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Abstract: This review summarizes the performance of potential catalysts for the synthesis of dimethyl
carbonate (DMC) using CO; as a feedstock by two major processes—the direct route of carbonylation
of alcohols and the indirect route of alcoholysis of urea. The reaction mechanisms and corresponding
catalysts that were previously investigated are discussed. The major challenges associated with the
conversion of CO; to DMC are the low yields, low DMC selectivity, and thermodynamic limitations
(alcohol carbonylation) of reversible reactions with low equilibrium constants. This occurs mainly
due to the highly stable carbon dioxide molecules. The development of novel catalysts with high
yields and high selectivity needs to be studied to overcome these technical challenges. In addition, to
enhance the DMC yield, the use of dehydrating agents for water removal from the reaction mixture

heck f is recommended and discussed in detail in this article. This review critically examines the different
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catalysts used by investigators, along with their respective operating conditions and suitability in
applications for the commercial synthesis of CO,-based DMC.
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Reddy Salkuti 1. Introduction
The global demand for dimethyl carbonate (DMC) is increasing at a rate of 6.9%
annually, for major applications such as a feedstock for manufacturing polycarbonates, as
an electrolyte in lithium-ion batteries, as low-volatile organic compound (VOC) solvents,
as chemical intermediate for polyurethane, and its potential use as a fuel additive for diesel
to reduce pollution [1-4]. DMC is deemed a green chemical because of its low toxicity, ease
of degradability, and miscibility with water. It can replace carcinogenic chemicals, such
as dichloromethane and dimethyl sulfate, that are commonly used for carbonylation and
transesterification reactions. This article reviews various potential catalysts used for the
synthesis of dimethyl carbonate (DMC) utilizing carbon dioxide (CO,) as a starting material.
To reduce the atmospheric CO, concentration, CO, capture and sequestration/storage
(CCS), and chemical fixation of CO, into fuels and chemicals have gained widespread
attention. In the CCS process, physical adsorption, absorption, and membrane separation
technologies are mainly used to store CO; in adsorbents. CO; utilization as a green, abun-
dant, and inexpensive chemical feedstock is a topic of immense research interest because of
the environmental impact and economy of the process. Review articles dealing with CCS
Attribution (CC BY) license (https:// and COp reduction processes are available in the open literature [5-9]. Modak et al. [5]
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described CO; reduction using nanoporous materials such as porous organic polymers,
covalent organic frameworks, and metal-organic frameworks as catalysts and catalytic
supports. The favorable characteristics such as large surface area, high thermal stability,
and tunability in the porous nanostructures play a significant role in synthesizing catalysts
for CO, hydrogenation reactions. Ghosh et al. [7] reviewed the status of the CO, fixation
and briefly discussed the various catalytic networks that are used for the synthesis of
value-added chemicals from CO, utilization. The catalytic frameworks are needed based
on their composition, surface area, porosity, and thermal stability. The activity of the cata-
lysts is described mainly using their capacity, selectivity, recyclability, and product yield.
Tamboli et al. [8] reviewed the DMC synthesis from CO, and methanol with emphasis
mainly on the different catalysts such as metal carbonates, metal oxides, tin-based, organic,
and polymer-based materials. CO; utilization for applications in the chemical and fuel
industries, through reduction and carboxylation reactions, is summarized by Alper et al. [9].
The authors discussed the heterogeneously catalyzed hydrogenation, photocatalytic, and
electrocatalytic CO, conversion to value-added chemicals. Significant research and devel-
opment efforts have been reported in the literature for using CO, as a promising candidate
reagent for organic synthesis and energy applications. However, huge challenges exist
to use CO; as a starting material for producing high-value chemicals. It requires new
synthetic routes including both advanced process technologies and catalysts.

DMC is a very useful fuel additive and organic synthesis intermediate. Two separate
DMC synthesis processes are being developed for the DOE project: first, using ethylene
oxide as a feedstock, and second, with ammonia as a chemical carrier. Ammonia-based
DMC synthesis requires the conversion of captured CO, to methyl carbamate, which can be
converted to DMC using suitable catalysts. The process was previously based on using urea
as a feedstock [3,4]. There have been significant investigations of catalyst developments
for direct conversion of CO, to DMC by reacting with methanol or an alcoholysis reaction
with urea as a feedstock. The purpose of this review is to evaluate catalysts examined by
previous investigators for direct conversion of CO, with methanol and urea-based DMC
synthesis. Based on the critical review, candidate catalysts can be identified for the direct
reaction of CO, with methanol and ammonia to synthesize methyl carbamate followed by
conversion to DMC. This critical review provides a comprehensive outlook for developing
catalysts for the conversion of captured CO,, leading to an economic process to meet the
global DMC demand.

The phosgene process is commercially used to manufacture polycarbonates [10]. How-
ever, considering the hazardous properties of phosgene, non-phosgene processes have
been developed. A syngas-based process is being actively pursued to replace the phos-
gene process (ENIChem [11]). Other synthesis processes such as oxidative carbonylation
of alcohol are being explored for DMC synthesis [12]. Investigators are exploring new,
environmentally friendly, and economically viable processes for DMC synthesis. The two
leading new generations of DMC synthesis routes that are reported in the literature are
(i) the direct conversion of CO; by reacting with methanol and (ii) the indirect reaction of
CO; and ammonia to urea, which can be converted to DMC by reacting with methanol, as

presented by Figure 1.
2NH; + CO,
yd &

[-H,0] Q [-2NHg]
2CH;0H + CO, ————— >—OCH3 ~—————— (NH,),CO + 2CH;0H
H,CO
Direct synthesis from CO, Urea Methanolysis

Figure 1. Synthetic routes for dimethyl carbonate (DMC) production (discussed in this review).
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This critical review thoroughly discusses the catalysts that are investigated for these
two DMC synthesis routes. The direct conversion of CO, and methanol to DMC is ther-
modynamically limited by a low equilibrium constant; therefore, in-situ removal of water
would enhance DMC yields. For in-situ water removal, the use of dehydrating agents
is discussed in detail. The use of ionic liquids as a catalyst for the direct conversion of
methanol and CO; to DMC is presented. Another route, i.e., the indirect urea alcoholysis
route, which is a low-cost, and the facile synthesis process is also covered in this review. The
catalytic developments reported so far are summarized along with operating conditions.
The last topic in this review summarizes the limitations associated with the discussed
synthetic routes for DMC and possible solutions for their large-scale applications.

2. Carbon Dioxide (CO;)-Based Synthesis of DMC
2.1. Direct Conversion of CO, to DMC

The direct conversion of CO; by reacting with methanol (CH30OH) occurs at 493 K and
2.4 MPa by the oxidative carbonylation of methanol to form DMC (CH3O-CO-OCHj3) with
water (HyO) as byproduct, as per Equation (1):

(0]
|
CO, + 2CHOH =———= h{,c_ _C_ CH, *+ MO

(6] (6] (1)

A low DMC yield has been generally reported in the literature [13-24]. The key
factors that are responsible for low DMC yields include thermodynamic constraints, DMC
hydrolysis, high CO, stability, and catalyst deactivation. Moreover, water removal from
the reaction system is expected to shift the reaction equilibrium toward DMC synthesis.
Therefore, the use of dehydrating agents has been reported extensively in the literature.

Table 1 summarizes the promising findings, including the catalysts and reaction con-
ditions used for the direct conversion of CO, to DMC. Catalysts such as organometallic
compounds [13,14], potassium carbonate [15], metal tetra-alkoxides [16], zirconia [17], and
heteropolyacids, such as H3PW1,04/ZrO, [18], H3PO4/V;05 [19], Cu(Ni,V,0)/SiO, [20],
and CuNi/V;05-5i0; [21], have been reported for the conversion of methanol and CO; to
DMC. However, DMC yields were observed to be very low, even in the presence of dehy-
drating agents such as CaCl, [18], 2,2-dimethylpropane (DMP) [22], molecular sieves [23],
or light illuminations [24]. A few findings are explained in detail in the following section.

Zhao et al. [25] discussed the catalytic conversion reaction for DMC synthesis from CO,
and methanol using nickel acetate at near supercritical conditions. The authors compared
the results with non-supercritical conditions. At 305 K, 2 h, and 10.3 MPa conditions,
100% DMC selectivity was achieved, and the DMC yield was 350 mol% /mol-cat. Most
importantly, the formation of the side product, methyl acetate, was not reported at near
supercritical conditions. Thus, the study concluded that the supercritical conditions play a
role in DMC formation in the presence of metal acetates as a catalyst.
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Table 1. Literature review of the catalysts used for the direct conversion of CO, to DMC.

Dehydrating Agents . -, MeOH DMC DMC
S. No Catalysts Used Reaction Conditions Conversion, % Yield, % Selectivity, % Source
! Cu-Ni/TEG - T=373K; P =1.2 MPa; 497 - 89.3 [26]
MeOH:CO, ratio-2:1
o .y . ) T=393K; P =1.1MPa; t=>5h; n(CO,/MeOH) = 10;

2 20% Cu-Ni bimetal /0.4 mm molecular sieve Gas space velocity of 510/h 5 86 [27]
3a Cs-DMP-HMS 5.8 17.2
3b Cs-DMP-HMS + Phos-IL 8.1 23.6
3¢ Cs-DTP-HMS - T=323 K; P=15 MPa; t=5 h; 10.1 - 24.4
3d Cs-DTP-HMS + Phos-IL Catalyst =7.21 x 1073 g/cm3; IL = 4.8 x 1073 g/cm?; 11.9 25.8 [28]
3e CHT-HMS + Phos-IL n(CH;0H/CO,) =2 9.1 68.5
3f CHT-HMS 9.2 82
3g Phos-IL 0 0
4a Ceo1Tios0, - T = 443 K, CO, /N, volumetric ratio 1/7 42 23 55 [29]
4b H3PW1204/Ce1TigoOz 5.5 5 91.4
5 DEG[Vim];[NTf;], /MgO-CeO; nanofiber B T =393 K; P =3 MPa; t = 3 h; MeOH = 437.5 mmol; IL 73.1b B 98.9 [30]

sponge = 0.85 mmol; Catalyst = 0.27 mmol : )

. g T =433 K; P = 2.4 MPa; MeOH = 0.145 mL/min;
6a Zng.10Ce).90O, /honeycomb ceramic (Monolithic) - GHSV = 2880 mL gcat 'h~! 20.5 - 82.1 [31]
7a CeO,-nanorod 1.5¢
7b Co0, /CeO, _ - 14°¢ -
X T=413K;P =3 MPa; t =3 h; MeOH =35 mL; c

7c NiO/CeO, Catalyst =05 g 0.9 [32]
7d Ca0O/Ce0O, 0.8¢
7e CuO/CeO, 02¢
8a ZrO,-HX-C (calcination of zirconia hydroxide) 782
8b ZrO,-HT-(393 *) 1632
8c ZrO,-HT-(433 %) - - 1402 -
8d ZrO,-HT-(473 *) T=433K;P=48MPa;t=5h 1162 [33]
8e ZrO,-HT-(493 *) 1159
8f ZrO,-HT-(513 %) 902
8g meso-ZrO; 831
9 10% (w/w) Ce-Zr oxide/graphene TMM T=383K;P=275MPa; t=16h; 1:1 (w/w) 58 33 B [34]

nanocomposite

TMM:MeOH
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Table 1. Cont.

MeOH

DMC

DMC

S. No Catalysts Dehydr?}égg Agents Reaction Conditions Conversion, % Yield, % Selectivity, % Source
10a None 0 0
10b ZrO, 0.12° 100
10c Feg 321970y ) ) 0.24" 100
10d Feg 521050y T =383 K; P =5 MPa (at room temp); t =4 h; 0.35b 100 [35]
MeOH=12g;Cat=1g
10e Feg7Zrp30y 0.44b 100
10f Fey9Zrg.10y 0.28"° 100
10g Fe,O3 0.04P 100
11a K>COj3 (0.0029 mol) 41
11b KOH (0.054 mol) i T =353 K; P =7.3 MPa; t = 6 h; MeOH = 0.85 mol, i 85 i
11c NaOH (0.054 mol) CHl = 0.048 mol 1.7 [36]
11d KHCO; 0.5 (10 h)
12a CeO, 2-picolinamide T =393 K; P =20 MPa 17 >99
12b CeO, 2-cyanopyridine T=413K; P =20 MPa 92.4 i >99 (371
12¢ CeO, 2-cyanopyridine T=353K;P =20MPa 94 98
13a CH30K and CHj3l Sieve/DMP T = 353 K; P = 4 MPa; MeOH = 213 mmol; 48.6 428 88 [38]
13b CH;0K and CHjl Sieve/NaySOy Catalyst = 10 mmol; Promoter = 20 mmol; 14.8 14.8 100
13c CH;0K and CHsl Sieve/butylene oxide Dehydrating agent = 10 mml; t =24 h 25 03 15
13d CH30K and CHj3l Sieve/MgO 45 45 100
14a 10 wt% Chitosan/IL*-NTF, (anion) + DBU 16.9 98.72
14b 10 wt% Chitosan/IL*-Cl (anion) +DBU - 14.58 - 90.7
T =373 K; P =7.5 MPa; MeOH = 618 mmol;
14c 10 wt% Chitosan/IL#-PFg (anion) +DBU Catalyst=3g; DBU=1g 14.89 94.87 [39]
14d 10 wt% Chitosan /IL* without DBU 10.21 98.12
l4e Pure Chitosan 0.13 99.4
15a [bmim][C]] 7.46 53.02
15b [bmim][BF,] 7.43 81.31
15¢ [bmim][PFg] 7.19 - 46.9
15d [bmim][Tf,N] 2,2-dimethoxypropane Me(;rH: j %?ég II.anzoiL; %gl?yccigﬁtt:: 2254 1?1;mol; 6.89 393 [40]
15e [emim][BF,] IL = 2.5 mmol 9.22 83.3
15f [emim][Tf,N] 8.98 43.01
15g [mbmim][Tf,N] 6.81 35.13
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Table 1. Cont.

