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Abstract:

Dimethyl carbonate (DMC) can be applied as a greener alternative to more hazardous materials, e.g.
phosgene or dimethyl sulfate. Herein, one-pot synthesis of DMC from propylene oxide, methanol and
CO, using alkali halide catalysts under mild conditions was studied. Addition of Zn powder to the
K,COs-NaBr-ZnO catalyst system was seen to increase DMC selectivity from 19.8% (TOF = 39.0 h'!)
to 40.2% (TOF = 78.1 h'!) at 20 bar and 160 °C for 5 h. Catalyst characterisation showed that Zn
powder increases the stability of the catalyst, preventing the active ingredients on the catalyst surface
from leaching. An increase in propylene oxide conversion to DMC is attributed to the increase of Zn?*
ions in the reaction solution. Elevated pressure was not found to be a necessary reaction condition for
transesterification. This study shows that increased selectivity to DMC can be achieved at mild
conditions with the addition of Zn powder.
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Highlights:
e Dimethyl carbonate has been successfully synthesised from CO,, CH;0H and CH;CHCH,O
e Addition of zinc to the reaction dramatically improves DMC selectivity from 19.8% to 40.2%
e The main influence of zinc is on the transesterification step of the reaction
e High selectivities to DMC can be achieved at mile reaction conditions
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The role of Zn in the sustainable one-pot synthesis of dimethyl

carbonate from carbon dioxide, methanol and propylene oxide
Ming Liu?, Mariia Konstantinova?, Leila Negahdar®® and James McGregor®©*

1. Introduction

Carbon dioxide (CO,) is most commonly discussed in negative terms as a greenhouse gas and major
contributor to anthropogenic climate change. Recently, the use of CO, as an abundant carbon resource
has received increased attention, with this field referred to as carbon dioxide utilisation. Direct
conversion of CO, to green chemicals is an attractive application, as it incorporates a waste resource
in the production of value-added, sustainable substances. Carbon dioxide utilisation in the synthesis of
dimethyl carbonate (DMC) is attractive due to the extensive application of DMC in a variety of
processes (Table 1). In particular, DMC has lower toxicity and is a more environmentally friendly
chemical compared to traditional alternatives, many of which have unfavourable properties such as
high toxicity, e.g. phosgene. Based on current global demand, the production of DMC is projected to
reach approximately 314 kt by 2025 (Dimethyl Carbonate Market by Application (Polycarbonate,
Solvent, Pharmaceutical, Pesticide) - Growth, Share, Opportnities & Competitive Analysis, 2017 -
2025,2017).

Table 1. Application of dimethyl carbonate as a green chemical.

Chemicals replaced by

Application DMC Advantage of using DMC Reference
Selecti tion t d .
Methoxycarbonylating elective re'ac 1on fowaras (Arico and Tundo,
Phosgene (COCl,) non-toxic products.
agent 2010)
Less hazardous reagent
Dimethyl sulfate (DMS) or ~ Higher selectivity to mono- (Selva et al
. o A% "
Methylating agent methyl halide (CH3X, X =1,  methylated derivatives and

Br, Cl)

less harmful to environment. 1994)

Increases octane number
which reduces the total
emissions of hydrocarbons,
carbon monoxide and
formaldehyde.

Methyl tert-butyl ether
(MTBE)

(Pacheco and

Gasoline additive Marshall, 1997)

Conventional methods of DMC synthesis require the use of hazardous gases such as carbon monoxide
(CO) or phosgene (COCl,). Alternatively, the direct synthesis of DMC from methanol (CH;0H) and
CO, is a promising alternative due to high atom efficiency, low toxicity, and the use of readily-
available feedstocks (Sakakura and Kohno, 2009). However, this process is limited by low conversion
due to its endothermic and endergonic nature (AG= +26kJ /mol) (Eta and Leino, 2010).
Thermodynamic limitations can be overcome by employing a two-step conversion from epoxide
compounds such as ethylene oxide or propylene oxide, thereby increasing the yield of DMC. Two-
step conversion results in the formation of a cyclic carbonate intermediate, which can be synthesised
using single component catalyst (e.g. polymeric organocatalyst) (Subramanian et al., 2018) or simple
hybrid system (e.g. Cesium salts) (Suleman et al., 2019), however, the intermediate must be separated
in a cost-intensive process such as filtration of the catalyst and evaporation of residual PO. Therefore,



high conversion via a one-pot synthesis of DMC is highly desirable. Herein we report the one pot
synthesis of DMC using CO,, methanol and propylene oxide in the presence of metal alkali halide
catalysts.

The one-pot synthesis of DMC consists of two reversible steps: cycloaddition and transesterification.
In the cycloaddition reaction, propylene oxide reacts with CO, to form propylene carbonate (PC)
(Scheme 1). In the transesterification step, methanol and PC are converted to DMC and propylene
glycol (PG). 1-methoxy-2-propanol and 2-methoxy-1-propanol are produced as by-products through
the reaction between PO and methanol. The overall selectivity to DMC is limited by the formation of
PG as a by-product via hydrolysis of PO by water formed in the reaction. Selectivity to DMC can
therefore be increased by reducing the rate of production of PG through removing water from the
system by adding dehydrating agents. Solid dehydrating agents can be used to remove water from the
process, but most such agents e.g. 3A molecular sieve, are not effective at high temperatures or
pressures. 3A molecular sieve is effective for dehydration only under 100 °C as the adsorption
capacity decreases with increasing temperature (Simo et al., 2009). Therefore, it is necessary to find
alternative agents for removing water from the system.

Cycloaddition o \‘; ;” Transesterification
i Ao o HO_  OH
0 O O 12CH,0H L
L /\ + 0=C=0 == )__/ = ~g o~ * >_/
(Propylens oxide) " (Propylen carbonate) (Dimerthyl carbonate) (Propylene giycol)

CH3OH OH
\3—> o+ \OJ\,OH

(1-methoxy-2-propanol) (2-methoxy-1-propanol)
Side reaction

Scheme 1. Reaction pathway of one-pot synthesis of DMC.

