table 2) and
MgO (entry 4, Table 2) were also evaluated. Obtained yield
values were lower/similar when compared to the reaction
carried without dehydrating agent (entry 1, Table 1: yield ¼
7.0%).

DMP (entry 1, Table 2) showed a methanol conversion value
statistically equal when compared to the reaction carried
without dehydrating agent (entry 1, Table 1). However, a reduc-
tion in selectivity of 55% was observed and attributed to acetone
formation as a by-product. When using sodium sulfate a lower
yield was achieved when comparing with the reaction without
dehydrating agent addition. Sodium sulfate is an effective
dehydrating agent for use at room temperature and is consid-
ered a slow-acting dehydrating agent. These features can
inuence the process of water removing from the reaction
medium.33,34

When using butylene oxide (entry 3, Table 2) and MgO (entry
4, Table 2) as dehydrating agent no methanol conversion was
detected under the tested reaction conditions. When using
butylene oxide as dehydrating agent and more drastic reaction
conditions (150 �C and pressure of 90 bar) a methanol conver-
sion of 11.7% was reached as described elsewhere.31 Magne-
sium oxide suffers a large dilation when retaining water. This
RSC Adv., 2020, 10, 34895–34902 | 34899
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Table 3 Catalyst, promoter/dehydrating agent, temperature, pressure and DMC yield of different works

Entry Catalyst Promoter/dehydrating agent
Temperature
(�C) Pressure (bar)

DMC yield
(%) Literature

1 CH3OK CH3I/sieves (gas phase) 80 40 30.5 This work
2 CH3OK CH3I/sieves (gas phase)

+ DMP (liquid phase)
80 40 42.8 This work

3 Cu/Ce — 140 50 1.6 Marciniak et al. (2019)38

4 Chitosan/IL — 100 75 16.7 Tamboli et al. (2016)39

5 Cu–Ni/graphene — 110 30 13.0 Deerattraku et al. (2020)40

6 K2CO3 + EmimBr CH3I 80 73 5.7 Kabra et al. (2016)41

7 CH3OK CH3I 80 73 16.2 Fang and Fujimoto (1996)37

8 K2CO3 CH3I, DMP 140 200 12.0 O'Neil, Clayton and
Mayeda (1969)42

9 CeO2 Molecular sieves (4A) 120 6 3.2 Zhang et al. (2015)43

10 Dibutyltin
dimethoxide

Molecular sieves (3A) 180 300 31 Choi et al. (2002)25

11 Dibutyltin
dimethoxide

— 180 300 3 Choi et al. (2002)25

12 Cu/Ce 2-Cyanopyridine 140 50 5.0 Marciniak et al. (2019)38

13 Cu/Ce Methyl trichloroacetate 140 50 12 Marciniak et al. (2019)38
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feature can reduce the contact of reagents and catalyst dis-
favoring DMC synthesis.35,36

Temperature and pressure range used for DMC synthesis
described in literature (see Table 3) were varied from 80 �C to
140 �C and 6 bar up to 200 bar respectively. Our results, using
mild conditions (80 �C, 40 bar) and molecular sieves placed in
the gas phase or the combination of molecular sieve placed in
the gas phase/DMP placed in the liquid phase were superior to
results described in literature (see Table 3, entries 1 and 2).
Molecular sieves effect on DMC yield obtained by direct
synthesis was described elsewhere obtaining a yield up to 31%
using dibutyltin dimethoxide (catalyst), high pressure (300 bar)
and 180 �C of temperature (see Table 3, entry 10) using a facility
that allow to place the dehydrating agent at room temperature
and circulate the reaction mixture through the dehydration
tube by a high-pressure circulation pump.25 DMC synthesis
using CH3OK and CH3I, without the presence of dehydrating
agents, at a pressure of 73 bar and 80 �C of temperature was
described achieving a conversion of 16.2% (ref. 37) (see Table 3,
entry 7). Our results evidenced that the use of molecular sieves
in the gas phase allied to DMP in the liquid phase increases
DMC yield up to 42.8%. This yield value is superior when
compared to current literature as seen in Table 3. Yet, a DMC
yield of 30.5% was obtained when placing molecular sieves in
the gas phase using mild temperature and pressure conditions
(80 �C and 40 bar) as seen in Table 3, entry 1. The placement of
the molecular sieves in the gas phase is somehow facilitating
the water withdrawing besides being very important in terms of
easiness of molecular sieve separation.
4. Conclusions

Different dehydrating agents (molecular sieve, 2,2-dimethox-
ypropane, sodium sulfate, magnesium oxide and butylene
oxide) were evaluated in the DMC direct synthesis. Yet, a new
34900 | RSC Adv., 2020, 10, 34895–34902
system for dehydration under mild conditions was proposed.
The best results were obtained when 2.0 g of molecular sieve
was placed in the gas phase (yield ¼ 30.5%) or when 2.0 g of
molecular sieve was combined in the gas phase with 10 mmol
DMP in the liquid phase (yield ¼ 42.8%). In the dehydrating
system proposed in this work the sieves can be easily separated,
since they are deposited in the gas phase and the acetone
formed from the DMP can be easily separated from the reaction
medium using the distillation technique. This catalytic system
also achieved higher yield values when compared to other
systems reported in literature for direct synthesis of DMC. Thus,
the proposed dehydration system in this work may be an
effective way to promote increase in DMC direct synthesis yield
whereas can be used with different catalysts.
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