MeOH

DMC

DMC

S. No Catalysts Dehydr?}égg Agents Reaction Conditions Conversion, % Yield, % Selectivity, % Source
15h [dmbmim][Tf,N] 6.65 33.63

15i [bpyl[CI] 7.73 53.44

15§ [bpy][BF4] 7.52 60.72

15k [bpy][PFe] 2,2-dimethoxypropane MeOTH: f g%&fnPnToi gg}?yggzritt:: 22':f>L rl:mol; 7.57 414 [40]
151 [bpyl[Tf2N] IL = 2.5 mmol 7.43 34.54

15m [epyl[BF4] 7.65 63.72

15n [epyl[Tf,N] 9.35 38.49

150 [dmbpy][Tf,N] 6.78 28.81

16a [C1C4Im][HCO3], without base 14 >99

16b 5 mmol [C;C4Im][HCO3]Na,COj3 22 97

16¢ 5 mmol [C;C4Im][HCO;]NaHCO; 24 >99

16d 5 mmol [C;C4Im][HCO;]K,CO3 61 - 54

16e 5 mmol [C1C4Im][HCO3;]KHCO; 24 >99

16f 5 mmol [C,CIm][HCO5]Cs,CO5 DBU T=RT;P=1MPa;t=24h; Base =5 mmol 45 >99 1]
16g 0.25 mmol [C;C4Im][HCO;]Cs,CO3 26 >99

16h 2.5 mmol [C;C4Im][HCO3]Cs,CO3 37 >99

16i 20 mmol [C;C4Im][HCO3]Cs,CO3 74 97

16j [C1C4Im][HCO3]Cs,CO5 T=323K;P=1MPa;t=24h 54 >99

16k 20 mmol [C;C4Im][HCO3]Cs,CO3 T=323K;P=1MPa;t=24h 82 94

DMC = Dimethyl carbonate; MeOH = Methanol; * = Reaction temperature; * = ummol; b = mmol gcatfl ; ¢ = mmol; TEG = Thermally expanded graphite; HMS = Hexag-
onal mesoporous silica; CHT = Calcined hydrotalcite;, DMP = Dodecamolybdophosphoric acid; DTP = Dodecatungstophosphoric acid; Cs-DMP = Cesium substituted
dodecamolybdophosphoric acid; Cs-DTP = Cesium substituted dodecatungstophosphoric acid; IL = Ionic liquids; Phos-IL = Phosphonium based ionic liquid; TMM
= 1,11-trimethoxymethane; HT = Hydrothermal synthesis; IL*: 1-methyl-3-(methylsulfonyl)-1H-imidazol-3-ium chloride ([Msmim][Cl]); DBU = Diazabicycloundes-7-ene;
[bmim][C]] = 1-butyl-3-methylimidazolium chloride; [bmim][BF4] = 1-butyl-3-methylimidazolium tetrafluoroborate; [bmim][PFs] = 1-butyl-3-methylimidazolium hexaflurophos-
phate; [bmim][Tf,N] = 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [emim][BF] = 1-ethyl-3-methylimidazolium tetrafluoroborate; [emim][Tf,N] = 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [mbmim][Tf,N] = 1-(3-methyl)butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [dmbmim][Tf,N]= 1-(3,3-
dimethyl)butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [bpy][Cl] = N-butyl-pyridine chloride; [bpy][BF4] = N-butyl-pyridine tetrafluoroborate; [bpy][PFs] = N-butyl-
pyridine hexaflurophosphate; [bpy][Tf,N] = N-butyl-pyridine bis(trifluoromethylsulfonyl)imide; [epy][BF4] = N-ethyl-pyridine tetrafluoroborate; [epy][Tf,N] = N-ethyl-pyridine
bis(trifluoromethylsulfonyl)imide; [dmbpy][Tf,N] = 1-(3,3-dimethyl)butyl-pyridine bis(trifluoromethylsulfonyl)imide; and [C;C4l] = 1-butyl-3-methylimidazolium.
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Supported transition metal (TM)-based catalysts were found to have high catalytic
effects on DMC yield [26,27,42]. Bian et al. [26] demonstrated the catalytic applications of
bimetallic Cu-Ni catalysts supported on thermally expanded graphite (TEG) to synthesize
DMC. The 5% methanol conversion with 89% DMC selectivity was reported at 373 K and
1.2 MPa in the presence of a Cu-Ni bimetallic catalyst. In addition, CO, formaldehyde
(HCHO), and water were detected as byproducts of the reaction. The proposed reaction
mechanism includes steps (i) methanol activation on the metal surface to generate methox-
ide anion CH307, (ii) CO; activation on the metal surface to form —C=0 species, and
(iii) reaction between CH3zO~ and —C=0 species, forming DMC and metal regeneration.
The role of the support was described as the following: TEG support facilitates better
dispersion of Cu and Ni atoms resulting in a higher surface area of catalysts. The electronic
transporting properties and conductivity of graphite might change the electronic balance of
the metal-support system, which in turn enhances the metal-support interactions, thereby
affecting the selectivity and reactivity of the chemical reaction. Bian et al. [42] examined
the activity of an activated carbon (AC)-supported CuCl, catalyst for a single-step DMC
synthesis. The results demonstrated that the catalyst activity was greatly influenced by
the metal loading amount and calcination temperature used. The investigators observed
that for metal (Cu) loading greater than 7%, the catalyst activity did not increase. This
behavior was attributed to the change in the morphology of the catalysts which could have
been due to the blockage of active sites by the deposition of metal particles. The major side
products reported were dimethyl ether (DME), CO, methyl formate (MF), and water. CO
was formed by the cleavage of the C-O bond of CO?~ species; the formation of MF and
formaldehyde (HCHO) can be explained by Equations (2) and (3).

2CH,OH ————— o~

@

+CH3;OH
Hy

CH;0H ™8 HCHO ™9 HCOOH HCOOCH; 3)

The results shown in Figure 2 present the effects of reaction temperature and reaction
pressure on the rate of product formation. As the reaction temperature increased from
373 to 413 K, below 343 K no DMC yield and a very low amount of reaction products were
formed. On the contrary, a large concentration of by-products such as DME and MF were
formed above 423 K by the reaction of CH;0H with HCHO and formic acid (HCOOH).
Therefore, the authors concluded an optimum reaction temperature of 393 to 403 K for the
DMC synthesis. The authors also studied the effect of reaction pressure 1.0-1.4 MPa at a
constant temperature of 393 K. With an increasing reaction pressure, the production rate of
DMC increased continuously. DMC selectivity was also markedly increased from 77 to 90%
with a pressure of 1.0 to 1.4 MPa. The surface properties and morphology of the catalysts
using ammonia-temperature programmed desorption (NH3-TPD), X-ray diffraction (XRD),
scanning electron microscopy energy dispersive X-ray (SEM-EDX), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS) techniques showed that
the co-existence of Cu®, Cu*, and Cu?* species in the form of micro-crystallinity on the
catalyst. The catalyst calcined at 673 K maximized the presence of Cu?* species that was
responsible for the higher DMC formation. Thus, creating an effective Cu structure on the
AC surface could promote more selective DMC formation. Chen et al. [27] explored the
catalytic application of a (Cu-Ni)/0.4 mm molecular sieve catalyst to synthesize DMC from
CO; and methanol in a continuous-flow fixed-bed reactor. The highest DMC yield was 5%
with a 20% loading of the catalyst system. Based on characterizations of the catalyst system
using advanced techniques, the proposed mechanism for the reaction is that a large amount
of basic sites facilitates methanol activation to methoxide anions and their subsequent
reaction with CO, ™ species, activated on acid sites.
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Figure 2. Effects of (a) reaction temperature and (b) pressure (at 393 K) on the DMC formation
from CO, and methanol with a CuCl, /AC catalyst [42]. (Adapted with permission from Ref. [42],
2010, Elsevier).

Hydrotalcites, commonly known as mixed oxides, are also promising catalysts that
have been used in several industrially relevant applications [28]. These are the magnesium
and aluminum oxide solid solutions that are mainly calcined at 773-1073 K. In particular,
the calcined hydrotalcites (CHT) supported on hexagonal mesoporous silica (HMS) possess
several basic and Lewis acid sites. Therefore, CHT can be used for carbonate synthesis.
Kabra et al. [28] demonstrated the process using CHT supported on HMS as a catalyst and
phosphonium-based ionic liquids (Phos-ILs) as a promoter. The process was conducted in
a supercritical phase. The catalysts based on heteropolyacids, such as dodecatungstophos-
phoric acid (DTP) supported on HMS, are active, but selectivity for DMC was very low
(~25%). The reason is the formation of byproducts, i.e., DME, MF, and dimethoxymethane
(DMM) oxalate. However, when the CHT/HMS catalyst was used, DMC selectivity was
much higher comparatively, and there was only one byproduct, DME. CHT/HMS catalysts
are called dual-site catalysts due to the presence of both basic and acidic sites. These
sites are required for activating methanol and CO, molecules. The researchers also pro-
posed a reaction mechanism, which is shown in Figure 3. According to the mechanism,
CHT/HMS, a bifunctional catalyst, contains S; acidic and S, basic sites. Methanol was
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adsorbed on the S; active sites and CO, on the S; sites. Then, these chemisorbed species
had undergone a surface reaction to produce DMC. A low temperature favors the for-
mation of DMC. The use of heteropolyacids such as H3PW1,049-CexZri_xO, [43,44] and
H3PW13040-CexTi;—xO; [29,45,46] for the DMC synthesis has also been extensively re-
ported. Chiang et al. [29] synthesized the H3PW1,049-Ce 1Tip 9O, catalyst and compared
its activity with Ce( 1Tig 9O, for the catalytic conversion of methanol and CO, to DMC at
different reaction temperatures (383, 443, and 493 K), 5 MPa, and 10 h. Acidic and basic
sites of these bifunctional catalysts were responsible for the formation of DMC.

0
HaC y-Cxg-CHs ‘ 2CH,0H
- HCO5
S Sz S

9 o)
HCo e _cH i

3 \O/ \Q/ 3 HO/C\O-

: i

Sq’ S, S, S; S, S,

(CHp)1sCHs
‘ :Hso(Hzo)sxF{ Br | ® S; —> AcidicSite
(

~N
HyC(H,C)s (CH2CHs e S, —> BasicSite

N\ J

Figure 3. Reaction mechanism for the conversion of CO, and methanol to DMC proposed by
Kabra et al. [28]. (Reprinted with permission from Ref. [28], 2016, Elsevier).

To study the effect of acidity and basicity of the transition metal oxide-based catalysts,
Lee et al. [47] prepared various MO/ Ceq ¢Zry 4O, catalysts, where MO = Gay0O3, Niy O3,
LayO3, FeyO3, Co3z04, Y203, and Al,O3. The catalyst activity was investigated for the
direct DMC synthesis from methanol and CO,. NH;3-TPD and CO,-TPD were carried
out for determining the acidity and basicity of MO/Ce 4Zr 4O; catalysts. The acidity of
the Catalysts Cen.6Z10.40,, Gay03/Ce( ¢Zrg 405, LayO3/Ceg Zro 40>, Nir O3 /Ceg Zr 407,
Fe;O3/Ceg 6210407, Y203/Ce 6210407, Co304/Cey 621407, and Al,O3/Ce6Zr(40,,
was 85.7, 226.3, 210.4, 188.6, 180.1, 164.5, 146.5, and 132.6 umol-NH3/g catalyst as de-
termined by NH3-TPD [47]. On the contrary, the basicity of the catalysts Ceq¢Zrp 40>,
GayO3/Ce Zrp40,, LayO3/Ceg 6Zro 402, NipO3/Ceq 6Zr0 402, Fe,03/Ce 219 405, Y203/
Ce0.6Zr0‘402, CO304/C€0.GZI'0.4OZ, and Aleg /CQO.GZI'OAOZI was 17,121.8,110.8, 94.2, 88,
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84.6, 78.3, and 68.2 umol-CO, /g catalyst, as determined by CO,-TPD [47]. The results
showed that the amount of DMC produced using catalysts increased with the increas-
ing acidity of the catalysts. Among the tested catalysts, GayO3/Ceq 21940, showed
the largest acidity and best catalytic performance for the direct DMC synthesis from
methanol and CO,. The high acidity of the catalyst was favorable for the activation of
methanol to methyl species leading to the facile DMC formation. A correlation between
basic sites and catalytic performance of the catalysts showed that the amount of DMC
formed over MO/ Ce 4Zr( 4O, increased with the increasing basicity of the catalysts. The
Gap0O3/Ce 21 407 catalyst with the largest basicity showed the best catalytic performance
for DMC synthesis. It has been reported that the basic sites of the catalysts are required for
the formation of methoxy carbonate anion via the reaction of CO; and methoxy species.
The methoxy carbonate anion formed on the basic sites of the catalyst reacts with methyl
species on the acid sites of the catalyst to produce DMC. Thus, both the acidity and basicity
of the catalysts served as crucial factors in determining the catalytic performance for the
DMC synthesis from CO, and methanol.

Further, metal-oxide-based nanocrystals were also investigated for conversion reac-
tions. These nanocrystals are interesting mainly because of their size, shape, crystallinity,
and crystal structure, which can be tuned by varying reaction conditions. These nanocrys-
tals possess large surface areas because of their smaller size and exposed crystal planes.
Marin et al. [48] studied kinetics for the DMC synthesis using methanol and CO; and
utilizing ceria nanorods as nanocrystals. The activation energy barrier for the nanorod ceria
and non-nanostructured ceria catalysts (commercial) was found to be 65 + 14 kJ/mol and
~110 kJ/mol, respectively. The authors concluded that the kinetics for the conversion pro-
cess could best be improved by (i) maximizing the surface area of the catalyst; (ii) reducing
the energy barrier required for CO, adsorption and the activation step; and (iii) performing
the reaction with a low methanol to CO; ratio.

A sponge-type MgO-CeO, metal oxide nanostructure was developed using the electro-
spinning technique and the resulting nanostructure possesses characteristics such as high
surface area, 3D matrix morphology, and hierarchical porous structure [30]. The catalytic
activity of the synthesized metal oxide with different ionic liquids (ILs) combinations for
DMC synthesis was evaluated. The synthesized metal oxide nanofiber sponge was found to
be easily mixed into ILs resulting in the formation of a highly porous network that provides
a huge surface-to-volume ratio which is helpful for CO; capture. The combination of metal
oxide with IL showed a 73 mmol g~! cat DMC yield with 98.9% selectivity. The reaction
conditions used were 3 MPa CO, pressure, 393 K temperature, 3 h time, and a 1.12 mmol
catalyst. The catalytic activity of the monolithic catalysts was also evaluated for the direct
synthesis of DMC from CO, and methanol [31]. For the catalyst synthesis, Zn-Ce-based
metal oxide nanoparticles were prepared using an aqueous-phase co-precipitation method.
Further, synthesized nanoparticles were coated on honeycomb ceramics to obtain mono-
lithic catalysts. The highest catalytic activity was observed with a monolithic Zng 19Ce( 99O2
catalyst, even in the absence of a dehydrating agent. The advantages associated with the
monolithic catalysts are their large geometrical surface area, low-pressure drop, better mass
and heat transfer, and easy catalyst separation. In addition, these catalysts possess regular
channel structures, which make better contact between the catalyst surface and regular gas
stream and remove water (by-product) in time.