Another desirable process consideration is the ability to operate under relatively mild conditions.
Previously, high selectivity to DMC has been correlate with high pressure operating environments
employing supercritical CO,. Table 2 summarises the selectivity to DMC achieved over various
catalysts at different CO, pressures. TOF values of the catalytic systems are calculated based on the
reaction conditions provided in the previous literature studies. Applying high-operating pressure in
chemical plants is, however, cost and energy intensive and introduces significant safety concerns.
Optimisation of reaction conditions with the aim of minimizing the operating pressure while
increasing reaction rate, selectivity and catalyst lifetime should be a key goal of process development
(The Royal Society, 2017).

The choice of catalyst is also a crucial parameter in achieving high yields of DMC. It is known that
alkali halides activate the cycloaddition reaction (Scheme 1) by nucleophilic attack of halide ions in
the first step of reaction (Martinez-Ferraté et al., 2018). For example, KI immobilised on ZnO is an
effective catalyst under supercritical conditions (Chang et al., 2004a). The addition of a strong base
such as KOH, K,CO;, KNO; or Na,COs, to the catalyst can improve selectivity to DMC by increasing
the availability of basic sites, thereby promoting transesterification (Wang et al., 2016). Additionally,
promotors may be added to improve the yield of DMC. For example, Mg turnings have been
employed as a co-catalyst alongside KCl-promoted ZrO,. Mg produces Mg(OCHj;), as an intermediate
product which can react with carbon dioxide to form carbonated magnesium methoxide (CMM) (Eta



et al., 2010). The exchange of oxygen atoms between methoxy groups of CMM adsorbed on catalyst
surface and the bulk oxygen of catalyst enhances the production of DMC. MgO has also been
employed by De and co-workers in combination with a supported basic ionic liquid-choline hydroxide
(De et al., 2009). A review of the role of alkali metal salts in catalytic carbon dioxide utilisation is
provided by Truong and Mishra (Truong and Mishra, 2020).

Table 2. Catalysts previously applied in the one-pot synthesis of DMC, and CO, pressures employed.

Catalyst CO,; pressure (bar) DMC selectivity ~ TOF (h") Reference
KOH-KI-ZnO 165 58.0% 8.4 (Chang et al.,
Mg-KCl-ZrO, 95 52.7% 522 (Eta éta al, 2010)

MgO 80 13.6% 4.1 (Bhanage et al.,

KOH-4A 30 16.8% 41.9 (Li et al., 2005)

Na,CO;-KCI-Al,O; 25 20.1% - (Jiang and Yang,
KCl + crown ethers 20 23.0% 73.7 (Li et-alli, 2015)
KOH-B-zeolite 20 23.3% - (Xu et al., 2013)

This work therefore considers the application of ZnO-supported NaBr (as an alkali halide) promoted
with K,COs; (as a strong base) in the synthesis of DMC from CO,, methanol and PO at 160 °C and
20 bar over a reaction time of 5 hours. Based on previous literature research (Liu et al., 2016), the
introduction of nucleophilic group such as CI, Br or I facilitates the coupling the reaction of
propylene oxide and CO,. The catalytic activity decreases in the order of I > Br- > CI-, which is in
agreement with the ability of nucleophiles to donate electrons and the leaving ability of the halide
anions. Therefore, the proposed ZnO carrier with stronger nucleophilic Br anion is applied in this
research: iodide compounds are less cost effective and present toxicity concerns. Alkali metal
carbonate (K,COs) is used to increase the intensity of strong basic sites on catalyst surface due to the
formation of potassium oxide during calcining procedure (Jiang and Yang, 2004). Supported K,COs3
catalysts have also been investigated by Tian and co-workers (Tian et al., 2007); the synthesised
catalysts exhibited excellent catalyst recyclability. Since zinc powder can react with water vapour to
form zinc oxide, zinc can potentially act as a dehydrating agent and increase the selectivity to DMC
by reducing the formation of PG. The role of metallic zinc and the possible reaction mechanism are
presented and discussed. As magnesium methoxide (formed by the reaction of MgO and methanol)
has previously been reported as a reaction intermediate in the presence of Mg, the formation of zinc
methoxide as an intermediate in the presence of Zn was therefore expected. In this study, magnesium
methoxide was also used to investigate the possible reaction mechanism in order to deconvolve the
influence of the metal powder from the metal oxide support. Furthermore, the surface properties of
the catalyst system were analysed and reported.

2. Experimental

2.1 Materials

Reagents sodium bromide (>99%), potassium carbonate (=99%), methanol (>99.9%) and propylene
oxide (>99.5%) were purchased from Sigma-Aldrich. Zinc oxide (>99%) was purchased from Fisher
Scientific. Carbon dioxide gas (>99.99%, water content <0.01%) was obtained from BOC. 2-
propanol (Sigma-Aldrich, >99.8%) was used as an internal standard for GC-FID quantitative analysis.



Dimethyl carbonate (99%), propylene carbonate (99.7%), 1-methoxy-2-propanol (=99.5%) and
propylene glycol (299.5%), supplied from Sigma Aldrich, were employed as reference materials for
calibration curves. All materials were used as received unless otherwise stated.

2.2 Catalyst Preparation

Prior to impregnation, the metal oxide support (ZnO) was calcined at 700 °C for 3 h. K,CO3-NaBr-
ZnO was synthesised by addition of 12 wt% K,CO; and 17.5 wt% NaBr to ZnO by wet impregnation.
The mixture was refluxed at 60 °C for 24 h, followed by vacuum filtration. Based on a method
previously reported by Chang et al. (Chang et al., 2004a), filtered solids were dried at 100 °C for 12 h
and then further calcined at 700 °C for 3 h. The catalyst composition was selected on the basis of
preliminary screening studies employing varying K,CO; and NaBr contents. The selected
composition gave the highest DMC selectivity with relatively low selectivity to PG and by-products
as shown in Figure S1. Preliminary studies (Figure S2) also confirmed that improved performance
was obtained when using bromide salts rather than chloride salts in agreement with the known trends
in their nucleophilicity (Section 1); additionally, the use of Na,CO; as the carbonate was observed to
result in lower yields of DMC than when using K,CO; (Figure S3).

