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Abstract of the thesis 

Catalytic synthesis of dimethyl carbonate and its application as a 

green reagent for the synthesis of aromatic carbamates 

 

Introduction 

Dimethyl carbonate (DMC), is an important intermediate and is widely used in industry 

due to its non-toxicity, good biodegradability, and excellent solubility.
1
 DMC is used as an 

alternative, to harmful phosgene for the synthesis of aromatic polycarbonates and isocyanates as 

a carbonylation reagent. It is also used in methylation reaction as a safe substitute for dimethyl 

sulfate, methyl halides; which are toxic and corrosive.
2 

DMC is about 1000 times less toxic than 

phosgene. Moreover, because of its versatile chemical properties, DMC is used as an electrolytic 

solution in secondary lithium battery, as a flavoring agent in foodstuff and as a solvent in the 

field of paints. Owing to all these properties DMC is considered as an environmentally benign 

chemical and a safe reagent for many important transformations.
3
 Future demand for DMC is 

expected to grow in view of the stringent environmental regulations. Hence research work is 

being carried out on the development of safer routes for DMC synthesis and it’s utilization to 

value added products like aromatic carbamates by methoxycarbonylation of aromatic amines.
4
 

Methyl N-phenyl carbamate (MPC) is the simplest aromatic carbamate and is widely used as 

intermediate in the synthesis of pesticides, insecticides, herbicides, plastics and often used as 

protecting groups for amine functionality.
5 

MPC is an important precursor for preparing 

methylene diphenyl diisocyanate (MDI) by condensation of MPC with formaldehyde, which is 

an important intermediate for the synthesis of polyurethanes (PUs).
6
 PUs are among the most 

valuable polymers produced by the chemical industry. In 2007 the global consumption of PUs as 
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raw material was about 12 million metric tons/year and the average annual growth rate is about 

5%. 

Aim of the present work was to develop an efficient and selective catalyst for the synthesis of 

DMC by transesterification of cyclic carbonates with methanol and synthesis of methyl-N-

Phenyl Carbamate (MPC) via methoxycarbonylation of Aniline with DMC. The Thesis consists 

of three chapters, Chapter 1: deals with general introduction and literature available on the 

synthesis of DMC from cyclic carbonates and methanol and synthesis of aromatic carbamates 

from DMC and aromatic amines, Chapter 2: DMC synthesis by transesterification of cyclic 

carbonates with methanol using heterogeneous base catalysts, and Chapter 3: Synthesis of 

methyl phenyl carbamate by methoxy carbonylation of aniline with DMC using solid catalyst.  

 

Chapter 1: Catalytic synthesis of Dimethyl carbonate and its 

application to value added products 

Chapter 1 deals with general introduction to DMC and its application as a “Green 

Reagent” for the synthesis of value added products. Conventionally DMC was synthesized via 

phosgenation and presently manufactured by oxidative carbonylation of methanol; both of these 

routes require corrosive and poisonous gases like chlorine, COCl2 and CO. In case of oxidative 

carbonylation of methanol there is a risk associated with the explosion hazard of CO/O2 mixture. 

One clean and sustainable route for the synthesis of DMC is the transesterification of cyclic 

carbonate [ethylene carbonate (EC)/propylene carbonate (PC)] with methanol. This 

transesterification process was developed by Asahi Kasei Chemical, Japan and commercial plant 

was built by Texaco in 1987. Nowadays there are several plants based on this process in China. 

Transesterification process is a safe and waste less process and stochiometric amount of ethylene 
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glycol is formed as a byproduct. Furthermore it implies the use of carbon dioxide as a starting 

material. Considerable amount of work has been carried out on the development of 

heterogeneous catalysts for the synthesis of DMC.
4 

From the literature it was observed that there 

are limited investigations on highly active and reusable catalysts for this reaction. Lower 

conversion of PC to DMC than EC to DMC was observed mainly due to steric factors and 

differences in the chemical structures of these alkylene carbonates. Thus there is a need to 

expand the scope of catalysts and hence work is being carried out on this important route. 

DMC has a potential to provide atom efficient and safer route for the synthesis of aromatic 

carbamates from DMC and aromatic amines. Lot of work is being carried out on the 

development of catalysts for this reaction. Among all metal based catalysts; Zn and Pb metal 

salts have shown best catalytic activity.
6
 However, catalyst/product separation is difficult 

because of the homogeneous nature of these catalysts. Also, lead compounds showed high 

catalytic performance, but they are not environmentally friendly. Supported zinc acetate based 

catalysts were studied for this reaction (Zn(OAc)2/AC, Zn(OAc)2/α-Al2O3 and Zn(OAc)2/SiO2) 
8
  

however, deactivation of Zn(OAc)2 was observed with the formation of ZnO [reaction between 

methanol and Zn(OAc)2]. Thus there is a need to develop active, selective and reusable catalyst 

for this important reaction.  