Darwish et al. [32] discussed the role of a Ce-nanorod doped with metals such as
Ni, Cu, and Co for the direct conversion of CO; into DMC. The ceria shape was found
to affect the DMC yield. For instance, Ce-nanorods gave a 1.6 mmol DMC yield, which
is higher compared to a Ce-nanooctahedra (1.5 mmol) and a Ce-nanocube (1.0 mmol). It
was observed that Ce-nanorods having (110) and (100) facets showed the highest DMC
yield compared to the cubes (100) and octahedra (111) nanostructures. Mixed-metal oxide
exhibits the catalytic activity in the following order CoO/CeO, > NiO/CeO, > CaO/CeO,
> CuO/CeO;. The results proposed that high oxygen storage capacity catalyst samples can
be designed and obtained by shape-selective synthesis strategies.
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The use of a zirconia (Zr)- based catalyst is extensively reported in the literature
for the CO;-based DMC synthesis process. Akune et al. [33] reported DMC synthesis
using ZrO; nanocrystals. The reported work used three different kinds of ZrO;: (i) ZrO,-
HT (nanocrystal synthesized by hydrothermal treatment), (ii) ZrO,-HX-C (prepared by
calcination of zirconium hydroxide), and (iii) meso-ZrO, (mesoporous ZrQO,). The results
showed that ZrO,-HT and ZrO,-HX-C catalysts exhibited much higher activity compared
to meso-ZrO;. The meso-ZrO; catalyst showed low activity because of its poor crystallinity.
The authors also studied the relationship between the reaction rate and the amounts of
surface species. CO,-TPD and in-situ Fourier transform infrared (FT-IR) experiments were
performed to determine the amount of surface species. The structures of some species
detected are shown in Figure 4. The surface sites on which bidentate species (b-HCO3~ and
b-CO527) formed play a promising role in the rate-determining step. A b-HCO;~ species
forms an unsaturated Zr** site and OH group, and a b-CO3?~ species forms a coordinately
unsaturated Zr** site. Wang et al. [49] proposed that the amount and strength of Bronsted
acid sites and the size of the band gap present in ZrO, strongly influenced the catalytic
performance for the synthesis of DMC from CO; and methanol.

OH (0]

é g O\\C’,O
o” o o, o 0

Zr Zr Zr
b-HCOs5" b-CO42" m-CO52"

Figure 4. Reaction species involved using ZrO, catalyst for DMC synthesis, as proposed by
Akune et al. [33]. (Reprinted /adapted with permission from Ref. [33], 2018, ACS).

Carbon nanotubes (CNTs) have various unique properties such as superior electronic
conductivity and a high capacity for hydrogen uptake and are attracting increasing at-
tention as a novel support for heterogenous catalysts. The major advantage of CNTs as
support materials for catalysts is that they possess a high surface area and better electronic
conductivity compared to conventional carbon materials such as graphite and activated
carbon. The use of CNTs has been reported in heterogeneous catalysis, however, there are
few reports on DMC synthesis. Bian et al. [50] reported the activity of the multi-walled
carbon nanotube (MWCNT) supported Cu-Ni bimetallic catalysts for the direct DMC syn-
thesis reaction. The Cu-Ni/MWCNT catalyst was found to be active for DMC production
at 393 K and 1.2 MPa with 4.3% methanol conversion. The high activity of the catalyst was
attributed to the synergistic effect of metals and the Cu-Ni alloy for the methanol and CO,
activation. Later, Merza et al. [51] studied the DMC synthesis by oxidative carbonylation of
methanol and CO; using chloride-free Cu-supported MWCNT catalysts. At the optimal re-
action conditions, i.e., 393 K and atmospheric pressure, DMC yield was 1.2% and methanol
conversion was 4% in the presence of Cu/MWCNT catalyst. XPS analysis of the catalyst
showed that the DMC formation rate depends on the surface concentration of Cu™ species.

Graphene-based inorganic nanocomposites as catalysts were also reported for the con-
version of methanol and CO, to DMC at low-temperature and high-pressure conditions [34].
A unique, rapid, and innovative continuous hydrothermal flow synthesis approach was
studied to synthesize an active and highly stable ceria-zirconia oxide/graphene. With a
10% (w/w) Ce-Zr oxide/graphene catalyst, the maximum 58% methanol conversion and
33% DMC yield was found at an optimized reaction condition of 383 K, 16 h, and 27.5 MPa.
The authors concluded that Ce has the acid sites with the lowest strength, which increases
on adding Zr to the catalyst; meanwhile, Ce-rich solid solutions possess a highly basic char-
acter. The weak acidity was favorable for the DMC synthesis because DME (side product)
is mainly formed on strong acid sites. Ce-Zr mixed oxides prepared by the flame spray
pyrolysis method exhibit higher activity compared to those prepared by the precipitation
procedure [52]. The authors proposed that the flame spray pyrolysis method leads to a
surface enrichment in CeO; in interaction with ZrO,, which leads to a high concentration
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of adsorbed methanol at the catalytic surface. This method also generates high surface
mixed oxides. In another study [35], the activity of FeZr-mixed metal oxide catalysts with
different Fe contents showed better performance compared to pure Fe;O3 and ZrO; for
DMC synthesis. The addition of iron to zirconia influenced the crystal structure of the ZrO,,
increasing the amount of surface acidic and basic sites. XRD and TPD results revealed that
the presence of hexagonal Fe;O3 and cubic Fe,O3 favored the formation of moderate acidic
and basic sites. These sites promoted methanol and CO, activation. The suggested mech-
anism was that methanol was activated to methoxy and methyl species on the basic and
acidic sites of the catalyst, respectively. Then, methoxy species react with carbon dioxide,
adsorbed on the basic sites of the catalyst, to form methoxy carbonate anion. Further, this
anion reacts with methyl species to produce DMC.

Cai et al. [36] described the reaction of methanol and CO, to produce DMC using
basic catalysts CH30K, KOH, and K,COs3. The activity order found was: CH3;0K > KOH
> KpCOj3, suggesting that the basicity of a catalyst in the reaction media is an important
factor that affects catalytic activity. The reaction mechanism involved was:

Base + CH3;0H <+ CH3O™ 4+ H — — — Base 4)
CH3;0™ + CO2 + [CH30COO0]~ 5)
[CH;0COO] ™ + CH3l «++ CH30COOCH; + 1™ 6)
I +H— — —Base™ < HI+ Base )

HI + CH;OH <> CHjl + Hy0 ®)

This mechanism involves the methanol activation and CO, insertion, resulting in
the formation of DMC. Reaction (4) is the rate-determining step because the formation
of CH30O™ is largely dependent on the basic nature of the solution, which also holds the
potassium-rich catalysts. This means the stronger the basicity of the catalyst, the higher
the concentration of CH30OK formation. Further, the author recovered the CH3OK catalyst
after completing the synthesis reaction and used this catalyst for the reaction. Much lower
activity was observed from the used catalyst compared to the fresh catalyst. This showed
the deactivation of the catalyst occurs and from XRD analysis showing peaks for CH30K,
KI, and KHCOj concluded that the following reaction occurs:

CH3;0K + H,O + CO, — KHCO; + CH3;0H )

Therefore, by removing water from the reaction system, catalyst deactivation could be
decreased, making the synthesis reaction thermodynamically spontaneous using a coupling
reaction. The authors suggested that designing a coupling reaction within the reaction
system could be favorable as it decreases the occurrence of side reactions, subsequently
increasing the DMC yield. The authors also performed thermodynamic estimations for the
reaction and reported that the studied reaction is thermodynamically unfavorable (G > 0) at
a finite temperature and pressure. The thermodynamic estimations suggest that an increase
in reaction temperature is not good for DMC formation, while an increase in pressure leads
to an increase in DMC yield. However, an increase in pressure is hard to achieve. Therefore,
optimized reaction conditions are necessary for the direct DMC synthesis from methanol
and CO,.

2.1.1. Use of Dehydrating Agents

As stated above, the direct conversion of CO; and methanol to DMC is thermody-
namically limited by a low equilibrium constant; therefore, in-situ removal of water would
enhance DMC yields. Several studies have reported the use of different dehydrating agents
for water removal from the reaction [36,53,54]. Physical drying agents can be used to
absorb water in-situ that forms during the reaction. However, the use of physical dry-
ing adsorbents at a high temperature for water absorption from the reaction system is
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very difficult. Thus, various chemical dehydrating agents such as CHsI [15], butylene
oxide [55], acetonitrile [56], and 2-cyanopyridine [37,57-60] have been investigated for
in-situ water removal. These agents have the advantage of performing well below 373 K.
Bansode and Urakawa [37] used a fixed-bed reactor to synthesize DMC using CO, and
methanol (as a reactant) and CeO; as a catalyst with 2-cyanopyridine and 2-picolinamide
dehydrating agents. The authors used CO; at high pressure (20 MPa). The major draw-
back of the process was the blockage of the gaseous flow in the reactor system. Another
drawback was the separation of the reaction products into pure forms that can be used
directly for analytical systems. Other studies have reported that 2-cyanopyridine as a
dehydrating agent can be easily hydrolyzed and regenerated by dehydration, particularly
when the reaction is catalyzed by CeO, [57-60]. The DMC yield was also improved with
2-cyanopyridine as a dehydrating agent in the presence of a CeO, catalyst. Wang et al. [60]
reported the effect of the derivatives of 2-cyanopyridine on DMC synthesis. The different
dehydrating agents used were 2-cyanopyridine, 2-cyanofuran, 2-cyano-5-fluoropyridine,
5-bromo-2-cyanopyridine, and 5-chloro-2-cyanopyridine, and DMC yields reported were
351, 232, 334, 163, and 59 mmol/g catalyst, respectively. The highest DMC yield was
obtained with 2-cyanopyridine. Tamura et al. [57] proposed the reaction mechanism for the
2-cyanopyridine hydrolysis (shown in Figure 5). In step 1, hydration occurs by dissociation
of HyO on the CeO; catalyst to produce H** and OH®~ ions. In step 2, a nitrile-CeO,
adsorption complex forms and undergoes the addition of H®~ to a nitrile carbon atom
to generate an amide. In step 3, regeneration of the adsorption site on CeO, takes place.
Step 2 and step 3 occur simultaneously. The last step is the rate-determining step in the
proposed mechanism. This reaction mechanism suggests that the nitrogen/oxygen atom in
the ring and the electronic charge of the carbon atom in the cyano group are important for
the hydrolysis of cyano groups.

Step 1

CeO s
H,0 2 . H%*ads + OHads

Step 2
X X
5- -
CeM----OH¥ ads + | _ | _
NN Ny
1
1
Ce"----OH% ads
Step 3
X N
() — | e,
NN N N P> NH, +  Ce™
PO oo N
| ' [ o
éent____OHﬁ— ads (';em- OH

Figure 5. Reaction mechanism for the 2-cyanopyridine hydrolysis, as proposed by Tamura et al. [57].
(Reprinted /adapted with permission from Ref. [57], 2011, John Wiley and Sons).

Faria et al. [38] proposed a dehydration system for DMC synthesis by applying
CHzsl as a promoter and CH3O0K as a catalyst. Various dehydrating agents such as 2,2-
dimethoxypropane (2,2-DMP), magnesium oxide, sodium sulfate, and butylene oxide
were used along with molecular sieves. This helps to minimize the reverse reaction. The
optimized conditions proposed were 2 g of molecular sieve combined in the gas phase with
10 mmol of the dehydrating agent in the liquid phase. The proposed system was effective
because, in this system, molecular sieves can be easily separated from the gas phase and
the acetone formed from the 2,2-DMP can be recovered from the reaction medium using
the distillation technique.
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2.1.2. Use of Ionic Liquids (ILs)

Itis a well-proven fact that the methanol and CO; conversion rates and DMC selectivity
remain low because of the thermodynamic limitations of the conversion processes, even
with dehydrating agents, as discussed. The reason for the low activity of the catalysts
might be the hydrolysis of the catalysts. Further, investigations have been performed to
enhance the CO,, methanol conversions, and DMC selectivity by improving the catalyst
activities or using ionic liquids (ILs) as catalysts. ILs are good solvents for CO; as they
are basic and enhance the conversion and selectivity. In 2012, Du et al. [61] proposed the
mechanism for the DMC synthesis from methanol and CO, using a K,CO3/CHj3I catalyst
with imidazolium-based ILs under microwave conditions. Different ILs used for the study
were 1-butyl-3-methylimidazolium chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim]PFg), and 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim]BF4). Among these, [Bmim]Cl and [Bmim]BF, ILs increased the turnover frequency
of methanol to DMC. The authors proposed (reaction mechanism shown in Figure 6) that
ILs might act as a reaction medium, and regulate intermediate polarity, and dipole moment
of the transition state, which enhances the selective absorption of microwave energy.
Consequently, this reduces the interfacial reaction and activation energy and increases the
solubility of CO;. The number of reactive molecule collisions between CO; and CH;0OH
increased, resulting in an improved catalyst activity. Bond distance and angle calculations,
as reported in Table 2, showed that the CO, was activated by interaction with the ILs. The
average distance of the O(1)-C(2) bond increased from 1.17 to 1.18 A, and the bond angle
of O(1)-C(2)-O(3) decreased from 176.73 to 174.21° in the IL-CO, system, compared to an
isolated CO, molecule. This suggests that the CO, molecules adsorbed on ILs, promoting
the activation of CO, for the favorable reaction.
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Figure 6. Scheme of ionic liquid (IL) promoted catalytic reaction process, as proposed by Du et al. [61].
(Reprinted with permission from Ref. [61], 2012, Elsevier).

Table 2. Effects of ionic liquids on bond distances and bond angles of CO; [61]. (Adapted with
permission from Ref. [61], 2012, Elsevier).