2.3 Catalytic Synthesis of DMC

The one-pot synthesis of dimethyl carbonate was carried out in a stainless-steel reactor (Parr
Instruments, Model 4714) equipped with an external thermometer and a heating jacket. The reactor
was placed on an electric heater equipped with a mechanical stirrer. In a typical reaction, 100 mmol
methanol, 33.3 mmol propylene oxide and 0.3 g catalyst were loaded into the reactor. A molar ratio of
1 to 5 Zn:PO was used with a PO concentration of 33.3 mmol. Air in the autoclave was removed by
purging three times with CO,. The reactor was then pressurised with CO, to 20 bar at room
temperature before heating to 160 °C. The stirrer was then turned on, indicating time zero, and the
reaction run for 5 h. The pressure of the reactor was measured by a pressure gauge equipped with
pressure relief valve. At the end of the desired reaction time, the reactor was quenched in an ice-water
bath and cooled to 10 °C. Acetone and 2-propanol were used as the solvent and internal standard for
GC-FID measurements (Section 2.4). In experiments where Mg(OCHs;), was employed, this was
added in the liquid-phase alongside the other reactants prior to reaction

Qualitative analysis of reaction liquid samples was performed by GC-MS (Shimadzu GCMS
QP2012SE). The temperature of the GC column was held at 40 °C for 2 min and was programmed to
rise to 180 °C at a rate of 10 °C min’!, then to further increase to 230 °C at a rate of 10 °C min!' and
held at that temperature for 3 min. GC-FID was employed for quantitative analysis based on
experimental calibration curves with 2-propanol being used as the internal standard. The yield and
selectivity of products and PO conversion were calculated based on the amount of each product and
the amount of PO added (Li et al., 2015). Turnover frequency (TOF) is used to evaluate the catalytic
efficiency of the reaction system. This is typically defined as the number of molecules reacting per
active site per unit time [21]. It is however challenging to determine the quantity active sites in a
heterogeneous catalyst with a non-uniform surface. Therefore, in this work, TOF is defined as the
mass of synthesised dimethyl carbonate (DMC) per gram of catalyst per hour [21] as shown in
Equation 1:

mpyc  Npo X Yieldpyc X Mpuc

TOF = Weae Xt Wit X t




where npo, Mpyic, t, and W, represent the molar amount (mmol) of PO, formula weight (g mol-') of
DMC, reaction time (h) of DMC synthesis reaction, and the mass of overall catalyst (mg),
respectively. Multiple measurements were used for each TOF calculation and the average of those is
presented.

2.4 Catalyst Characterisation

The catalysts were characterised through BET adsorption isotherms and BJH pore volume analysis,
thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy-energy
dispersive X-ray (SEM-EDX) spectroscopy, inductively coupled plasma mass spectrometry (ICP-MS)
and atomic absorption spectroscopy (AAS).

The specific surface area (BET) and pore size distribution (BJH) of K,CO3;-NaBr-ZnO was measured
with a Quadrasorb EVO instrument (model QDS-30), using the adsorption of N, at the temperature of
liquid nitrogen (77 K). Prior to measuring, the sample was degassed at 523 K for 24 h and finally
outgassed to 10 Torr.

Thermogravimetric analysis of catalysts was performed on a thermogravimetric analyser
(PerkinElmer, TGA 4000) employing ~6 mg of sample and increasing temperature to 950 °C at
10 °C min'! under a stream of N, (20 ml min').

X-ray diffraction was employed to analyse the morphological properties of the catalyst. Samples
were analysed using a Bruker D2 Phaser powder XRD instrument with Cu Ka (30 kV, 10 mA)
radiation at a scanning rate of 0.05° min-!. Scanning electron micrographs and EDX were recorded on
a JSM-6010LA JEOL SEM instrument with AGAR Sputter Coater. All the samples were coated with
a gold layer and analysed at 10 keV with a working distance of 10 mm.

Atomic absorption spectroscopy (AAS) and inductively coupled plasma-optical emission
spectrometry (ICP-OES) were employed to analyse the spent solid catalyst and liquid reaction
products. In a typical sample preparation procedure, both solid and liquid sample were digested with
concentrated HNOs, followed by dilution of digested solutions with 1% HNOj; solution (concentration
<10ppm).

3. Results and discussion

3.1 Catalytic activity of K,CO;-NaBr-ZnO, Zn powder and magnesium methoxide

The catalytic activity towards DMC synthesis displayed by the unpromoted catalyst (NaBr-ZnO), and
base-promoted catalyst (K,CO;-NaBr-ZnO) with and without zinc powder and magnesium methoxide
are summarised in Table 3, alongside data for Zn powder and Mg(OCHj3;), Alone.

Table 3. Catalytic activity of DMC catalysts.

Selectivity (¢
Ent Catalyst comlf)e?sion foDrI:/[nfd yon By- TO_IF
y (%) (mmol/ml) DMC  PC PG product (b
I NaBr-ZnO ¢ 98.6 0.97 13.8 66.6 18.1 8.8 27.2
II K,CO5-NaBr-ZnO 98.3 0.84 19.8 36.5 26.1 18.0 39.0
1 K,CO3-NaBr-ZnO + Zn 97.0 1.67 40.2 234 359 39.7 78.1
v Zn powder 54.5 0.006 0.3 0.3 6.7 92.2 -
\'% K,CO;3-NaBr-ZnO + Mg(OCHj3),? 99.1 1.64 43.2 33.7 29.1 30.9 85.7



VI K,CO;5-NaBr-ZnO + Mg(OCHjs), + Zn 96.4 1.53 37.6 27.1 265 36.8 72.5
Vil Mg(OCHs), 99.6 1.47 344 173 228 33.9 -

Reaction conditions: 20 bar CO,, 160° C, 5h. ¢ Methanol (100 mmol), PO (33.33 mmol), catalyst (0.3 g), Zn powder (0.43g);
b3.3 mmol Mg(OCHj3), and 100 mmol methanol, PO (33.3 mmol), catalyst (0.3 g), Zn powder (0.43 g); PO: propylene oxide,
PC: propylene carbonate, PG: propylene glycol, By-products: 2-methoxy-1-propanol and 1-methoxy-2-propanol. The
standard deviation is within £3.5% of the reported selectivity.