 

Chapter 2: DMC synthesis by transesterification of cyclic carbonate 

with methanol using heterogeneous base catalysts 

Chapter 2 presents work carried out on the synthesis of DMC from cyclic carbonate and 

methanol using heterogeneous catalysts. This chapter has been divided in two parts. Chapter 2A 
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deals with the synthesis of DMC using Mg-Fe-Ce ternary hydrotalcite as the catalyst, while 

Chapter 2B deals with DMC synthesis using Li-Al mixed metal oxide as the catalyst.  

 

Chapter 2A: Synthesis of dimethyl carbonate by transesterification of EC with 

methanol using MgFeCe ternary Layer double hydroxide (LDH) catalyst. 
9 

Transesterification of EC with methanol to DMC was investigated in detail using 

Mg3FexCe1−x ternary LDH as the catalyst. The LDHs were synthesized by varying Fe:Ce molar 

ratio in a range of 1:0–0:1. All synthesized LDHs were characterized by XRD, FT-IR, TEM, N2 

sorption, benzoic acid titration and XPS in detail and evaluated for selective synthesis of 

dimethyl carbonate by transesterification of ethylene carbonate with methanol.  

 

 

 

Figure 1. Schematic of transesterification of EC with methanol and Catalyst recycle study 

Reaction conditions: EC: 23 mmol, MeOH: 230 mmol, Catalyst: 2.5 wt% to EC, Reaction 

time: 3h, Temperature:70
o
C 
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Both the end members of this series Mg3Fe1 (LDH-1) and Mg3Ce1 (LDH-6) showed lower 

catalytic activity and selectivity to DMC. The significant increase in EC conversion and DMC 

selectivity was observed with appropriate concentration of Ce present in LDH structure. The 

activity varied in the order: LDH-6 < LDH-5 < LDH-1 < LDH-4 < LDH-2 < LDH-3. The 

activity trend was found to be in good agreement with   structural and surface basic properties of 

the synthesized LDHs. Among the synthesized catalysts LDH-3 (Fe:Ce molar ratio: 0.85:0.15) 

showed best catalytic performance (87% EC conversion with 100% DMC selectivity) under mild 

reaction conditions. LDH-3 was found truly heterogeneous catalyst and was recycled seven times 

without loss in catalytic activity and selectivity to DMC (Fig.1). Various trivalent metals were 

also used to modify the LDH with composition Mg3Fe0.85M0.15 [where M
3+

 = La, Sm, Y and Cr] 

and the activity trend followed in order of La ≈ Ce > Sm > Y > Cr. The best results were 

obtained with Ce modified Mg3:Fe1 LDH ( Mg3Fe0.85Ce0.15) as the catalyst. The results were 

found to be in good agreement with the electro negativities of incorporated third metal cations 

[M
3+

]. To the best of our knowledge this is the first report on the use of Mg3Fe0.85M0.15 ternary 

LDH as a catalyst for this reaction. 

 

Chapter 2B: Synthesis of dimethyl carbonate by transesterification of cyclic 

carbonate (EC/PC) with methanol using Li-Al mixed metal oxide catalyst DMC 

synthesis by transesterification of PC/EC with Methanol was investigated using single and 

mixed-metal oxide (MMO) materials consisting of Li, Mg, Co, Ni, Zn, Al and/or Fe with distinct 

acid−base properties (Scheme 2). Binary MMOs were prepared via hydrotalcite precursors to 

achieve high surface area and homogeneous mixing of the resulting, typically nanosized metal 

oxide phases after calcination treatment. All catalysts were characterized in detail by XRD, BET, 
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TEM analysis and acid−base properties of the materials were determined by NH3/ CO2-TPD. The 

acid base properties of the catalysts prepared strongly influenced the activity towards DMC 

synthesis. Best results were observed with Li-Al 500 as the catalyst (86-75% of EC and PC 

conversion respectively with 100% selectivity to DMC) at 70
0
C for 1-3h using 2.5 wt% catalyst 

loading. The catalyst was highly stable and gave good performance for 5 recycle experiments 

with > 99% selectivity to DMC (Fig.2).  . 