Tonic Liquids Bond Distance, A Bond Angle, °
oM-C(2) C(2)-0(3) 0(1)-C(2)-0(3)
CO, (gas phase) 1.169 1.692 180
[bmim][PF] 1172 1.166 176.730
[bmim][BF4] 1.173 1.165 175.462
[bmim][CI] 1.175 1.166 174.207

[bmim][PF¢] = 1-butyl-3-methylimidazolium hexafluorophosphate; [bmim][BF] = 1-butyl-3-methylimidazolium
tetrafluoroborate; and [bmim][Cl] = 1-butyl-3-methylimidazolium chloride.

A catalytic process was reported for the production of DMC from methanol and
CO, using chitosan/IL at 7.5 MPa pressure without any dehydrating agent [39]. The
ILs 1-methyl-3-(methylsulfonyl)-1H-imidazol-3-ium chloride ([Msmim][Cl]) with different
anionic moieties (NTf,, PFs, Cl) were used for demonstration. The author reported that the
10 wt% chitosan/ILs catalyst, having an NTf, anion, showed a 17% methanol conversion
with a DMC selectivity of 98%. The IL was shown to play a promising role as active sites of
chitosan are more easily available for the reaction; the IL would increase the vapor pressure
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of the reaction system. Therefore, the large amount of CO; in the reaction system can
affect product formation. The catalytic activity was found to be increased NTf, > PFq > Cl,
suggesting that anions having fluoroalkyl groups provide the highest CO; solubility.

Vieira et al. [40] investigated the structural effect of ILs based on different cations
(imidazolium and pyridine) and anions ([PFs~], [BFs~], [C17], [Tf,NT]) as catalysts
for DMC production. The authors have used 2,2-DMP as a dehydrating agent. The
[bmim][CI™] and [bmim][BF4] gave a 7.5 and 7.4% methanol conversion at 4 MPa CO,
pressure and 443 K in 24 h with 53 and 81% DMC selectivity, respectively. The results
exhibited that the IL anion significantly affects DMC selectivity; however, it did not show
much effect on methanol conversion. The DMC selectivity increases in the anion order
of [T{;N~] < [PFg ] < [Cl7] < [BF4~]. The authors reported that the acidic nature of
[C17] makes it an inferior candidate compared to [BF;~] in terms of DMC selectivity.
On the contrary, when the authors changed the imidazolium and pyridine cations, the
methanol conversion was 7.6% and 7.7%, respectively. The imidazolium cations are 12%
more selective than the pyridine ones, which could be credited to their higher basicity.

The catalytic application of bifunctional imidazolium hydrogen carbonate ionic liquids
([CaCmIm][HCO3]) for DMC synthesis from CO, and methanol at room temperature was
demonstrated by Zhao et al. [41]. Using different bases, such as K,CO3;, KHCO;3, Cs,CO3,
NaHCO3, and Na;COj3, methanol conversion in the range of 22-74% was observed with
54-99% DMC selectivity. The author concluded that the IL system used for the conversion
process acts as both a catalyst and dehydrant, as per the reaction mechanism shown in
Figure 7. There is a transition in equilibrium from C,C,Im-CO; to [CLCrIm][HCO3] in
the IL system. C,CnIm-CO; acts as a dehydrant that reacts with water formed during the
reaction between methanol and CO; to produce DMC. As a result, the thermodynamic equi-
librium shifts in the forward reaction, promoting higher product yield and consequently
increasing methanol conversion. Thus, ILs contain a different equilibrium concentration of
CnCmIm-CO; that has a catalytic and dehydrating ability.
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Figure 7. Catalytic and dehydration mechanism of [C,CryIm][HCO3] [41]. (Reprinted /adapted with
permission from Ref. [41], 2017, John Wiley and Sons).

A new generation of green solvents i.e., deep eutectic solvents (DES) had shown poten-
tial applications such as CO, absorption [62-64], drug solubilization, biodiesel purification,
and separation of azeotropic mixtures. DESs consisting of a hydrogen-bond acceptor and
hydrogen-bond donor had the advantages of better CO; affinity, wide liquid range, and
low volatility such as ILs. To the best of our knowledge, there is no report in the literature
on the DMC synthesis from CO, and methanol using DES. However, these are reported as
a new adsorbent in CO, separations [62,63]. The mass capacity of [monoethanolamine]Cl-
ethylene diamine DES with a molar ratio of 1:3 was reported to be 0.337 g CO,/g DES
at 303 K temperature and 100 kPa pressure. Yan et al. [64] synthesized a three superbase
IL, consisting of 1,8-diazabicyclo [5,4,0] undec-7-ene imidazole, 1,8-diazabicyclo [5,4,0]
undec-7-ene indole, and 1,8-diazabicyclo [5,4,0] undec-7-ene 1,2,4-triazole, further com-
bined with less viscous ethylene glycol (EG) for an efficient and reversible CO, capture.
From the spectral studies and quantum chemistry calculation, the adsorption mechanism
proposed that IL and EG simultaneously react with CO, to form carbamate and carbonate,
respectively. In addition, the CO, adsorption performance of DES remained stable even
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after five cycles of adsorption and desorption. In addition, a liquid-liquid equilibrium for
the system of DMC + methanol + DESs was reported. The researchers prepared two DESs
with choline chloride and ethylene glycol/glycerol and tested for the separation of the
mixture of DMC and methanol. Choline chloride/ethylene glycol DES provided a better
extraction ability compared to the choline chloride/glycerol DES.

In summary, although various reports in the literature present the direct catalytic
conversion of methanol and CO, to DMC, the reported shortcomings include (i) high
thermodynamic stability of CO5, (ii) kinetic inertia, (iii) catalyst deactivation, and (iv) DMC
hydrolysis. These contribute to the lower DMC yield. Moreover, the catalyst should
be highly selective for DMC synthesis to produce high-purity DMC. In addition, water
removal from the reaction system is extremely necessary to shift the equilibrium toward
DMC production. Because of the presence of water, catalyst deactivation is also a major
concern. Therefore, novel catalysts that can activate CO, and can be effective in the presence
of water are desirable. In addition, catalysts should have high DMC selectivity.

2.2. Conversion of Urea and Methanol to DMC

Urea alcoholysis [65-79] was considered an environmentally friendly and economically
viable process to produce dialkyl carbonates. The coproduct, i.e.,, ammonia, can be recycled
to synthesize urea by reacting with CO; or can be used for nitrile production. The synthesis
of DMC from urea takes place as per Equations (10) and (11). In step I (Equation (10)),
urea is converted into methylcarbamate (MC), and then in step II (Equation (11)), MC is
converted into DMC in the presence of excess methanol. Step Il is a rate-limiting step due
to thermodynamic limitations. Because of the endothermic nature of the reaction (step II),
the reaction equilibrium can be shifted in the direction of DMC formation by increasing
the temperature or removing the ammonia from the reacting system. Interestingly, step I is
thermodynamically favorable, while step Il is not. As a result, DMC should be separated as
it forms. DMC can react with MC to form a side product, i.e., N-methyl methylcarbamate
(NMMC) because DMC is an active compound.

J\ +  CHOH —————» )]\ + NH;

HoN NH, H,CO NH, (10)

(¢] (¢]

+ CHOH ———> +  NH,

H,CO” “NH, HsCO”™ “OCH; (11)

The heat of reaction (AHr®) of reactions shown in Equations (10) and (11) are —10.31
and 13.11 kJ/mol at normal temperature and pressure. Reaction (10) is exothermic, while
the reaction as per Equation (11) is endothermic. Changes in the Gibbs free energy (AGr®)
increase with an increase in temperature (for Reaction (10)) and decrease with an increase
in temperature (for Reaction (11)). Thus, Reaction (10) is favorable, and Reaction (11) is
unfavorable. The formation of NMMC is the major side reaction, and the activation energy
of the side reaction is higher than the main reactions. Therefore, a high reaction temperature
favors the side reaction. Overall, the first step is thermodynamically favorable, while the
second step is not. Thus, DMC should be separated as soon as it is formed.

A detailed literature review that includes both homogeneous and heterogeneous
catalysts is presented in Table 3.

2.2.1. Homogeneous Catalysts for DMC Production from Urea

In early investigations, organometallic compounds such as Bu,Sn(OCHjs); [66,67], metal
(IV) tetra-alkoxides [16], potassium carbonate [15], and magnesium dialkoxide [68] have been
investigated for the DMC synthesis from urea and methanol. However, the activity of the
catalysts was very low, even in the presence of additives. In addition, these compounds were
easily decomposed by water and considered to take place reaction in stoichiometric ratio. In
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addition, because of the organotin compounds’ toxicity and the inconvenience involved in the
recovery of the catalysts, researchers explored heterogenous catalysts.

Table 3. Literature review of the catalysts used for the synthesis of DMC based on the urea alcoholysis route.

. eps Urea/MC # DMC/DEC *
S.No  Catalysts Reaction Conditions Conversion, % Yield, % Source
T=443K; P = 1.6 MPa;
la Zn powder t =6 h; Urea:MeOH = 1:46; Zn = _ 12.7 %
2.4 wt%
[69]
T=443K; P = 1.6 MPa;
1b ZnO/Al,O3 t =6 h; Urea:MeOH = 1:46; Zn = 8.9%
10 wt%
2a None 0.8%,2.6Y
2b PbO 22%,238Y
T=453473K; t=8-10h; B X
2c Zn(CH3COOQO), Urea/MC = 0.1 mol; 24%,21.1Y (71]
2d MgO MeOH =64 g; Catalyst=1g¢g 169%,17.5Y
2e CaO 15.8%,18.2Y
2f ZnO 34%,42Y
3a None 0.8%,1.0Y
T=453K;t=10h; -
3b ZnO-I from Zn(CO3), Urea/MC = 0.2 mol; 29%,43Y
[72]
3¢ ZnO-II (CMR) I\éI:eOIl‘I =4 15101; 29%,55Y
t t=
3d  CaO from (CaCOs), aalyst=<8 16%,15Y
4a None 4.00% 2.1Y
4b LayOs 102 * 59Y
4c LaCl; 73.9#% 28.1Y
4d LaF T=453K;t=8h; o 6.1Y
s MC = 7.5 g; MeOH = 64 g; 200
de Lay(CO3)3 Catalyst=1g 124% 8.2 [73]
4f LaPOy 12.2# 7.6Y
4g La(NOs)3 84.8# 53.7Y
4h NaNOj3 9.90 * 45Y
4i Cu(NO3), 11.4* 5279
5a None 3.00 *
La203-
5b calcination temp. 773 K _ 292*
5¢ Al,O3 ["IJ" = 4]7E3CI)<I;_I t=3h; 5.30*
rea:Et =1:10;
5d MgO Catalyst = 17 wt% 360" (741
5e TiO, 450 *
5f CaO 8.40 *
5g ZnO 30.6 *
6a None 410* 2.6
6b ZnO 530% 35
6¢c AlLOs 5.90# 3.3
ZnO-AlL,O;, T=453K;t=10h; u
6d physically mixed MC =7.5g; MeOH = 64 g; 5.40 3.1 -
Catalyst=2g¢g
6e ZnO-Cr,O3 36.8 * 23.5
6f 7ZnO-Fe, 03 47.6% 30.4
6g ZnO-Al,O; 56.4 # 34.6
6h ZnAl,Oy 930" 42
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Table 3. Cont.
#
S.No Catalysts Reaction Conditions C(Elr:eal{sl\;[o% o D%S{EEOC : Source
X z
7a Zn0(0.7)-CeO,(0.3) 100 39'31' 15
Zn0O(0.64)-Ce0,(0.26)- 50.4%,40.2 %,
7o 12,05(0.1) 100 6.7 \M
_ _ T=443K;t=4h; 45.6% 4447
7c %;‘83(85%) e0,(0.26) P =2 MPa COy; Urea =3 g; 100 egNM
: MeOH =40 mL; : [78]
Zn0O(0.64)-Ce0,(0.26)- Catalyst=0.75g 41.8%,49.6%,
7d  Co,05(0.0) 100 4.9 NM
Zn0O(0.64)-Ce0,(0.26)- 29.9%,65.67,
e GayO3(0.) 100 2.4 NM
Zn0O(0.64)-CeO,(0.26)- 349%,57.47,
7t Z0,0.1) 100 6.3 \M
8a Zn0O(0.64)-TiO, (0.36) 39.2 24.5%
Zn0O(0.64)-Nb,Os5 (0.10) TiO,
8b (0.26) 52.8 33X
Zn0O(0.60)-Nb,Os (0.14)-TiO T=413K;t=4h;
8¢ (0.26) 5 2 Urea = 16.6 mmol; 58.2 36.4%
: MeOH = 333 mmol; [79]
8d (Z()n2(2§0.54)-Nb2O5(0.20)-T102 Catalyst =200 mg; 62.5 39.1 X
8e Zn0O(0.50)-Nb,05(0.24)-TiO, 593 371
(0.26)
8f Nb;,O5(0.64)-TiO, (0.36) 44.6 27.9%
9a SBA-15 0
9b MCM-49 3.7
9c HMCM-49 4.1
9d Fep O3 T=453K;t=8h; 24
Urea = 0.0105 mol;
9e Fep,O3/SBA-15 MeOH = 1.68 mol: 10 [80]
of Fe,O3/MCM-49 Catalyst=03 g 14.7
9g F6203 /HMCM-49 20.5
9h Fe,O3/HY 7
91 Fe,O3/HZSM-5 32
z
10a None T=453K: t = 10 h; 6.50, 84.8
10b ZnO Urea = 0.1 mol; _ 29.5,84.8% [81]
: MeOH =64 g;
Zn/ Al hydrotalcites & z
10c (Zn/ Al 2.47 mol ratio) Catalyst =05 g 365,551
11a ZnO T =453 K,‘ t=10 h/. 308, 59.0 %
11b  ZnO + CaO Physically mixed Urea = 0.1 mol; - 229,709% [82]
- MeOH =64 g; Cat=0.4 g; Zn/Ca
11c %nO + CaO Calcined at 1073 =272 molar ratio 412,505 7
12a ZnO 17.0*
12b CuO/ZnO 10.3*
12c In,O3/ZnO T=453K;t=7h; 7.40*
- Urea:EtOH = 1:10; - 83
12d Si0,/Zn0O Urea:Cat = 71 1.20 * [83]
12e ZIF-8 15.20*at15h
12f Tethered Zn(NCO), 1.01*
12¢g Tethered ZnCl, 0.71*
13a Zn(N03)2.6H20 T =443 K; t=4 h; Urea:MeOH = ; 3.5,45.7 z
13b Zn(AC),.2H,0 1:15; 3.0,48.8% [84]
Catalyst = 2 wt%
13c Ce(NO3),.6H,O 32,4597
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Table 3. Cont.