As anticipated, the addition of the base, K,COs, increases the selectivity to DMC — specifically from
13.8% to 19.8% and decreases selectivity to PC (Table 3, entries I and II). This suggests that K,COs3
promotes the transesterification of PC and methanol to DMC. This is consistent with previous
observations on the role of basic promoters (Section 1). The addition of Zn powder to the reaction
results in an even more dramatic increase in DMC yield from 19.8% to 40.2% with a TOF of 39.0 h-!
and 78.1 h!, respectively. This is comparable to results achieved in supercritical CO, (Table 2,
highest TOF = 73.7 h'! with KC1 + crown ether catalyst) despite the reaction herein being conducted
at relatively mild conditions. However, selectivity to PG (35.9%) is similar to that of DMC (40.2%) in
this system because PG is generated simultaneously with DMC with a molar ratio of 1 to 1 during the
transesterification reaction. It is also evident that more by-products are formed with the addition of
zinc (Table 3), which is a key factor inhibiting DMC formation. Increased formation of 1-methoxy-2-
propanol and 2-methoxy-1-propanol is observed from the reaction of methanol with PO (Scheme 2).
Note that Zn powder on its own has only limited activity (entry IV), with 54.5% PO conversion as
compared to >98% in all other cases, and negligible (0.3%) selectivity to DMC.

%“ 2
Zn OH
CH30\? (1-methoxy-2-propanol)
+
Zn

Zn?*
CH;0: /A _L> J\/OH
(2-methoxy-1-propanol)

Scheme 2. Proposed reaction mechanism for the formation of by-products in the synthesis of DMC
from propylene oxide, CO, and methanol.

The impact of Zn on the reaction is proposed to result in two effects. Firstly, as a dehydrating agent
Zn removes water from the reaction. Secondly, Zn forms zinc methoxide (Zn(OCHj;),) via reaction
with methanol. Metal methoxides are well-known homogeneous transesterification catalysts, e.g.
sodium or potassium methoxide is typically generated in situ during biodiesel synthesis from oils or
fats (Balat, 2007). Therefore, it is expected that Zn promotes the second stage of the reaction,
transesterification. However, it is challenging to decouple the effects of Zn added as zinc powder and
Zn present in the ZnO support. Therefore, in order to investigate the catalytic activity of metal
methoxides, the effect of adding Mg(OCHj), was investigated. Mg(OCHj;), contains the same
methoxy group as Zn(OCHs;),, but solid products formed in the reaction, such as MgO, Mg(OH), or
MgCO;, can be readily distinguished from those formed from the ZnO support. The results show that
Mg(OCHz;), contributes to the formation of DMC regardless of the presence (selectivity of 43.2%) or
absence (selectivity of 34.4%) of the solid catalyst in the reaction. Hence, Mg(OCH;), can
successfully catalyse both steps in the one-pot reaction system.



With the addition of either Zn powder or Mg(OCHj;),, the selectivity to PC in the final liquid product
decreases (Table 3, entries II, III, V). This is indicative of higher conversion of PC to DMC. A
possible explanation for the increased DMC yield in these systems is an increase in the concentration
of methoxy groups from Zn(OCHs;), in the liquid phase, which promote transesterification. It can
therefore be concluded that Zn powder acts as a promoter rather than only as a dehydrating agent in
the reaction.

3.2 The role of Zn powder

As shown in Table 3, the addition of zinc has a notable effect on the reaction, for example, adding
zinc powder alongside K,CO;-NaBr-ZnO increases selectivity to DMC from 13.8% to 40.2%. As
discussed in Section 1, the synthesis of DMC is a stepwise reaction involving cycloaddition, followed
by transesterification (Scheme 1). In order to determine the role of zinc, its influence in each of these
steps was investigated independently. The role of Zn in the cycloaddition reaction is investigated in
Section 3.2.1, while its role in transesterification is reported in Section 3.2.2.

3.2.1 The role of zinc in the cycloaddition reaction

The production of propylene carbonate is limited by the hydrolysis of propylene oxide to propylene
glycol. In order to investigate the influence of Zn, a systematic comparison of the yields of propylene
carbonate and propylene glycol, and propylene oxide conversion in the presence of different reactants
and catalysts were conducted. Figure 1 shows the influence of zinc on the reaction in the presence of:
(i) propylene oxide, CO, and catalyst only (reactions 1 and 2); (ii) PO, CO,, catalyst and water
(reactions 3 and 4); and (iii) PO, CO,, catalyst and PG (but no water) (reactions 5 and 6).

In each case, the effect of Zn on the cycloaddition reaction does not appear to be significant.
Specifically, when only CO,, PO and catalyst are involved in the reaction, there is no change in PO
conversion and PC yield, while PG yield is approximately halved to ~0.7mmol/ml. When water or PG
is present in the reaction, PG production is increased by 10.1% and 17.2%, respectively, while the PC
yield does not change.
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Figure 1. Conversion of PO and the yields of PG and PC in the one-pot synthesis of DMC. Reaction
conditions: 160 °C, 5 h, CO, (20 bar); catalyst (K,CO;-NaB1/ZnO, 0.3 g), Zn powder (0.43 g), PO
(66.7 mmol), H,O (44.4 mmol, reactions 3 and 4), PG (11.1 mmol, reactions 5 and 6).

The reaction mechanism for the formation of propylene carbonate by halides is well established.
Carbon dioxide is a weakly acidic gas which can adsorb or react at acid-base sites on solid surfaces.
In previous studies where the mechanism of cycloaddition has been discussed, the reaction is
proposed to be initiated by the attack of the Br-nucleophile on the epoxide followed by reaction of the
alkoxide with CO, and finally by ring-closure (Wang et al., 2012). At the same time, Zn>* and Br
dissociate from the product and dissolve into the reaction solution. The Zn surface might contribute to
the activation of the epoxide via Zn(Il) atoms but also via Zn-OH groups acting as hydrogen bond
donors (Lagarde et al., 2019). Following this mechanism, it would be expected that the addition of Zn
powder would have little effect on PC formation, in line with the experimental results presented in
Figure 1.