 

 

 

 

 

 

 

 

Applicability of Li-Al 500 was investigated for transesterification of EC with different alcohols 

including methanol, ethanol, n-propanol, n-butanol, and n-pentanol to give corresponding dialkyl 

carbonates as products. To the best of our knowledge, there are few reports on solid base 

catalysts showing high activity and selectivity to DMC for this reaction with PC as reactant at 

lower temperature under atmospheric pressure. Catalytic activity of Li-Al 500 was found to be 

superior compared to most of the reported solid catalysts under mild reaction conditions. 

 

 

Figure 2: Catalyst recyclability test. Reaction EC:23mmol 

EC: MeOH=1:10, Li-Al 500: 2.5 wt % relative to EC, 

Reaction Time: 1h, Temperature: 70˚C. 

 

Scheme 2: Transesterification of EC/PC with methanol 
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Chapter 3: Synthesis of methyl phenyl carbamate by methoxy 

carbonylation of aniline with DMC using solid catalysts  

Catalytic synthesis of aromatic carbamates from aromatic amines and DMC has been 

investigated in chapter 3. Main aim of the work was to develop active, selective and recyclable 

catalyst for this reaction. Chapter 3A presents results obtained using Zn (Proline)2 catalyst, while 

results obtained using Ce-Zn-Zr mixed metal oxide catalyst are presented in Chapter 3B. 

 

Chapter 3A : Synthesis of methyl phenyl carbamate by methoxy carbonylation of 

aniline with DMC using Zn (Proline)2 

Methoxy carbonylation reaction of Aniline with DMC was carried out using M (amino 

acid)2 complexes (Scheme 3). Various Zn (amino acid)2 complexes were prepared by 

precipitation method. From which Zn (Proline)2 showed the best catalytic activity towards MPC 

synthesis, hence detailed parametric study of reactions was carried out using Zn (Proline)2 

catalyst. Good results were observed with aniline: DMC ratio of 1:10, reaction temperature 

170
o
C and reaction time of 3h (98.6% conversion with 97.8% selectivity to MPC in 3 h). 

Zn(Proline)2 was found to be an efficient, Lewis acid catalyst for methoxycarboxylation reaction. 

 

Scheme 3: Methoxycarbonylation of aniline with DMC 
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Chapter 3 B: Synthesis of methyl phenyl carbamate by methoxy carbonylation of 

aniline with DMC using Ce-Zn-Zr mixed metal oxide catalyst 

Methoxy carbonylation reaction of aniline with DMC was carried out using binary and 

ternary MMOs as catalysts (Scheme 4). Various MMOs were prepared by co-precipitation 

method and screened for the reaction. Ternary Ce3Zn0.5Zr1 MMO catalyst showed the best 

activity towards MPC and good results were observed with aniline: DMC ratio of 1:20 reaction 

temperature of 180
o
C and reaction time of 2h (98.4% conversion with 98.7% selectivity to 

MPC). Effect of Zn concentration in Ce:Zn:Zr MMO was also studied in detail. All catalysts 

were characterized by various spectroscopic techniques using XRD, BET, TEM and acid 

properties of the materials determined by NH3-TPD. Zn concentration in Ce:Zn:Zr catalyst 

affects the activity and selectivity to MPC. Detailed parametric study was carried out using 

Ce3Zn0.5Zr1 MMO catalyst. Ce3Zn0.5Zr1 was recycled up to 6 recycle experiments with slight 

drop in activity. Ce3Zn0.5Zr1 catalyst was found to be an efficient, stable, inexpensive and 

recyclable heterogeneous catalyst for methoxycarbonylation of aniline and DMC. XRD analysis 

of fresh catalyst and catalyst recovered after six recycle experiments showed similar pattern and 

did not show significant changes in the analysis (Fig.3). 
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Scheme 4: Methoxycarbonylation of aniline with DMC 
Figure 3: XRD pattern fresh and used Ce3Zn0.5Zr1 
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1.1 Introduction 

Today, we cannot expect our life without science and technology and most of our daily 

activities are influenced by technological advancements.
1
 Chemical industry and Catalysis has 

played an important role in the day-to-day life directly or indirectly as exemplified by the 

manufacture of commodity chemicals, clothing, food-products, plastics, agrochemicals, 

pesticides  and pharmaceuticals.
2,3

 While the petroleum and petrochemical industry is largely 

based on catalytic processes, in recent years the small volume specialty and fine chemicals are 

also preferred to be produced by catalytic routes. Most of the industrial chemical processes 

involve catalytic reactions and hence the subject of catalysis is considered as the backbone of 

chemical industry. Catalysis is also a key to the development of entirely new technologies or 

breathing new life into an otherwise, mature technology. As a result of this, the subject of 

catalysis has emerged, which involved catalytic process development as also the understanding 

of the chemistry of catalytic reactions and engineering aspects. 