Urea/MC * DMC/DEC *

S. No Catalysts Reaction Conditions Conversion, % Yield, % Source
13d CeCl3.7H,O 3.4,50.1%
13e ZnBr; 24,579%
13f ZnCl, 24,59.2%
13g Zr(NO3), 1.6,51.2%
13h GO T =443K; t = 4 h; Urea:MeOH = 13,449*
13)  ZnO-CeO, Catalyst =2 wt% 3.1,5577
13k ZnO-CeCl3.7H,O 3.1,44.7 %
131 Zn0O-Ce(NO3)3.6H,O 2.6,47.8%
13m ZI’l(OH)z} SiO2; AI(OH)g 0
13n Zn(NO3),-Al(OH)3 2.7
130 Zn(NO3),-Zn(OH)3 4.05
14a Y203 27
T=423K;t=3h; Urea=6g; EG
14b Zn0O =93 g; Catalyst=0.3 g 75 [85]
14c Zn/Y =3:1673K 92
15a Ca-Zn-Al oxide T =443 K; t =8 h; Urea:PG =2, Cat = 2.7 wt% 82.4 [86]
16a Zn0O-SrO, molar ratio 3:1 16%,72%,12\M
16b ZnO-5rO, molar ratio 2:1 18%, 632,19 N\M
- T =443 K; t = 6 h; Urea:MeOH =
16c ZnO-5rO; molar ratio 1:1 1:15; _ 35,427, 23 \NM 187]
16d  ZnO-SrO, molar ratio 1:2 Catalyst =2.6 wt% 24%, 452,31 NM
16e Zn0O-5rO, molar ratio 1:3 19%, 447, 37 NM

DMC = Dimethyl carbonate; MC = Metll\?ll carbamate; MeOH = Methanol; * = DMC yield based on urea; ¥ = DMC
yield based on MC; * = MC yield %; ™M = NMMC yield %; EG = Ethylene glycol; Zn/Y = Catalyst made using
zinc nitrate and yttrium nitrate; PG = Propylene carbonate; * = MC yield; and * = DEC yield.

2.2.2. Heterogeneous Catalysts Used for DMC Production from Urea

In 2005, Wu et al. [69] compared the activities of ZnO and Zn powder-based catalysts.
The Zn used was in a powder form and showed 1.65 times the DMC yield compared to that
of the ZnO catalyst. However, when ZnO was loaded on the alumina, 8.9% of the DMC
yield was obtained. The reason was that the doping of alumina in a ZnO lattice created
electronegative vacancies. Later, many studies demonstrated that ZnO was quite active in
the reaction. Wang et al. [70] concluded that ZnO- and Pb-based catalysts provided 29%
and 24% DMC yields, respectively. The drawback was that the product DMC was impure
and contaminated with ammonia.

Typically, ZnO is a heterogeneous catalyst; however, it has been shown to be soluble
in the reaction media above a certain temperature. Therefore, the reaction would generally
occur in a homogeneous phase. The ZnO acts as a precursor to the homogeneous catalyst
for DMC production from alcohol and urea. To prove this, Wang et al. [72] recovered some
precipitates from the reaction solution while reducing the reaction temperature, and the
authors characterized these precipitates using FI-IR, TG-DSC, and XRD. Surprisingly, they
found the structure of the complex Zn(NH3),(NCO), and proposed the reaction mechanism,
as shown in Figure 8.

The reaction mechanism was explained as the following: The NHj3 of the Zn(NHj3);
(NCO); complex was substituted by ethylene carbonate to generate a complex Zn(NH,COO
CyHs5),(NCO);,; ethylene carbonate was activated via co-ordination with a Zn%* ion. Later,
the alcohol attacked the complex to produce a Zwitterion intermediate, and then molecular
rearrangements took place to yield diethylene carbonate (DEC) [71,72]. Wang et al. [73]
demonstrated various lanthanum (La)-based catalysts for DMC synthesis using MC and
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methanol as feedstocks. La;O3, LaF3, LaPOy, and Lay(COs3); produced DMC in the range
of 6 to 8% (much less). On the contrary, La(NO3); displayed superior activity with a 54%
DMC yield at 453 K and 3 h. The authors suggested that La®* catalyzed the reaction.
The mechanism involved (shown in Figure 9) was as follows: La** was bound to the MC
molecule via the coordination with O-atoms of the carbonyl group and NO?®~ species
co-ordinates with La®*. The catalytic activity was influenced by anion groups present in the
catalysts and the solubility in methanol. La;O3, LaF3, LaPOy, and Lay(COs3); were almost
inactive for DMC formation because they were insoluble in methanol. Although LaCl3 is
soluble in methanol, C1~ might not co-ordinate effectively with trivalent La cations as it
does with NO3 ™. As a result, La(NO3)3; produced the highest amount of DMC compared
to the other La compounds. To further investigate, the authors used NaNOj3; and Cu(NO3),
to learn whether this effect was due to a NO3 ™ ion. Although these two catalysts could
be completely dissolved in methanol, the catalytic activity observed was low. Thus, La®*
ions were crucial for producing the maximum DMC yield. Further, Xin et al. [74] evaluated
the activity of the LayOs catalyst (prepared at different calcination temperatures) for DEC
synthesis from ethanol and urea. The prepared catalyst showed the highest catalytic activity
with 43% EC and 29% DEC yields. The research suggests that if the calcination temperature
was more than 873 K, the DEC yields decreased. Although a Zn-oxide-based catalyst
was used frequently and found to be effective for the alcoholysis of urea to synthesize
DMC/DEC, LayOs3 can also be used as a solid base for these reactions. For large-scale
applications, lanthanum could be used as an inexpensive catalyst for DMC/DEC synthesis
because it is naturally in abundance.

O/\

2C,HsOH

2NH,
N
\/0 Izn2+
o_ ¢
(H;NCOOCHg)(NCO),Zn  <—— 7< NH,
X
2 BN o TN )

2C,Hs0CO0C,Hs

3 intermediate

Figure 8. The reaction mechanism of diethyl carbonate (DEC) production, as proposed by
Wang et al. [72]. (Reprinted with permission from Ref. [72], 2010, Springer Nature).

o\n/NH2
(0]
! (NOs)
- La(NO3)3
/O
NH, 2CH;0H
2NH,COOCH,
La(NOy)3 2CH;0CO0CH,

Figure 9. The reaction mechanism for DMC production, as proposed by Wang et al. [73]. (Reprinted
with permission from Ref. [73], 2010, Elsevier).

Despite several experimental studies reported in the literature, the mechanism in-
volved in urea methanolysis used to produce DMC is still uncertain. Gao et al. [75] proposed
the coordination of EC to the Zn-metal center via an N-moiety with the N-donor atom.
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Later, Wang et al. [72,73] conducted a density-functional theory (DFT) study to compare
various proposed reaction mechanisms. The most favorable proposed approach was the
interaction of NCO in the Zn(NH3),(NCO), complex with methanol, which leads to the
formation of an active complex Zn(NHj3),(NCO)(NHCOOCH3). In their most recent study;,
Dibenedetto et al. [76] described the reaction mechanism for the DEC synthesis through
an integrated experimental/theoretical approach. With basic chemistry concepts, EC/MC
should follow a similar trend as urea coordinates to the Zn-metal center by an (i) O-atom of
the carbonyl, and an (ii) N- and an (iii) O-atom of the ester moiety (shown in Figure 10).
Based on the approach used, the authors concluded that the coordination of EC/MC occurs
through the carbonyl O-atom to the metal center. Then, there is a concerted addition of two
molecules of ethanol/methanol to the complex system. The same mechanism was proven
to be applicable for DMC synthesis as well.

M
A o}

o M

P \NJ\OR j\ P
R'RN OR 5 R'RN 8

(a) (b) (c)

Figure 10. Co-ordination of urea to metal centers through (a) O-atom of the carbonyl, and (b) N-atom
and (c) O-atom of ester moiety. (Reprinted with permission from Ref. [76], 2014, Elsevier).

Due to the solubility of ZnO in the reaction media as a Zn(NCO),(NH3); active species,
recovery of the catalyst becomes difficult, preventing the use of ZnO in continuous reactor
systems and making its recovery in the batch systems challenging. Therefore, the use of Zn-
based heterogeneous catalytic materials is widely reported in the literature. Wang et al. [77]
prepared Zn-containing mixed oxides to produce DMC from MC and methanol. The
researchers obtained the DMC yield of 35% and 56% MC conversion with a ZnO-Al,O3
catalyst. X-ray diffraction analysis of the ZnO-Al,O3 catalyst demonstrated the presence of
two phases, ZnO and ZnAl,O4. However, ZnAl,O4 alone produces only 4% DMC (low ac-
tivity), suggesting that there is a synergism between ZnAl,O, and ZnO, resulting in a high
DMC yield. Joe et al. [78] synthesized a series of ZnO-CeO,-Mx (Mx: Y703, La; O3, Gay O3,
ZrO,, and Coy03) mixed oxides and studied their performance in the conversion of urea
and methanol to DMC. The results showed that ZnO(0.64)-CeO,(0.26)-LayO3(0.1) produces
50% DMC. The researchers also studied the effect of acidity and the basicity of the tested cat-
alysts on the DMC yield. It was observed that the DMC yield depends on the basicity of the
Zn0(0.64)-Ce0;(0.26)-MO(0.1) catalyst, and yields increased with an increase in the basicity
of the tested catalysts. Basicity decreased in the order of Zn0O(0.64)-CeO,(0.26)-La,;O3(0.1)
> Zn0O(0.64)-Ce0;(0.26)-Y,03(0.1) > ZnO(0.64)-CeO,(0.26)-Co203(0.1) > ZnO(0.7)-CeO,(0.3)
> Zn0(0.64)-CeO,(0.26)-ZrO; (0.1) > ZnO(0.64)-CeO,(0.26)-Gaz03(0.1). On the contrary,
DMC yield was observed to be independent of the acidity of the tested catalysts.

The ZnO-Nb,Os5-TiO; catalysts were synthesized using the sol-gel method, in which
ZnO was effectively dispersed in the TiO, matrix [79]. The synthesized catalyst showed
better performance (DMC yield 39%), even at low temperatures and reaction time. The
results suggested that Nb,Os and ZnO in the TiO, matrix promote the DMC formation and
the TiO, matrix prevented the leaching of metals into the reaction medium.

Zhang et al. [80] screened the catalyst activities of the Fe-based supported catalysts
using supports SBA-15, HY, HZSM-9, HMCM-49, and MCM for DMC synthesis, using
urea and methanol as reactants. The results were also compared with only the supports,
and SBA-15 (mesoporous) was found to be inactive for the DMC synthesis process. The
Fe;,O3/HMCM-49 catalyst was found to be highly active with a 21% DMC yield and 98%
selectivity compared to the rest of the screened catalysts. The results demonstrated that
the catalyst possessing medium acidity promotes the activation of urea and methanol and
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interacts with the ammonia that was released during the reaction. This whole process shifts
the reaction equilibrium to form DMC.

Zhao et al. [81] demonstrated the use of Zn/Al mixed oxides (ZAO) to synthesize
DMC. The authors synthesized the different ZAO catalysts with varying Zn/Al molar ratios
(0.21-2.47) and at different calcination temperatures (623-1273 K). The results indicated that
catalysts with a low Zn/Al molar ratio (<0.5) showed inferior activity for DMC synthesis
because of the formation of ZnAl,Oy4. On the contrary, with the catalysts that have high
Zn/Al molar ratios, there is a synergism between ZnO and ZnAl,0Oj3, leading to the maxi-
mum DMC yield (37%). Another reason for high activity was the presence of weak basic
and acidic sites on the catalyst that promoted the synthesis of DMC. Later, the same authors
tested ZnO-CaO bifunctional catalysts to synthesize DMC from urea and methanol [82].
With Zn/Ca (molar ratio of 2.72) calcined at 1073 K, 41% of DMC was produced and was
attributed to the interaction between ZnO and CaO with sufficient acidic and basic sites.
The authors proposed that metal isocyanate was formed because of the decomposition of
urea on the acidic sites with a subsequent nucleophilic attack by activated methanol on
the basic sites, leading to the formation of DMC. Dibenedetto et al. [84] investigated three
different kinds of Zn-based heterogeneous catalysts mixed oxides (CuO/ZnO, In,O3/Zn0O,
and SiO, /ZnO) to synthesize DEC by the ethanolysis of urea. Among these, the CuO/ZnO
catalyst showed the maximum DEC yield (10%). In addition, the leaching of metals from the
active catalyst was much less, as the XPS analysis determined that Cu was homogeneously
distributed between the surface and bulk, which stabilizes the Zn centers. This helps in
reducing metal leaching from the catalyst. The same authors also studied the activity of the
Zn-imidazolate frameworks (ZIF-8) and Zn-tethered catalysts for DEC synthesis by urea
ethanolysis. ZIF-8 frameworks were the organic-inorganic compounds with Zn-centers, in
which coordination occurs by N-atoms of 5-membered imidazolate (IM) units. This catalyst
produced 15% DEC at 15 h and 473 K. However, the yield was lower at 23% compared to
ZnO. The authors explained that the accessibility of Zn centers in crystalline ZIF-8 was
more difficult compared to the homogeneous Zn catalyst. Tethered ZnCl, and Zn(NCO),
showed a low DEC yield, which was because accessibility to the Zn center was influenced
by bidentate N-N ligands. The authors also revealed that the acid and base properties of
the catalysts direct a higher DEC yield than the BET surface area. ZIF-8 possesses a higher
number of strong acid sites as well as basic sites; therefore, the ZIF-8 catalyst showed
higher activity. In another study [85], the metallic salts with hydrates displayed higher
activity compared to the ones without hydrates. It has been suggested that metallic salts
with hydrates (such as Zn(NO3),-6H,0O, Zn(Ac),-2H,0, Ce(NO3)3-6H,0, and CeCl3-7H,0O;
entry 13a-d; Table 3) partially transformed into metal oxides because of the presence of an
alkaline environment (provided by urea). Consequently, these catalysts act as a mixture
of an oxide and a salt. Based on these observations, the authors also tested hydroxyl-
containing compounds such as Zn(OH), and Al(OH)3; however, no DMC was formed. The
researchers revealed that the hydroxyl-containing compounds were active when combined
with a Zn(NO3); catalyst, active metallic species. A Zn(NO3),-Zn(OH), catalyst having
a weight ratio of 6 produced a maximum of 4% DMC, which was even higher than that
from Zn(NO3);. The strength of hydrogen bonding in the hydroxyl-containing compounds
is responsible for the activity of the catalysts. The strong hydrogen bonding between MC
(formed by urea methanolysis) and hydroxyl-containing species might weaken the C-N
bond in MC and promotes the DMC formation.