3.2.2 The role of zinc in the transesterification reaction

The effect of both Zn powder and CO, on transesterification is explored in this study. To the best
knowledge of the authors, the role of carbon dioxide in the second step of DMC synthesis has not
previously been discussed in literature. Figure 2 demonstrates the effect of zinc on the reaction when,
(i) PC, methanol and CO, are all present (reaction 7 and 8); (ii)) PC and methanol are present but in
the absence of CO, and at atmospheric pressure (reaction 9); and (iii) PC and methanol are present,
CO, is absent and the reaction mixture is under an initial (room temperature) atmosphere of helium
gas at 20 bar (reaction 10). These are compared to the reaction with PG, methanol and CO, in the
absence of a Zn as a baseline case (reaction 7). It is seen that Zn powder has a significant effect on
transesterification by simultaneously increasing the conversion of PC and the yield of DMC, with a
three-fold increase in the TOF values (from 20.8 h'' to 66.0 h'!). In the absence of Zn powder, the
yield of PG (1.15 mmol ml"!) is much higher than that of DMC (0.51 mmol ml!). In contrast, the ratio
of PG and DMC formed in the presence of Zn is approximately equal (1.70 mmol ml-'and 1.62 mmol
ml!, respectively).

The presence of Zn?* ions may explain the increase in DMC selectivity observed in the presence of Zn
powder (Scheme 3). The reaction starts with the attack of the zinc ion by the carbonyl of PC, then the
methoxy groups of methanol attack the carbon atom in intermediate 1. DMC and PG are then formed
by the transfer of H" (Murugan and Bajaj, 2010). However, the higher PC conversion and higher PG
yield obtained may also indicate that there is an alternative reaction route to convert PC to DMC by-
passing the formation of PG.

~Zn%*
Q OZn ozn* OzZn ozn
A J,\ choH  J—HQCHs OCH; J-OCH;

O

(0]
\JLO/+ )—/ - @(E_JOH

Scheme 3. Proposed mechanism for the synthesis of dimethyl carbonate from propylene carbonate
and methanol.
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Considering the role of the gas atmosphere, in the absence of CO, (reaction 10) and at atmospheric
pressure (reaction 9) produced yields of DMC and PG are very similar to those obtained under 20 bar
CO, (reaction 8). However, in contrast to reaction 9, DMC (1.71 mmol ml') is produced in greater
quantities than PG (1.57 mmol ml!). Notably, 0.10 mmol ml-! of PO is formed in the absence of CO,
at atmospheric pressure. This is not observed under 20 bar CO,. Under 20 bar He, but not CO,, the
highest TOF of 80.8 h'! is obtained. Moreover, production of DMC increased by 22.8 % and that of
PG increased by 15.9 % as compared to the values obtained under 20 bar CO,. PO was also observed
to form under 20 bar He, at a concentration of ~0.13 mmol ml -1, similar to that obtained at ambient
pressure in the absence of CO,.

In the cycloaddition reaction CO, is a reactant, and hence propylene carbonate production is enhanced
by increasing CO,partial pressure. The similarity of the yields of DMC and PG obtained under 20
bar CO,, under 20 bar He and at ambient pressure, however, indicates that elevated pressure is not
required for transesterification to proceed. However, CO, does influence the reverse cycloaddition
reaction, as evidenced by the presence of PO in reactions at atmospheric pressure and under 20 bar He,
but not under CO,. CO, therefore limits the formation of undesired by-products. The suppression of
the reverse cycloaddition reaction and decreased DMC yield may indicate poisoning of active sites of
the catalyst by CO,. Previous studies at 5 bar CO, have indicted the successful synthesis of DMC
from ethylene oxide (Liu et al., 2015).

(a) (b)

3.0 80
h! DMC 2 PG B3 PO|—— PC conversﬁ(;n‘ Reaction No.  TOF (h)
25 70 7 20.8
- 8 66.0
=201 0z 9 69.3
£ [ 608 10 80.8
o151 3
S - 40 ‘g"
i1 =
_g 1.0 | 30§
o
0.5 - 20
0.0 - &4 | 10

PC+MeOH+CO, PC+MeOH+Zn+CO, PC+MeOH+Zn (atm) PC+MeOH+Zn (He)
7 8 9 10

Process Conditions

Figure 2. (a) Conversion of PC and the yield of DMC, PG and PO in the one-pot synthesis of DMC.
(b) The activity of catalyst under various reaction conditions. Reaction conditions: 160 °C, 5 h, CO,
(20 bar, reactions 7 and 8 only), He (20 bar, reaction 10 only), catalyst (K,COs;-NaBr-ZnO, 0.3 g), PC
(33.3 mmol) and methanol (100 mmol). Zn powder (0.43 g) is also present in reactions 8-10.

3.3 Catalyst characterisation

3.3.1 Thermogravimetric analysis

Thermogravimetric analysis was used to investigate the interaction between the active components -
K,COj; and NaBr and the support, and the effects of the calcination step during catalyst synthesis
(Chen and Marks, 2000). The thermogravimetric analysis of two samples, (a) uncalcined
K,CO;-NaBr-ZnO and (b) a mixture of K,CO;, NaBr and Zno, is shown in Figure 3. The original
TGA data are plotted alongside the differential thermograms (DTG).
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Figure 3. DTG and TG curves of (a) uncalcined K,CO;-NaBr-ZnO (b) mixture of K,CO3, NaBr and
ZnO.

It can be seen from the TG and DTG plots in Figure 3(a) that the uncalcined catalyst exhibits a weight
loss in the temperature range of 720-830 °C, and reaches a maximum weight loss rate at ~800 °C.
During the catalyst preparation process, the active species (K,CO; and NaBr) in the solution are
attached to the surface of the support. The weight loss is associated with decomposition of carbonate
group in the newly formed compound slightly below 800 °C (Fierro et al., 2002). The TG-DTG curve
in Figure 3(b) shows that the weight of the mixture starts to decrease from ~750 °C, and the rate of
mass loss reaches a maximum at ~ 920 °C due to the decomposition of K,CO; (Sun et al., 2014).
Comparing Figures 3(a) and 3(b), it can be concluded that a new polymer is formed during the
preparation of the catalyst. The calcination temperature of the catalyst was therefore selected as
700 °C because the structure of the catalyst is unstable above 720 ° C.