Over the past century industries utilizing chemistry and chemical engineering have been major 

contributors to worldwide economic development, however, this has led to increase in generation 

of toxic and hazardous wastes causing serious environmental problems. Alarmed by the increase 

in pollution government agencies have passed strict environmental regulation laws. This period 

saw the rise of environmental catalysis. This has led to many discoveries using catalysis for 

removal of toxic wastes, replacement of hazardous stoichiometric processes and development of 

environmentally compatible technologies, which generate minimum waste for conventional as 

well as new materials in various fields. Some of the important examples of industrial catalytic 

reactions are oxidation, hydrogenation, hydroformylation, carbonylation, metathesis, 
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hydrocyanation, alkylation, esterification and polymerization etc.
4-6

 In the early 90‘s the concept 

of environmental catalysis was conceived as ‗Green Chemistry‘ to overcome the issue of 

pollution and sustainable development of chemical industry. Catalysis has played a major role in 

the development of Green Chemistry and at present approximately 85–90% of the products of 

chemical industry are made using catalytic processes.
7
 

The following sections present, a brief introduction to catalysis, the background of the subject, a 

review of literature and specific research problems chosen along with the scope and objectives of 

this thesis. 

 

1.2. Catalysis 

Catalysis is a phenomenon by which chemical reactions are accelerated by small 

quantities of foreign substances, called catalysts. The word ‗catalysis‘ comes from two Greek 

words, the prefix ‗cata‘ meaning down and ‗lysein‘ means ‗to split or break‘.
7
 The concept of 

catalysis was first proposed by chemist Elizabeth Fulhame and described in a 1794 book, based 

on her novel work in oxidation-reduction experiments.
7a

 The term catalysis was later used by 

Jöns Jakob Berzelius in 1835
7
 to describe reactions that are accelerated by substances that remain 

unchanged after the reaction. In the 1880s, Wilhelm Ostwald at Leipzig University started a 

systematic investigation into reactions that were catalyzed by the presence of acids and bases, 

and found that chemical reactions occur at finite rates and that these rates can be used to 

determine the strengths of acids and bases.
8  

For this work, Ostwald was awarded the 1909 Nobel 

Prize in Chemistry. Ostwald defined the catalyst, ―Catalyst is a substance which increases the 

rate at which chemical reaction approaches equilibrium without becoming itself permanently 

involved‖. Catalysts work by providing an (alternative) pathway involving a different transition 

https://en.wikipedia.org/wiki/Elizabeth_Fulhame
https://en.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius
https://en.wikipedia.org/wiki/Wilhelm_Ostwald
https://en.wikipedia.org/wiki/Leipzig_University
https://en.wikipedia.org/wiki/Acid
https://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
https://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
https://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
https://en.wikipedia.org/wiki/Transition_state
https://en.wikipedia.org/wiki/Transition_state
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state and lower activation energy.
9
 consequently, more molecular collisions have the energy 

needed to reach the transition state. Hence, catalysts enable reactions that would otherwise be 

blocked or slowed by a kinetic barrier.  

 

Figure 1.1: Activation enegry diagram 

The catalyst may increase reaction rate or selectivity, or enable the reaction at lower 

temperatures. This effect can be illustrated with an energy profile diagram (Fig.1.1) showing the 

effect of a catalyst in a hypothetical exothermic chemical reaction X + Y to give Z (Scheme 

1.1).
8  

The presence of the catalyst opens a different reaction pathway (shown in red) with lower 

activation energy. The final result and the overall thermodynamics are the same. 