Two-step DMC synthesis using urea, methanol, and ethylene glycol (EG) feeds was
reported by using zinc—yttrium mixed oxides [85]. The reaction scheme involved the
following Reactions (12)—(15):

CO, * 2NHy —> J\ + H,O
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CO, + 2CH,OH ——> J\ +  HO
HsCO” “OCH, (15)

Urea reacts with diols to form cyclic carbonates (Equation (13)), and in the next
step, transesterification of cyclic carbonate takes place with methanol to form DMC
(Equation (14)). In the process, EG is recycled for cyclic carbonate (Equation (13)), while am-
monia is recycled for urea (Equation (12)) production, which is a commercial process. Thus,
the net reaction can be considered a reaction between methanol and CO, (Equation (15)).
The pure Y,Oj3 catalyst showed poor catalytic activity, with a 63% EC selectivity and a
27% urea conversion. ZnO exhibits a high urea conversion and EC selectivity compared
to the Y05 catalyst. The results indicated that the Zn/Y = 3:1 (calcined at 673 K) as the
catalyst showed the highest activity for EC synthesis. The Ca-Zn-Al mixed oxide catalyst
was prepared by incorporating calcium hydroxide into the ZnAl hydroxide system, and
the prepared catalyst was tested for the single-step reaction of urea, propylene carbonate,
and methanol to produce DMC [86]. With the Ca/Al molar ratio of 1.6:1, the maximum
DMC yield obtained was 82%. The catalyst activity testing and XRD analysis of the cata-
lyst showed that new crystalline phases CazAl4ZnOqg and/or ZnAl,Oy created a reactive
medium between CaO and ZnO, which leads to a better catalytic activity. The ZnO-5rO
mixed-oxide catalyst, having different molar Zn-to-Sr ratios, was also tested for the urea
alcoholysis [87], as reported in Table 3. The results indicated that the mixed oxides showed
a higher conversion to DMC compared to the pure oxides. The catalyst having a high Sr
content produces more side product (NMMC), while the catalyst having a high Zn content
showed a maximum MC yield. The difference in the catalytic activities was found to be
dependent on the acid and base properties of the tested catalysts. The high activity with
catalyst ZnO-SrO (1:1) calcined at 773 K was due to the presence of acid or base sites per
unit surface area. In addition, these mixed oxides possess ZnO and SrO/SrCO; phases that
were well dispersed, which leads to higher conversions.

The reaction of the DMC synthesis from methanol and urea was also reported under
supercritical conditions. The advantages associated with the supercritical fluids include:
(i) they are environmentally friendly, (ii) they have a low reaction time and higher prod-
uct yields, and (iii) they have less severe requirements for better material qualities [88].
Similarly, supercritical methanol is one of the most promising supercritical fluids due
to its milder reaction conditions (Tc = 513 K), high ionic product, and higher solubility.
Besides, supercritical processes are also simpler and easier in product separation. The use
of supercritical methanol for the alcoholysis of urea was reported by Hou et al. [89]. The
authors reported the influence of the reaction temperature (518-558 K), methanol/urea
ratio (12-31), time (1-3 h), and the reactor loading (265-315 uL) to analyze the effect on
the DMC yield (shown in Figure 11). The optimized reaction conditions included a 538 K
reaction temperature, 2 h reaction time, 14 methanol/urea ratio, and 285 L volume of the
reaction solution. The maximum DMC yield obtained was 93% at 2 h and 538 K. The
study showed that when the reaction temperature exceeded 548 K, DMC yield gradually
decreased. This might be due to the rate of side product formation that increased with a
higher reaction temperature.
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Figure 11. Effect of temperature and time on DMC yield during alcoholysis of urea in the presence
of supercritical methanol. [Reaction conditions used: molar ratio methanol/urea = 25, reactor
loading = 285 pL, reaction pressure = 6.4 MPa (518 K), 8.0 MPa (528 K), 9.2 MPa (538 K), 10.0 MPa
(548 K), and 10.8 MPa (558 K)]. (Reprinted /adapted with permission from Ref. [89], 2014, Elsevier).

Based on the discussion here and the literature review, Figure 12 shows the reaction
mechanism involved in the catalytic conversion of methanol and urea to DMC. According
to this mechanism, at a temperature higher than 407 K, an intermediate isocyanic acid was
formed by the decomposition of urea. The reactive intermediate can be converted into
MC, even without a catalyst. The conversion of MC to DMC is challenging, and a catalyst
is required to enhance the DMC formation. It is well proven that the conversion of MC
to DMC takes place by a typical nucleophilic substitution on the acidic/basic sites of the
catalyst. MC and methanol are first activated by adsorption on the catalytic acid and base
sites, respectively. Further, the activated methoxide (OCH3™) anion attacked the carbonyl
carbon of the adsorbed MC, resulting in the formation of DMC and ammonia.
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Figure 12. Most common reaction mechanism for the conversion of urea and methanol to DMC.
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3. Outlook and Future Perspectives

In summary;, this review discussed the DMC synthesis by two routes i.e., direct car-
bonylation of methanol using CO, and indirect urea alcoholysis. The direct conversion
route has thermodynamic limitations, and catalysts used for the processes have low DMC
yields (~4-10%) with catalyst deactivation because of the water formed during the reaction.
The technical challenges of low conversion rates and low yield have not been fundamentally
solved, preventing large-scale application. Research work has been reported to improve the
methanol conversion and DMC selectivity through various ways, such as (a) water removal;
(b) base additive reactions; (c) and catalyst modifications. Among these, modifying cata-
lysts is proven to be an effective approach. We have discussed the development of various
catalytic systems such as supported transition-metal, metal-oxides, mixed metal-oxides,
and functional carbon support-based catalysts. The catalytic frameworks are needed based
on their composition, surface area, porosity, and thermal stability.

The most popular catalysts are transition metal oxides, and many reports are available
for DMC production. In general, these catalysts showed low activity with stable perfor-
mance. CexZri_xO, catalysts have excellent stability and recyclability because oxide is an
active component in the catalysts and the catalytic deactivation (oxidative) is significantly
less. The challenge is the preparation of these catalysts with tunable properties to improve
the catalytic activity. Therefore, designing efficient metal oxides is still a challenge for
large-scale applications.

Heteropolyacids as catalysts have attracted much attention nowadays. The beauty of
this type of catalyst lies in the complex pore structures of heteropolyacid roots. However,
the specific surface area and catalytic activity of these catalysts are highly inconsistent.
These catalysts still need more investigations, such as the “quasi-liquid phase” behavior of
these catalysts and the reaction mechanism involved were not explored.

The utilization of supported catalysts is also investigated, and these were found to
be highly efficient. In general, the use of support can increase the catalytic efficiency by
more than 10 times. These can also help in absorbing water which can promote the forward
movement of chemical equilibrium. This leads to high catalytic efficiency.

The catalytic activities of ionic liquids for the direct conversion of CO;, and methanol
to DMC are also explained in detail. These catalysts are relatively clean and presented a
high methanol conversion of ~72-74%. The reaction mechanism related to these catalytic
systems is still unknown. It is necessary to study the reaction mechanism involved for
DMC production’s easiest and least energy-consuming process.

The use of dehydrating agents for in-situ water removal showed a better result for
the direct DMC synthesis from CO, and methanol. Dehydrating agents can significantly
improve the catalyst stability because water present during the reaction deactivates the
catalysts. Ceria-based catalysts with dehydrants were reported showing 20-30 times
improved DMC yield. Thus, these need to be considered for large-scale applications.

DMC synthesis using urea and methanol as feedstocks is a low-cost and facile pro-
duction process because of the cheap and non-toxic materials used. In this reaction, water
was not produced to form a methanol-water-DMC ternary azeotrope. To increase DMC
yield, several methods have been evaluated. These methods involve removing one of the
products to shift the reaction equilibrium towards the product side. Ammonia absorption
may lead to the reaction toward the product side. The removal of DMC during the reaction
also increases the DMC yield. Distillation methods such as catalytic distillation and reactive
distillation can be used to increase the DMC yields by several folds.

For this route, zinc-based catalysts were considered promising catalysts due to their
high conversion and selectivity. Mixed metal-oxides showed higher DMC yield, and metal
leaching from these catalysts was significantly less. Although different catalysts have
enhanced the DMC yield and selectivity, further catalyst developments are required for
the commercialization of the DMC synthesis process. The use of ionic liquids has been
widely reported as catalysts or co-catalysts for different reactions but is not qualified for
the conversion of urea to DMC. The homogeneous catalysts, other than ionic liquids, were
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found to be effective compared to the heterogeneous catalysts but the difficulty in separation
needs to be considered for the large-scale application. Kinetic studies reported are few
and, hence, there is a lack of insight on the catalyst activity, which includes calculation of
activation energy and frequency factor.

The catalytic activities are described mainly using their capacity, selectivity, recyclabil-
ity, and product yield. Most of the catalyst studies were conducted in batch reactors, with
very few tested in continuous flow conditions. However, it is highly demanding to study
reaction under continuous flow to develop a commercial benefit and cost-effective, time
and energy-saving process. In continuous flow conditions, catalyst stability and evaluation
of intermediate species and active sites are major issues. These need to be addressed.
Particularly, catalysts having a high surface area with hierarchical porosity, optimized
acid-base properties, surface composition, and nanostructure need to be designed.

Although several catalysts have been reported for DMC synthesis by direct carbonyla-
tion of methanol using CO, and indirect urea alcoholysis, issues are still there for large-scale
application. For instance, to solve the problem of scale-up economics, it is required to
explore the new synthesis routes using cheap metal precursors and easy process synthesis
steps. Since CO; conversion at low pressure is more important than at high pressure,
catalysts with multiple functional sites should be designed for better interaction with CO,.
Structural features of the synthesized catalyst need to be analyzed for a better understand-
ing of their actual structure and to study the reaction mechanism involved. Other aspects
such as cost of catalyst preparation and regeneration (after usage), large-scale synthesis, sta-
bility, and energy input need to be evaluated, in addition to the DMC yield and selectivity,
before considering these catalysts for real application.

4. Concluding Remarks

Dimethyl carbonate could play an important role in the development of more sustain-
able chemical methods, as it is environmentally friendly and has versatile applications,
for instance, as a solvent, fuel additive, or reactant. However, its large-scale synthesis
limits its application as a commodity, which could be significantly reduced by using car-
bon dioxide as a cheap and abundant feedstock. The direct DMC synthesis from carbon
dioxide and methanol is the most desirable route since it promotes carbon dioxide capture
and utilization and uses fewer toxic reactants. However, this route is unfavorable due to
thermodynamic limitations. Although progress has been made in catalyst developments,
DMC yield is still incredibly low. It is still challenging to find a catalyst with a high surface
area, a large number of active sites, and moderate acidic and basic sites that can provide
high DMC yield with good selectivity. For the direct reaction of methanol and CO, for
DMC synthesis, the effect of water produced, and thermodynamic limitations should be
carefully evaluated during the catalytic designing process. An appropriate dehydrating
agent needs to be introduced in order to shift the equilibrium to the products.

An indirect urea alcoholysis route is a low-cost and facile DMC synthesis process;
however, novel catalytic systems are required for the commercialization. As homogeneous
catalysts have shown promising results, catalyst recycling studies need to be considered
for large-scale applications. In conclusion, developments reached so far are fundamental
for carbon dioxide utilization for DMC synthesis.

Author Contributions: Conceptualization, K.K. and B.K.S.; methodology, K.K.; software, B.K.S.;
resources, B.K.S. and C.B.P.; writing—original draft preparation, K.K.; writing—review and editing,
KK, B.K.S. and C.B.P; supervision, B.K.S. and C.B.P,; project administration, B.K.S. and C.B.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by United States Department of Energy: grant number DE-SC0013233.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Energies 2022, 15, 5133 27 of 30

Acknowledgments: This study was based upon work supported by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, under Award Number DE-5C0013233 to E3Tec
Service LLC. The authors gratefully acknowledge Kruti Goyal for her contribution in reviewing
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer: Mention of trade names or commercial products in this article is solely for the purpose
of providing specific information and does not imply recommendation or endorsement by the U.S.
Department of Agriculture. USDA is an equal opportunity provider and employer.

References

1.  Kim, W.B,; Joshi, A.U; Lee, ].S. Making polycarbonates without employing phosgene: An overview on catalytic chemistry of
intermediate and precursor syntheses for polycarbonate. Ind. Eng. Chem. Res. 2004, 43, 1897-1914. [CrossRef]

2. Shiao, H.-C.; Chua, D.; Lin, H.; Slane, S.; Salomon, M. Low temperature electrolytes for Li-ion PVDF cells. ]. Power Sources 2000,
87,167-173. [CrossRef]

3. Panchal, C.B.; Prindle, J.C.; Sturtz, R.; Doctor, R.D.; Miller, D.; Parker, S.; Peereboom, L. Utilization of captured CO, for
manufacturing alkyl carbonates. In Proceedings of the AIChE Spring Meeting, Orlando, FL, USA, 22-26 April 2018.

4.  Sturtz, R.; Gattinger, M.; Kuhl, H.; Peereboom, L.; Miller, D. Zinc-catalyzed formation of dimethyl carbonate from urea. In
Proceedings of the AIChE Annual Meeting, San Francisco, CA, USA, 13-18 November 2016.