3.3.2 X-ray diffraction

XRD was used to study the composition of solid catalyst before and after reaction with Mg(OCHs;), in
order to deconvolve the role of Zn in the reaction. The XRD pattern of the solid reaction products in
the presence of the catalyst and Mg(OCH3),, and in the presence of only Mg(OCHj5), are presented in
Figure 4. The typical peaks of MgCO; (PDF-ICDD 04-012-1188) are apparent in the solid products
obtained under both reaction conditions. The remaining peaks shown in Figure 4(a) are assigned to
Mgy 1Zny0 (PDF-ICDD04-019-9591).

- —— Catalyst and Mg(OCH,), (after reaction)
1 Mg(OCH,), (after reaction)

4 * Mg, 1Zn, ;0 ¢ MgCO,

Intensity (a.u.)

| Ll e

Lo | A + v IS
S ST NS GRS | W S—" -0 WS Y., W S

10 20 30 40 50 60 70 80
20 (degree)
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Figure 4. The XRD patterns of reaction products resulting from: (a) reaction with catalyst and
Mg(OCHj),; and (b) reaction with Mg(OCH3;), only.

According to the Mg(OCHj;),-promoted reaction mechanism previously proposed (Eta et al., 2010),
Mg(OCHs;), and K,CO3-NaBr-ZnO participate as shown in Scheme 4. Bidentate carbonate is formed
as an intermediate, indicative of the migration of COj; species from CMM to the surface of catalyst.
The exchange of oxygen atom between the intermediate and the catalyst ultimately results in the
production of DMC. The formation of DMC is completed with the release of Mg, ;Zn, 40.

e
“JlE= _MgOCH; O, CHsOH
Haco™1 00, o O... .OCH
L . T HCO0To-zn-0-zn Mg
—0-Zn-0-Zn—
(Bidentate carbonate)

lH* transfer

ZnpMg(1.n)O

0
o \ —CH30 "OCH
~o~t o~ *CH3OH Hscocﬂ%-Zn-o-zn’O'Mgf’H 3

Scheme 4. Proposed mechanism for the reaction with Mg(OCHj3;), when using K,CO3-NaBr-ZnO as

catalyst (adapted from the reaction mechanism of Mg(OCHj;),-promoted reactions, proposed by Eta et
al. (Eta et al., 2010).

Diffractograms of the fresh and spent catalyst are shown in Figure 5. The presence of ZnO (PDF-
ICDD 01-081-8838) and Na,CO3(PDF-ICDD 04-013-9890) are clearly present in the fresh catalyst
(K,CO5-NaBr-ZnO). The diffractogram of the spent catalyst (Figure 5(b)) shows the appearance of
ZnCO; (PDF-ICDD 04-015-6717). This indicates that the stable carbonyl double bond is disrupted as
a result of the reaction of CO, with the active site of catalyst.

7 — Catalyst

- —— Catalyst (after reaction)

—— Catalyst and Zn powder

—— Catalyst and Zn powder (after reaction)

B *Zn0O ¢ Na,CO, V ZnCO, * Zn

=

8 - U }\ }t L,Jw @

B\ -

2 .

5 ) | .

N S J . L i Gt ®
] NI N TS O
1 ot @

10 20 30 40 50 60 70 80
20 (degree)

Figure 5. The XRD patterns of fresh and spent catalysts: (a) fresh K,CO;-NaBr-ZnO; (b) K,COs-
NaBr-ZnO after reaction; (c) fresh K,CO3-NaBr-ZnO and Zn powder mixture; and (d) K,COs-NaBr-
ZnO and Zn powder mixture after reaction.
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The mixture of K,CO5;-NaBr-ZnO and Zn powder (Figure 5(c)) is found to contain Zn (PDF-ICDD
04-014-0235), ZnO (PDF-ICDD 01-083-8004), and Na,CO3(PDF-ICDD 04-013-9890). ZnCO; (PDF-
ICDD 04-015-6717) is formed after the reaction, with higher peak intensities c¢f. Figure 5(b)
indicating that the content or crystallinity of ZnCOs; is increased (see Table 4). The full width at half
maximum (FWHM) of the peak obtained from XRD pattern is used to calculate the crystallite size of
particles by using Scherrer equation (Patterson, 1939).

Table 4. Average crystalline size of particles before and after reaction. ‘-’ indicates that a crystalline
phase is not observed in the diffractogram. ‘*’ indicates that the corresponding peak is present but is
beneath the size limit to accurately determine the crystallite size.

Average crystalline size (nm)

Zn0O /n ZnCO;
Catalyst 46+ 6 - -
Catalyst (after reaction) 43 %5 - ]
Mixture of catalyst and Zn 44 +4 54+4 -
Mixture of catalyst and Zn (after reaction) 50+3 45+2 42+ 4

The crystallite size of ZnO remains essentially unchanged before and after the reaction when only the
catalyst is involved (Table 4). However, when zinc powder is added, the crystallite size of ZnO
increases by approximately 6 nm after reaction, and the average size of Zn powder decreases from 54
nm to 45 nm. This is consistent with the hypothesis that zinc powder converts to ZnO and ZnCO;
during reaction. The reaction with Mg(OCHj3), yields analogous solid products (Mg, ;Zn,,0 and
MgCQ;, Figure 4) indicating that both Zn and Mg may undergo transformation via similar reaction
mechanisms. Based on the reaction mechanism of Mg(OCHj3), (Scheme 4), it is possible to speculate
the reaction mechanism of zinc. The Zn powder is converted to Zn(OCH3;), and subsequently reacts
with CO, to form carbonated zinc methoxide (CZM). The carbonate group of CZM is adsorbed on the
surface of the catalyst at unsaturated Zn>*O* Lewis acid-base pair sites and the intermediate bidentate
carbonate is formed. The exchange of oxygen atoms in the bidentate carbonate with the oxygen atoms
on the catalyst surface results in migration of the carbonate species on the catalyst surface, which
facilitates the formation of DMC.