Catalysts generally react with one or more reactants to form intermediates that subsequently give 

the final reaction product, in the process regenerating the catalyst. The following is a typical 

reaction scheme, where C represents the catalyst, X and Y are reactants, and Z is the product of 

the reaction of X and Y: 

X + C → XC……………………………………….. (1) 

https://en.wikipedia.org/wiki/Activation_energy
https://en.wikipedia.org/wiki/Energy_profile_%28chemistry%29
https://en.wikipedia.org/wiki/Reaction_intermediate
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Y + XC → XYC …………………………………… (2) 

XYC → CZ ………………………………………… (3) 

CZ → C + Z ………………………………………   (4) 

Although the catalyst is consumed by reaction (1), it is subsequently regenerated in reaction (4), 

so it does not appear in the overall reaction equation (5): 

X + Y → Z………………………………………….. (5) 

Scheme 1.1: Mechanism of catalytic reaction 

As catalyst is regenerated in a reaction, often only a small amount of the catalyst is needed to 

increase the rate of the reaction. Catalysts can be heterogeneous or homogeneous, depending on 

whether a catalyst exists in the same phase as the substrate. Biocataysts (enzymes) are often seen 

as a separate group. 

 

1.2.1. Types of Catalysis 

Catalysis is generally categorized into three types. They are 1) Bio-catalysis, 2) 

Homogeneous catalysis 3) Heterogeneous (solid) catalysis.
10 

Separation of homogeneous catalyst 

from the reaction mixture is difficult limiting its commercial applications. In order to overcome 

the drawback of homogeneous catalysts various strategies are being developed to heterogenize 

homogeneous catalysts. The heterogenized homogeneous catalysts developed have advantage of 

high activity and selectivity similar to homogeneous catalyst and ease of separation like 

heterogeneous catalysts. This has led to Heterogenized homogeneous catalysts as separate 

category in the recent past.  

 Bio-catalysis 
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Bio-catalysis is homogeneous in nature and provides regioselective and stereoselective 

transformations at ambient reaction conditions with almost no by-product formation.
11 

Natural 

proteins (enzymes) or nucleic acids (RNAs or ribozymes and DNAs) are used to catalyse specific 

chemical reactions outside the living cells and the process is called as bio-catalysis.
12  

Enzymes 

are obtained from animal tissues, plants and microbes (yeast, bacteria or fungi). Significant 

progress in the field of protein engineering and molecular evolution has revolutionized the world 

of bio-catalysis. The industrial scale syntheses of fine chemicals by using bio-catalysis include, 

active pharmaceutical ingredients (APIs),
13 

biofuels (e.g. lipase for the production of biodiesel 

from vegetable oil),
14,15 

dairy industry (e.g. protease, lipase for lactose removal, renin for cheese 

preparation),
16

 baking industry (e.g. amylase for bread softness, glucose oxidase for dough 

strengthening), detergent manufacturing (e.g. proteinase, lipase, amylase used to remove stains 

of proteins, fats, starch, respectively),
17 

leather industry (e.g. protease for unhairing and bating), 

paper industry and textile industry (e.g. amylase for removing starch from woven fabrics) etc.
18 

 

 Homogeneous catalysis  

In homogeneous catalysis, the reactants, product and catalyst are present in same phase. 

Some examples of homogeneous catalysts are brønsted and Lewis acids, alkali and alkaline earth 

metal halides, ionic liquids, phase transfer catalysts, organometallic complexes and organo-

catalysts etc.
19 

Methanol carbonylation to acetic acid
20

 and hydroformylation of olefins
21

 

represent successful applications of homogeneous catalysis on industrial scale. Homogeneous 

catalysts have been used in the manufacture of important bulk and fine chemicals for the 

polymer, pharmaceutical, paint and fertilizer industries. Important reactions carried out using 

homogeneous catalysis include oxidation, hydrogenation, carbonylation, hydroformylation, 

Heck, Suzuki and other coupling reactions, telomerization, co-polymerization and 
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metathesisreactionetc.
22-24 

Major advantage of homogeneous catalysis is that the catalyst is 

soluble in the reaction mixture, allowing a very high degree of interaction between catalyst and 

reactant molecules. Homogeneous catalyst is mostly discrete molecule dissolved in liquid and 

can activate the reactants under milder operating conditions (lower temperature and pressure 

conditions) compared to heterogeneous catalysts.
25 

However, unlike with heterogeneous 

catalysis, the homogeneous catalyst is often irrecoverable after the reaction. Thus the main 

drawback of homogeneous catalysis is the separation of catalyst and products. This drawback has 

limited the commercial applications of homogeneous catalysis.
26 

Thus only 15-20% of the 

industrial catalytic reactions involve homogenous catalysts. 