5. Modak, A.; Bhanja, P; Dutta, S.; Chowdhury, B.; Bhaumik, A. Catalytic reduction of CO, into fuels and fine chemicals. Green
Chem. 2020, 22, 4002. [CrossRef]

6. Modak, A.; Ghosh, A.; Bhaumik, A.; Chowdhury, B. CO, hydrogenation over functional nanoporous polymers and metal-organic
frameworks. Adv. Colloid Interface Sci. 2021, 290, 102349. [CrossRef]

7. Gosh, S.; Modak, A.; Samanta, A.; Kole, K; Jana, S. Recent progress in materials development for CO, conversion: Issues and
challenges. Mater. Adv. 2021, 2, 3161-3187. [CrossRef]

8.  Tamboli, A.H.; Chaugule, A.A.; Kerm, H. Catalytic developments in the direct dimethyl carbonate synthesis from carbon dioxide
and methanol. Chem. Eng. J. 2017, 323, 530-544. [CrossRef]

9. Alper, E.; Orhan, O.Y. CO, utilization: Developments in conversion processes. Petroleum 2017, 3, 109-126. [CrossRef]

10. Cicha, W.V,; Manzer, L.E. Phosgene Manufacturing Process. U.S. Patent 6054612A, 25 April 2000.

11. Zhang, P; Huang, S.; Yang, Y.; Meng, Q.; Wang, S.; Ma, X. Effect of SSIE structure of Cu-exchanged {3 and Y on the selectivity for
synthesis of diethyl carbonate by oxidative carbonylation of ethanol: A comparative investigation. Catal. Today 2010, 149, 202-206.
[CrossRef]

12.  Nishihira, K.; Yoshida, S.; Tanaka, S. Continuous Process for Preparing Dimethyl Carbonate. EP0523728A2, 20 January 1993.

13. Kizlink, K. Synthesis of dimethyl carbonate from carbon dioxide and methanol in the presence of organotin compounds. Collect.
Czech. Chem. Commun. 1993, 58, 1399-1402. [CrossRef]

14. Choj, J.-C.; Kohno, K.; Ohshima, Y.; Yasuda, H.; Sakakura, T. Tin- or titanium-catalyzed dimethyl carbonate synthesis from carbon
dioxide and methanol: Large promotion by a small amount of triflate salts. Catal. Commun. 2008, 9, 1630-1633. [CrossRef]

15. Fang, S.; Fujimoto, K. Direct synthesis of dimethyl carbonate from carbon dioxide and methanol catalyzed by base. Appl. Catal. A
Gen. 1996, 142, 1.1-L3. [CrossRef]

16. Kizlink, J.; Pastucha, I. Preparation of dimethyl carbonate from methanol and carbon dioxide in the presence of Sn(IV) and Ti(IV)
alkoxides and metal acetates. Collect. Czech. Chem. Commum. 1995, 60, 687-692. [CrossRef]

17.  Tomishige, K.; Sakaihori, T.; Ikeda, Y.; Fujimoto, K. A novel method of direct synthesis of dimethyl carbonate from methanol and
carbon dioxide catalyzed by zirconia. Catal. Lett. 1999, 58, 225-229. [CrossRef]

18. Jiang, C.; Guo, Y.; Wang, C.; Hu, C.; Wu, Y,; Wang, E. Synthesis of dimethyl carbonate from methanol and carbon dioxide in the
presence of polyoxometalates under mild conditions. Appl. Catal. A Gen. 2003, 256, 203-212. [CrossRef]

19. Wu, X.L,; Xiao, M.; Meng, Y.Z.; Lu, Y.X. Direct synthesis of dimethyl carbonate on H3PO, modified V,Os. J. Mol. Catal. A Chem.
2005, 238, 158-162. [CrossRef]

20. Wang, XJ.; Xiao, M.; Wang, S.J.; Lu, Y.X.; Meng, Y.Z. Direct synthesis of dimethyl carbonate from carbon dioxide and methanol
using supported copper (Ni, V, O) catalyst with photo-assistance. J. Mol. Catal. A Chem. 2007, 278, 92-96. [CrossRef]

21. Wu, X.L;; Meng, Y.Z.; Xiao, M; Lu, Y.X. Direct synthesis of dimethyl carbonate (DMC) using Cu-Ni/ VSO as catalyst. . Mol. Catal.
A Chem. 2006, 249, 93-97. [CrossRef]

22. Jiang, Q.; Li, T,; Liu, F. The effects of additives on the direct synthesis of dimethylcarbonate. Chin. J. Appl. Chem. 1999, 5, 115.

23. Tomishige, K.; Kunimori, K. Catalytic and direct synthesis of dimethyl carbonate starting from carbon dioxide using CeO,-ZrO,
solid solution heterogeneous catalyst: Effect of H,O removal from the reaction system. Appl. Catal. A Gen. 2002, 237, 103-109.
[CrossRef]

24. Hou, Z,; Han, B,; Liu, Z; Jiang, T.; Yang, G. Synthesis of dimethyl carbonate using CO, and methanol: Enhancing the conversion
by controlling the phase behavior. Green Chem. 2002, 4, 467-471. [CrossRef]

25. Zhao, T.; Han, Y,; Sun, Y. Novel reaction route for dimethyl carbonate synthesis from CO, and methanol. Fuel Process. Technol.

2000, 62, 187-194. [CrossRef]


http://doi.org/10.1021/ie034004z
http://doi.org/10.1016/S0378-7753(99)00470-X
http://doi.org/10.1039/D0GC01092H
http://doi.org/10.1016/j.cis.2020.102349
http://doi.org/10.1039/D1MA00107H
http://doi.org/10.1016/j.cej.2017.04.112
http://doi.org/10.1016/j.petlm.2016.11.003
http://doi.org/10.1016/j.cattod.2009.06.013
http://doi.org/10.1135/cccc19931399
http://doi.org/10.1016/j.catcom.2008.01.013
http://doi.org/10.1016/0926-860X(96)00081-6
http://doi.org/10.1135/cccc19950687
http://doi.org/10.1023/A:1019098405444
http://doi.org/10.1016/S0926-860X(03)00400-9
http://doi.org/10.1016/j.molcata.2005.05.018
http://doi.org/10.1016/j.molcata.2007.08.028
http://doi.org/10.1016/j.molcata.2006.01.007
http://doi.org/10.1016/S0926-860X(02)00322-8
http://doi.org/10.1039/b203083g
http://doi.org/10.1016/S0378-3820(99)00118-6

Energies 2022, 15, 5133 28 of 30

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Bian, J.; Xiao, M.; Wang, S.J.; Lu, Y.X.; Meng, Y.Z. Novel application of thermally expanded graphite as the support of catalysts for
direct synthesis of DMC from CH3OH and CO,. J. Colloid Interface Sci. 2009, 334, 50-57. [CrossRef] [PubMed]

Chen, H.; Wang, S.; Xiao, M.; Han, D.; Lu, Y.; Meng, Y. Direct synthesis of dimethyl carbonate from CO, and CH30H using
0.4 nm molecular sieve supported Cu-Ni bimetal catalyst. Chin. J. Chem. Eng. 2012, 20, 906-913. [CrossRef]

Kabra, S.K.; Turpeinen, E.; Keiski, R.L.; Yadav, G.D. Direct synthesis of dimethyl carbonate from methanol and carbon dioxide:
A thermodynamic and experimental study. J. Supercrit. Fluids 2016, 117, 98-107. [CrossRef]

Chiang, C.-L.; Lin, K.-S.; Yu, S.-H.; Lin, Y.-G. Synthesis and characterization of H3PW1,04/Ceq 1Tip 9O, for dimethyl carbonate
formation via methanol carbonation. Int. ]. Hydrogen Energy 2017, 42, 22108-22122. [CrossRef]

Pawar, A.A.; Lee, D.; Chung, W.J.; Kim, H. Understanding the synergy between MgO-CeQ; as an effective promoter and ionic
liquids for high dimethyl carbonate production from CO, and methanol. Chem. Eng. . 2020, 395, 124970. [CrossRef]

Chen, Y,; Tiang, Q.; Ye, Z,; Li, Y; Yang, Y.; Pu, H.; Li, G. Monolithic Zn,Ce;_4O; catalysts for catalytic synthesis of dimethyl
carbonate from CO, and methanol. New . Chem. 2020, 44, 12522-12530. [CrossRef]

Al-Darwish, J.; Senter, M.; Lawson, S.; Rezaei, F.; Rownaghi, A.A. Ceria nanostructured catalysts for conversion of methanol and
carbon dioxide to dimethyl carbonate. Catal. Today 2020, 350, 120-126. [CrossRef]

Akune, T.; Morita, Y.; Shirakawa, S.; Katagiri, K.; Inumaru, K. ZrO, nanocrystals as catalyst for synthesis of dimethyl carbonate
from methanol and carbon dioxide: Catalytic activity and elucidation of active sites. Langmuir 2018, 34, 23-29. [CrossRef]
Saada, R.; Kellici, S.; Heil, T.; Morgan, D.; Saha, B. Greener synthesis of dimethyl carbonate using a novel ceria—zirconia
oxide/graphene nanocomposite catalyst. Appl. Catal. B Environ. 2015, 168-169, 353-362. [CrossRef]

Li, A,; Pu, Y; Li, F; Luo, J.; Zhao, N.; Xiao, F. Synthesis of dimethyl carbonate from methanol and CO, over Fe-Zr mixed oxides.
J. CO, Util. 2017, 19, 33-39. [CrossRef]

Cai, Q.; Lu, B.; Guo, L.; Shan, Y. Studies on synthesis of dimethyl carbonate from methanol and carbon dioxide. Catal. Commun.
2009, 10, 605-609. [CrossRef]

Bansode, A.; Urakawa, A. Continuous DMC synthesis from CO, and methanol over a CeO; catalyst in a fixed bed reactor in the
presence of a dehydrating agent. ACS Catal. 2014, 4, 3877-3880. [CrossRef]

Faria, D.J.; Santos, L.M.; Bernard, F.L.; Pinto, I.S.; da Motta Resende, M.A.C.; Einloft, S. Dehydrating agent effect on the synthesis
of dimethyl carbonate (DMC) directly from methanol and carbon dioxide. RSC Adv. 2020, 10, 34895-34902. [CrossRef] [PubMed]
Tamboli, A.H.; Chaugule, A.A.; Kim, H. Highly selective and multifunctional chitosan/ionic liquids catalyst for conversion of
CO; and methanol to dimethyl carbonates at mild reaction conditions. Fuel 2016, 166, 495-501. [CrossRef]

Vieira, M.O.; Aquino, A.S.; Schiitz, M.K.; Vecchia, ED.; Ligabue, R.; Seferin, M.; Einloft, S. Chemical conversion of CO,: Evaluation
of different ionic liquids as catalysts in dimethyl carbonate synthesis. Energy Procedia 2017, 114, 7141-7149. [CrossRef]

Zhao, T.; Hu, X.; Wu, D.; Li, R;; Yang, G.; Wu, Y. Direct synthesis of dimethyl carbonate from carbon dioxide and methanol at
room temperature using Imidazolium hydrogen carbonate ionic liquid as a recyclable catalyst and dehydrant. ChemSusChem
2017, 10, 2046-2052. [CrossRef]

Bian, J.; Wei, X.E; Jin, Y.R,; Wang, L.; Luan, D.C.; Guan, Z.P. Direct synthesis of dimethyl carbonate over activated carbon
supported Cu-based catalysts. Chem. Eng. . 2010, 165, 686-692. [CrossRef]

Lee, H].; Park, S.; Jung, ]J.C.; Song, I.K. Direct synthesis of dimethyl carbonate from methanol and carbon dioxide over
H3PW1,040/CexZr;_xO; catalysts: Effect of acidity of the catalysts. Korean J. Chem. Eng. 2011, 28, 1518-1522. [CrossRef]
Hofmann, H.J.; Brandner, A.; Claus, P. Direct synthesis of dimethyl carbonate by carboxylation of methanol on ceria-based mixed
oxides. Chem. Eng. Technol. 2012, 35, 2140-2146. [CrossRef]

Miguel, C.V.; Soria, M.A.; Mendes, A.; Madeira, L.M. Direct CO, hydrogenation to methane or methanol from post-combustion
exhaust streams—A thermodynamic study. J. Nat. Gas Sci. Eng. 2015, 22, 1-8. [CrossRef]

La, KW.; Youn, M.H.; Chung, ].S.; Baeck, S.H.; Song, I.K. Synthesis of dimethyl carbonate from methanol and carbon dioxide by
heteropolyacid /metal oxide catalysts. Solid State Phenom. 2007, 119, 287-290. [CrossRef]

Lee, H.].; Joe, W.; Song, LK. Direct synthesis of dimethyl carbonate from methanol and carbon dioxide over transition metal
oxide/Ceg Zr( 4O, catalysts: Effect of acidity and basicity of the catalysts. Korean . Chem. Eng. 2012, 29, 317-322. [CrossRef]
Marin, C.M.; Li, L.; Bhalkikar, A.; Doyle, J.E.; Zeng, X.C.; Cheung, C.L. Kinetic and mechanistic investigations of the direct
synthesis of dimethyl carbonate from carbon dioxide over ceria nanorod catalysts. J. Catal. 2016, 340, 295-301. [CrossRef]
Wang, X.; Zhao, J.; Li, Y.; Huang, S.; An, J.; Shi, R.; Pei, Y.; Li, Z.; Ren, J. Effects of surface acid-base properties of ZrO, on the
direct synthesis of DMC from CO, and methanol: A combined DFT and experimental study. Chem. Eng. Sci. 2021, 229, 116018.
[CrossRef]

Bian, J.; Xiao, M.; Wang, S.; Lu, Y.; Meng, Y. Carbon nanotubes supported Cu-Ni bimetallic catalysts and their properties for the
direct synthesis of dimethyl carbonate from methanol and carbon dioxide. Appl. Surf. Sci. 2009, 255, 7188-7196. [CrossRef]
Merza, G.; Laszlo, B.; Oszko, A.; Potari, G.; Baan, K.; Erdohelyi, A. The direct synthesis of dimethyl carbonate by the oxicarbony-
lation of methanol over Cu supported on carbon nanotube. J. Mol. Catal. A Chem. 2014, 393, 117-124. [CrossRef]

Daniel, C.; Schuurman, Y.; Farrusseng, D. Surface effect of nano-sized cerium-zirconium oxides for the catalytic conversion of
methanol and CO; into dimethyl carbonate. ]. Catal. 2021, 394, 486—494. [CrossRef]