3.3.3 Textural Properties

BET adsorption isotherms yield a surface area of 1.4 m?g"!, while BJH pore size analysis yields a pore
volume of 3.9 cm3g! and a pore diameter centred around 3.8 nm. The full pore size distribution is
shown in Figure S4.

SEM and EDX analysis provide information regarding the morphology and the elemental composition
of the catalyst. Figure 6 shows the surface morphology of the solid products from reactions involving
Mg(OCHa),. It is apparent that the shape of the granular catalyst is unchanged before and after the
reaction (Figures 6(c) and 6(b), respectively). As Mg(OCHj;), acts as a homogeneous catalyst in the
reaction (Section 3.1), the reaction pathway described by Scheme 4 is proposed as the major route for
the formation of DMC. Based on XRD analysis (Figure 4), agglomerates of MgCO; are formed
during the reaction; an example of this can be seen in Figure 6(a).
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Figure 6. SEM images of the solids resulting from reactions involving Mg(OCHj,),: (a) reaction with
K,CO5-NaBr-ZnO catalyst, CO,, propylene oxide, methanol and Mg(OCH;),; (b) Higher
magnification (6000x) image of identified region in (a); and (¢) K,CO;-NaBr-ZnO catalyst prior to
reaction (6000x).
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Figure 7. Surface morphology of the catalyst and mixtures of catalyst and Zn powder. (a) mixture of
fresh catalyst and Zn (b) mixture of spent catalyst and Zn (c) spent zinc particles with a higher
magnification (7000x) (d) new formed particle with a higher magnification (7000x).

SEM analysis of the mixtures of the catalyst with zinc powder are shown in Figure 7. Granular
morphology is observed in the mixture both before and after reaction, indicative of catalyst stability.
However, it is apparent that the surface of the originally spherical particles becomes rough after
reaction and new large particles are formed as shown in Figure 7(b). Combined with the average
crystallite size of Zn determined by XRD (Table 4) and ICP-OES results (Tables 6(a), 6(b)), it can be
hypothesised that these morphological changes to zinc powder are because Zn participates in the
reaction and remains in the liquid product as Zn?*. From the XRD pattern (Figure 5), ZnCOj is known
to be formed after the reaction. This agglomerates with K,CO;-NaBr-ZnO catalyst particles (Figure
7(d)). The new ZnCO; particles with an average crystalline size of 42 nm are obtained through the
reaction of Zn(OH), (the hydrolysis product of Zn(OCHs),) with CO, (Fujita et al., 1992). This
process is accompanied by the formation of methanol, which promotes the transesterification reaction
to generate DMC (Scheme 5, Route 2).

EDX spectroscopy was employed in order to obtain information on the elemental composition of the
solid catalyst and the distribution of elements on catalyst surface and to investigate the effect of
calcination. Table 5 shows that the zinc content decreases by 18 mass% as a consequence of the
participation of zinc (powder) in the reaction. The Na* and O* content should in principle increase in
percentage terms as a result, however only the O content increases. This is ascribed to the formation
of ZnCOs;. The decrease of Na* is due to the leaching of Na* from the catalyst surface into the reaction
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solution. The elemental composition of solid catalyst by EDX analysis is consistent with ICP-OES
analysis results (Table 6(a)).

Table 5. Elemental composition of the catalyst and the mixture of catalyst and zinc powder by EDX

spectroscopy.

Catalyst Mixture of catalyst and Zn

Mass (%) Before After Before After
calcination calcination reaction reaction

Na 8.78 10.89 8.94 6.89

Zn 60.22 55.57 60.55 42.42

O 31.01 33.54 30.50 50.68

Mg - - - -

For each sample, a minimum of 5 different measurements were conducted and the experimental error
is within £3%.

EDX-mapping also indicates that the distribution of elements on the catalyst surface is essentially
unchanged before and after calcination (Table 5) as the structure of catalyst remains stable below
720 °C. Moreover, Figure 8 shows that the active materials are uniformly dispersed on the surface of
the support after calcination and that this process therefore does not have a negative impact on
catalyst performance.

50 pm

e na x| Catalyst before calcination Catalyst calcined at 700 °C

Figure 8. The distribution of zinc (red), oxygen (green) and sodium (blue) on catalyst surface before
and after calcination by EDX mapping: (a) catalyst before calcination; and (b) catalyst calcined at
700 °C.

3.4.4 ICP-OES and AAS analysis

ICP-OES and AAS analysis of both solid and liquid samples was carried out in order to determine the
quantity of Zn, Na and K in solid catalyst and liquid product before and after reaction and therefore to
identify any leaching of potentially catalytic material and hence potential homogenous catalytic
contribution to the reaction. The results of ICP and AAS analysis of catalysts and liquid product
solution are shown in Tables 6(a) and 6(b), respectively. Both of these indicate that there is little
change in the total Zn?* content in the K,CO;-NaBr-ZnO after reaction. It can therefore be assumed
that ZnO content in the mixture of Zn powder and K,CO;-NaBr-ZnO also remains stable. However,
when Zn powder is also present in the reaction mixture the mass of Zn powder is observed to decrease
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by ~30%. This indicates that Zn powder is directly involved in the reaction and is correlated with an
increase in DMC selectivity (Table 6a, entry 3, 4). This is consistent with the results of SEM-EDX
analysis, where zinc mass was seen to decrease by 18% post-reaction (Table 5). Moreover, XRD
results (Table 4) also indicate that the average crystallite size of zinc powder decreases from 54 nm to
45 nm after reaction. It is therefore hypothesised that a fraction of Zn powder participates in the
reaction, converting to solubilised Zn?".

Table 6a. Composition of fresh and used catalysts, (12% K,COj; - 17.5% NaBr-ZnO) as determined by AAS
and ICP-OES.