Honda, M.; Tamura, M.; Nakagawa, Y.; Tomishige, K. Catalytic CO, conversion to organic carbonates with alcohols in combination
with dehydration system. Catal. Sci. Technol. 2014, 4, 2830-2845. [CrossRef]


http://doi.org/10.1016/j.jcis.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19376522
http://doi.org/10.1016/S1004-9541(12)60417-0
http://doi.org/10.1016/j.supflu.2016.05.039
http://doi.org/10.1016/j.ijhydene.2017.03.120
http://doi.org/10.1016/j.cej.2020.124970
http://doi.org/10.1039/D0NJ02650F
http://doi.org/10.1016/j.cattod.2019.06.013
http://doi.org/10.1021/acs.langmuir.7b01294
http://doi.org/10.1016/j.apcatb.2014.12.013
http://doi.org/10.1016/j.jcou.2017.02.016
http://doi.org/10.1016/j.catcom.2008.11.002
http://doi.org/10.1021/cs501221q
http://doi.org/10.1039/D0RA06034H
http://www.ncbi.nlm.nih.gov/pubmed/35514376
http://doi.org/10.1016/j.fuel.2015.11.023
http://doi.org/10.1016/j.egypro.2017.03.1876
http://doi.org/10.1002/cssc.201700128
http://doi.org/10.1016/j.cej.2010.10.002
http://doi.org/10.1007/s11814-011-0020-x
http://doi.org/10.1002/ceat.201200475
http://doi.org/10.1016/j.jngse.2014.11.010
http://doi.org/10.4028/www.scientific.net/SSP.119.287
http://doi.org/10.1007/s11814-011-0185-3
http://doi.org/10.1016/j.jcat.2016.06.003
http://doi.org/10.1016/j.ces.2020.116018
http://doi.org/10.1016/j.apsusc.2009.03.057
http://doi.org/10.1016/j.molcata.2014.06.010
http://doi.org/10.1016/j.jcat.2020.09.023
http://doi.org/10.1039/C4CY00557K

Energies 2022, 15, 5133 29 of 30

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Choi, J.C.; He, L.N.; Yasuda, H.; Sakakura, T. Selective and high yield synthesis of dimethyl carbonate directly from carbon
dioxide and methanol. Green Chem. 2002, 4, 230-234. [CrossRef]

Eta, V.; Maki-Arvela, P.; Warna, J.; Salmi, T.; Mikkola, ].P.; Murzin, D.Y. Kinetics of dimethyl carbonate synthesis from methanol
and carbon dioxide over ZrO,-MgO catalyst in the presence of butylene oxide as additive. Appl. Catal. A Gen. 2011, 404, 39—46.
[CrossRef]

Honda, M.; Suzuki, A.; Noorjahan, B.; Fujimoto, K.I.; Suzuki, K.; Tomishige, K. Low pressure CO, to dimethyl carbonate by the
reaction with methanol promoted by acetonitrile hydration. Chem. Commun. 2009, 30, 4596—4598. [CrossRef] [PubMed]
Tamura, M.; Wakasugi, H.; Shimizu, K.; Satsuma, A. Efficient and substrate-specific hydration of nitriles to amides in water by
using a CeO; catalyst. Chem. A Eur. J. 2011, 17, 11428-11431. [CrossRef] [PubMed]

Honda, M.; Tamura, M.; Nakagawa, Y.; Nakao, K.; Suzuki, K.; Tomishige, K. Organic carbonate synthesis from CO, and alcohol
over CeO, with 2-cyanopyridine: Scope and mechanistic studies. J. Catal. 2014, 318, 95-107. [CrossRef]

Honda, M.; Tamura, M.; Nakagawa, Y.; Sonehara, S.; Suzuki, K.; Fujimoto, K.; Tomishige, K. Ceria-catalyzed conversion of carbon
dioxide into dimethyl carbonate with 2-cyanopyridine. ChemSusChem 2013, 6, 1341-1344. [CrossRef]

Wang, S.P,; Zhou, ].].; Zhao, S.Y.; Zhao, Y.J.; Ma, X.B. Enhancements of dimethyl carbonate synthesis from methanol and carbon
dioxide: The in situ hydrolysis of 2-cyanopyridine and crystal face effect of ceria. Chin. Chem. Lett. 2015, 26, 1096-1100. [CrossRef]
Du, J; Shi, J.; Li, Z.; Liu, Z.; Fan, X;; Tao, C. Ionic liquid mediated CO; activation for DMC synthesis. J. Nat. Gas Chem. 2012, 21,
476-479. [CrossRef]

Zhang, N.; Huang, Z.; Zhang, H.; Ma, |; Jiang, B.; Zhang, L. Highly efficient and reversible CO, capture by task-specific deep
eutectic solvents. Ind. Eng. Chem. Res. 2019, 58, 13321-13329. [CrossRef]

Wang, X.; Shang, D.; Zeng, S.; Wang, Y.; Zhang, X.; Zhang, X.; Liu, ]. Enhanced CO, capture by binary systems of pyridinium-based
ionic liquids and porous ZIF-8 particles. . Chem. Thermodyn. 2019, 128, 415-423. [CrossRef]

Yan, H.; Zhao, L.; Bai, Y.; Li, F; Dong, H.; Wang, H.; Zhang, X.; Zeng, S. Superbase ionic liquid-based deep eutectic solvents for
improving CO, absorption. ACS Sustain. Chem. Eng. 2020, 8, 2523-2530. [CrossRef]

Ryu, J.Y.; Gelbein, A.P. Process and Catalyst for Making Dialkyl Carbonates. U.S. Patent 6392078, 21 May 2002.

Yamazaki, N.; Nakahama, S. Polymers derived from carbon dioxide and carbonates. Ind. Eng. Chem. Prod. Res. Dev. 1979, 18,
249-252. [CrossRef]

Lin, H.; Yang, B.; Sun, J.; Wang, X.; Wang, D. Kinetics studies for the synthesis of dimethyl carbonate from urea and methanol.
Chem. Eng. ]. 2004, 103, 21-27. [CrossRef]

Gui, X,; Cao, F; Liu, D.; Fang, D. Synthesis of dimethyl carbonate from carbon dioxide under supercritical condition. J. Chem. Eng.
Chin. Univ. 1998, 12, 152.

Wu, C; Zhao, X.; Wang, Y. Effect of reduction treatment on catalytic performance of Zn-based catalyst for the alcoholysis of urea
to dimethyl carbonate. Catal. Commun. 2005, 6, 694—698. [CrossRef]

Wang, M.; Zhao, N.; Wei, W,; Sun, Y. Synthesis of dimethyl carbonate from urea and methanol over ZnO. Ind. Eng. Chem. Res.
2005, 44, 7596-7599. [CrossRef]

Zhao, W.; Peng, W.; Wang, D.; Zhao, N.; Li, J.; Xiao, F; Wei, W.; Sun, Y. Zinc oxide as the precursor of homogenous catalyst for
synthesis of dialkyl carbonate from urea and alcohols. Catal. Commun. 2009, 10, 655-658. [CrossRef]

Wang, H.; Wang, M.; Zhao, W.; Wei, W.; Sun, Y. Reaction of zinc oxide with urea and its role in urea methanolysis. React. Kinet.
Mech. Catal. 2010, 99, 381-389. [CrossRef]

Wang, D.; Zhang, X.; Gao, Y.; FXiao, E; Wei, W.; Sun, Y. Synthesis of dimethyl carbonate from methyl carbamate and methanol
over lanthanum compounds. Fuel Process. Technol. 2010, 91, 1081-1086. [CrossRef]

Xin, S.; Wang, L.; Li, H,; Huang, K.; Li, FE. Synthesis of diethyl carbonate from urea and ethanol over lanthanum oxide as a
heterogeneous basic catalyst. Fuel Process. Technol. 2014, 126, 453—459. [CrossRef]

Gao, Y.; Peng, W.; Zhao, N.; Wei, W.; Sun, Y. A DFT study on the reaction mechanism for dimethyl carbonate synthesis from
methyl carbamate and methanol. J. Mol. Catal. A Chem. 2011, 351, 29—40. [CrossRef]

Dibenedetto, A.; Angelini, A.; Fasciano, S.; Papai, I.; Curulla-Ferré, D.; Aresta, M. The reaction mechanism in the ethanolysis of
urea with transition metal-based catalysts: DFT calculations and experiments. ]. CO, Util. 2014, 8, 27-33. [CrossRef]

Wang, D.; Zhang, X.; Wei, W.; Sun, Y. Synthesis of dimethyl carbonate from methyl carbamate and methanol using a fixed-bed
reactor. Chem. Eng. Technol. 2012, 35, 2183-2188. [CrossRef]

Joe, W.; Lee, H].; Hong, U.G.; Ahn, Y.S.; Song, C.J.; Kwon, B.J.; Song, LK. Urea methanolysis to dimethyl carbonate over
ZnO-CeO-MO (MO: LayOs3, Y503, Coy03, Gay O3, and ZrOy) catalysts. J. Ind. Eng. Chem. 2012, 18, 1730-1735. [CrossRef]
Asghari, S.; Ghiaci, M. Dimethyl carbonate synthesis from urea methanolysis over ZnO-Nb,Os-TiO, mixed oxide catalysts. Ind.
Eng. Chem. Res. 2020, 59, 6405-6415. [CrossRef]

Zhang, C.; Lu, B,; Wang, X.; Zhao, J.; Cai, Q. Selective synthesis of dimethyl carbonate from urea and methanol over
Fe, O3 /HMCM-49. Catal. Sci. Technol. 2012, 2, 305-309. [CrossRef]

Wu, X.; Kang, M.; Yin, Y.; Wang, F.; Zhao, N.; Xiao, F.; Wei, W.; Sun, Y. Synthesis of dimethyl carbonate by urea alcoholysis over
Zn/ Al bi-functional catalysts. Appl. Catal. A Gen. 2014, 473, 13-20. [CrossRef]

Wu, X; Kang, M.; Zhao, N.; Wei, W.; Sun, Y. Dimethyl carbonate synthesis over ZnO-CaO bi-functional catalysts. Catal. Commun.
2014, 46, 46-50. [CrossRef]


http://doi.org/10.1039/b200623p
http://doi.org/10.1016/j.apcata.2011.07.004
http://doi.org/10.1039/b909610h
http://www.ncbi.nlm.nih.gov/pubmed/19617995
http://doi.org/10.1002/chem.201101576
http://www.ncbi.nlm.nih.gov/pubmed/21953923
http://doi.org/10.1016/j.jcat.2014.07.022
http://doi.org/10.1002/cssc.201300229
http://doi.org/10.1016/j.cclet.2015.05.005
http://doi.org/10.1016/S1003-9953(11)60393-9
http://doi.org/10.1021/acs.iecr.9b02041
http://doi.org/10.1016/j.jct.2018.08.038
http://doi.org/10.1021/acssuschemeng.9b07128
http://doi.org/10.1021/i360072a004
http://doi.org/10.1016/j.cej.2004.07.003
http://doi.org/10.1016/j.catcom.2005.06.010
http://doi.org/10.1021/ie0504553
http://doi.org/10.1016/j.catcom.2008.11.018
http://doi.org/10.1007/s11144-009-0134-x
http://doi.org/10.1016/j.fuproc.2010.03.017
http://doi.org/10.1016/j.fuproc.2014.05.029
http://doi.org/10.1016/j.molcata.2011.09.006
http://doi.org/10.1016/j.jcou.2014.10.002
http://doi.org/10.1002/ceat.201200217
http://doi.org/10.1016/j.jiec.2012.03.017
http://doi.org/10.1021/acs.iecr.9b05637
http://doi.org/10.1039/C1CY00216C
http://doi.org/10.1016/j.apcata.2013.12.034
http://doi.org/10.1016/j.catcom.2013.10.040

Energies 2022, 15, 5133 30 of 30

83.

84.

85.

86.

87.

88.

89.

Dibenedetto, A.; Angelini, A.; Aresta, M.; Fasciano, S.; Cucciolito, M.E.; Ruffo, F; Aresta, B.M.; Curulla-Ferré, D.; De Giglio,
E. Synthesis of diethyl carbonate by ethanolysis of urea: A study on the recoverability and recyclability of new Zn-based
heterogeneous catalysts. Appl. Catal. A Gen. 2015, 493, 1-7. [CrossRef]

Zhang, Z.; Sun, X.; Zhang, X.; Fang, X. Synthesis of dimethyl carbonate from urea and methanol catalyzed by various metal
oxides and salts. J. Fuel Chem. Technol. 2015, 43, 1375-1379. [CrossRef]

Wang, P; Liu, S.; Zhou, F; Yang, B.; Alshammari, A.S.; Lu, L.; Deng, Y. Two-step synthesis of dimethyl carbonate from urea,
ethylene glycol and methanol using acid-base bifunctional zinc-yttrium oxides. Fuel Process. Technol. 2014, 126, 359-365.
[CrossRef]

An, H,; Zhang, G.; Zhao, X.; Wang, Y. Preparation of highly stable Ca-Zn-Al oxide catalyst and its catalytic performance for
one-pot synthesis of dimethyl carbonate. Catal. Today 2018, 316, 185-192. [CrossRef]

Lakshmi, D.D.; Rao, S.B.; Lingaiah, N. Synthesis of dimethyl carbonate from methanol and urea over zinc-strontia mixed oxide
catalysts. Catal. Commun. 2019, 122, 1-4. [CrossRef]

He, H.; Wang, T.; Zhu, S. Continuous production of biodiesel fuel from vegetable oil using supercritical methanol process. Fuel
2007, 86, 442—-447. [CrossRef]

Hou, Z.; Luo, L.; Liu, K; Liu, C.; Wang, Y.; Dai, L. High-yield synthesis of dimethyl carbonate from the direct alcoholysis of urea
in supercritical methanol. Chem. Eng. ]. 2014, 236, 415-418. [CrossRef]


http://doi.org/10.1016/j.apcata.2014.12.050
http://doi.org/10.1016/S1872-5813(15)30042-6
http://doi.org/10.1016/j.fuproc.2014.05.012
http://doi.org/10.1016/j.cattod.2018.03.006
http://doi.org/10.1016/J.CATCOM.2019.01.005
http://doi.org/10.1016/j.fuel.2006.07.035
http://doi.org/10.1016/j.cej.2013.09.024

	Introduction 
	Carbon Dioxide (CO2)-Based Synthesis of DMC 
	Direct Conversion of CO2 to DMC 
	Use of Dehydrating Agents 
	Use of Ionic Liquids (ILs) 

	Conversion of Urea and Methanol to DMC 
	Homogeneous Catalysts for DMC Production from Urea 
	Heterogeneous Catalysts Used for DMC Production from Urea 


	Outlook and Future Perspectives 
	Concluding Remarks 
	References