Entry Sample AAS analysis (Mg/gsampic) ICP-OES analysis (mg/Zgampic)
Total Zn** Znmass ZnOmass Total Zn>* K mass Namass
1 Fresh catalyst 786.5 0 984.7 731.0 4.390 2.900
2 Post-reaction catalyst 793.0 0 992.8 741.0 0.008 0.052
3 Fresh catalyst and Zn mixture 905.7 608.2 372.2 842.0 2.010 1.280
4  FPostreactioncatalystandZn ), 428.3 3722 6750 0473 1.070
mixture

Table 6b. ICP-OES analysis of Zn, K and Na in the liquid products after reaction. Catalyst refers to 12%
K,CO; - 17.5% NaBr-ZnO.

Total Zn K mass
Entry Sample (mg/L) (mg/L) Na mass (mg/L)
1 Catalyst 11.9 238.0 152.0
) Mixture of catalyst and 1950 197.0 13.0

Zn powder

While Zn powder (if added) shows a significant reduction in mass during reaction, ICP-OES and AAS
data indicate that the ZnO support is in contrast highly stable during the reaction. Alkali metal ions,
K* and Na*, however leach into solution and potentially react with the feedstock (Table 6b). In the
absence of Zn powder, K,CO;-NaBr-ZnO exhibits a loss of 99.8 wt.% K™ post reaction, while Na*
diminishes by 98.2 wt.% (Table 6(a)). With the addition of Zn powder, the stability of the catalyst
increases as evidenced by the increased retention of alkali metals in the solid catalyst (Table 6(a)).
Potassium content decreases 76.5 wt.% and Na* by only 16 wt.%. Two hypotheses are proposed to
explain this phenomenon. Firstly, SEM images show that new large particles are formed due to the
agglomeration of the catalyst and ZnCO; (Figure 7 (d). This may hinder the interaction between
surface Na* and K* and the reaction solution, thereby hindering dissolution. A second hypothesis is
that Zn?* content in solution increases during the reaction, thereby reducing the demand for K and
Na' in the DMC formation reaction. According to hard and soft acids and bases (HSAB) theory, first
proposed by Pearson, Lewis acids can be classified according to the stability of the metal complexes
into: (i) hard Lewis acids (Na" and K*); (ii) borderline Lewis acids (Zn?*); and (iii) soft Lewis acids
(Parr and Pearson, 1983). Generally, hard acids preferentially bind to hard bases to give ionic
complexes, whereas soft acids bind to soft bases to yield covalent complexes. The oxygen atom of the
carbonyl group in propylene carbonate displays the properties of a hard Lewis base (Laurence and
Gal, 2009). The reactive polar covalent complex may therefore form when the oxygen of the C=0
group attacks the Zn?' ion in transesterification reaction, contributing to the formation of DMC.
Therefore, Zn?* ions are more reactive to C=0 of propylene carbonate than Na* and K* ions.
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3.4 Proposed reaction mechanism

Zn powder was originally proposed as a dehydrating agent in DMC synthesis in order to reduce the
production of propylene glycol from propylene oxide hydrolysis, thereby facilitating
transesterification to the final product. However, herein (Section 3.2) it was shown that selectivity to
PG does not decrease with the addition of Zn powder, however selectivity to DMC approximately
doubles from 19.8% to 40.2%. Characterisation (Section 3.3) reveals that Zn powder may participate
in the reaction, forming zinc methoxide (Zn(OCHjs),). This species may act as a homogeneous catalyst
for the conversion of PC to DMC via transesterification. Dimethyl carbonate in the presence of zinc
may therefore be generated through two proposed reactions (Scheme 5). Firstly, reaction of Zn with
CO, and methanol to form carbonated zinc methoxide (CZM). The carbonate group of CZM then
reacts with the unsaturated Zn?>*O?* Lewis acid-base pair on the catalyst surface and the intermediate
bidentate carbonate is formed, the formation of which is supported by the presence of Mgy 1Zn, 0 in
XRD analysis (section 3.3.2, Figure 4). The exchange of oxygen atoms in the bidentate carbonate
with the oxygen atoms on the catalyst surface results in the migration of carbonate species on the
catalyst surface, thereby facilitating the formation of DMC, with the release of ZnO polymeride. The
second proposed reaction pathway involves the formation of additional methoxy groups, which can
attack the carbon atom of C=O in the transesterification reaction. As observed by XRD data (Table 4)
and SEM images (Figure 7) of the spent catalyst and zinc powder, ZnCO; with an average particle
size of 42 nm is formed during reaction. This is accompanied by the release of -CH30 as a
consequence of the reaction of zinc methoxide with CO, and H,O. Combining these two reaction
pathways, an overall mechanism is presented in Scheme 5.
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Scheme 5. Proposed new mechanism for DMC synthesis with the addition of Zn powder.

It is proposed that at higher pressures of carbon dioxide than those studied herein, Zn(OCHj;), may
directly catalyse carbon-carbon bond formation between methanol and CO,, allowing the direct
synthesis of DMC under mild conditions without PO. This represents a promising avenue for further
study.

However, the proposed mechanism is only based on the experimental observation and detailed
analysis is needed to support the proposed mechanism. For instance, in order to identify if zinc
methoxide is a necessary reaction intermediate, '3C labelled zinc methoxide and/or '3C labelled
magnesium methoxide can be employed in the experiment to evaluate the proposed reaction pathways.

4. Conclusions

K,CO3-NaBr-ZnO has been employed as a catalyst in the synthesis of dimethyl carbonate from
methanol, propylene oxide and carbon dioxide. The addition of Zn powder to this system increases
selectivity to DMC. Zn both promotes DMC formation through new reaction routes and increases the
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stability of the catalyst. Crucial intermediate products, zinc methoxide and carbonate zinc methoxide,
are formed during reaction and promote the migration of carbonate species on the catalyst surface
yielding increased quantities of DMC. Zinc powder has little effect on the cycloaddition reaction but
has a dramatic influence on the transesterification reaction resulting in increased DMC production
through the formation of methoxide species. Furthermore, high pressure is not a prerequisite for the
transesterification reaction. CO, was found to inhibit the reverse cycloaddition reaction to form PO.
Future investigation into the effects of different active species on the reaction steps in DMC synthesis
are recommended.
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