 

 Heterogenized homogeneous catalysts 

Traditional heterogeneous catalysts (metal oxides or supported metals) exhibit lower 

selectivity and reactivity compared to homogeneous catalysts.
27

 Homogeneous catalysts have 

high activity and selectivity, however, their separation from the reaction mixture is difficult. In 

order to surmount these issues, homogeneous catalyst is immobilized in to separate phase by 

various techniques to prepare heterogenized homogeneous catalysts. This can be achieved by 

immobilizing the catalyst in another liquid phase (biphasic catalysis) or by supporting the 

homogeneous catalyst on insoluble matrix.
28  

Presently, biphasic catalysis and the solid supported 

homogeneous catalysts are widely recognized and well exploited in the academic and industrial 

research.
29  

Thus ―Heterogenized homogeneous catalyst‖ has emerged as a separate category in 

the recent past. The aim of this approach is to overlap the positive features of both homogeneous 

(selectivity and reactivity under milder reaction conditions) and heterogeneous catalyst (ease of 

separation of the catalyst from reaction mixture). This can be achieved through immobilization 

of catalysts such as metal complexes, organometallic compounds, ionic liquids on the different 



Chapter 1 
 

2018-PhD. Thesis: Nayana T. Nivangune (CSIR-NCL)  8 
 

solid surfaces (i.e Al2O3, SiO2, CeO2, ZrO2, AC, Zeolite, mesoporous material etc.) either 

through physisorption or chemisorption.
30 

Covalent grafting of catalytically active species on 

solid surfaces is found to be most favored approach for designing heterogenized homogeneous 

catalysts. Catalysts can be synthesized by different methods like anchoring, tethering
31 

and
 

encapsulation of homogeneous catalyst in inorganic matrix.
32 

The subject is important and has 

been reviewed extensively.
25, 27, 33 

 

 Heterogeneous catalysis 

In heterogeneous catalysis the reactant/product and catalyst are present in different phases.
34 

Most heterogeneous catalysts are solids that act on substrates in a liquid or gaseous reaction 

mixture. Heterogeneous catalysts are classified depending on their uses in different forms. 

Various categories usually referred to are presented below:
35

 

 Bulk catalysts 

Metals and metal alloys, Metal oxides, Mixed metal oxides, Carbides, Nitrides, Carbons, Ion 

exchange resins, Metal organic frameworks and Metal salts. 

 Supported catalysts 

Supported metals, supported mixed metal oxides, Surface modified oxides, Supported sulfide 

catalysts.  

 Coated catalysts 

Catalytically active layers of bulk or supported catalysts applied on inert structured surfaces are 

called as coated catalysts. Some examples of this system are monolithic honeycombs, foams and 

sponges, catalytic-wall reactors microstructured reactors with coated channels etc.
36

 

 Nanomaterial based catalyst 
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Heterogeneous catalysts broken up into metal nanoparticles (partial size 1-100 nm) in order to 

increase the surface area and active sites present on the catalyst surface which increases the rate 

of catalytic process. Some examples of nanocatalysts used for the important reactions are given 

below,  

 Nano NiO catalyst supported on γ- Al2O3 microspheres of 3 mm size developed by Johnson 

Mathey Company, for Biomass gasification to produce high syngas greater than 99% 

purity.
37

 

 Nanocatalysis of Al0.9H0.3PW12O40  nanotubes yields 96% of biodiesel from waste cooking 

oil as compared to 42.6% with conventional H3PW12O40 catalyst.
38

 

 

 Steps involve in a heterogeneous catalytic reactions 

In heterogeneous catalysis reaction takes place on the surface of catalyst and significant 

work has been carried out to understand mechanism of the reaction.
39 

 

 

Figure 1.2: Steps involve in a heterogeneous catalytic reactions 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

https://en.wikipedia.org/wiki/Heterogeneous_catalyst
https://en.wikipedia.org/wiki/Metal
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The progress of catalytic reactions on active sites of heterogeneous surface can be resolved into 

five distinct steps (Fig. 1.2): (i) Diffusion of the reactants to the catalyst surface (ii) Adsorption 

of reactants at surface (reactant-surface interactions) (iii) Reaction on the surface (iv) 

Decomposition of product from the surface and (v) Diffusion of the reaction products away from 

the catalyst surface.
40, 41

 Industrially heterogeneous catalysts have been used for many important 

reactions and few examples are hydrocracking, alkylation, catalytic cracking, polymerization, 

ammonia synthesis, water-gas shift reaction, hydrogenation of vegetable oils, oxidation, 

reduction, oligomerization, esterification, hydrolysis and a variety of condensation reactions, 

etc.
42-44

 

Main advantage of heterogeneous catalysts is very easy catalyst / product separation as compared 

to other catalysts. Thus most of the commercial processes use heterogeneous catalyst, which can 

be used in column (tubular reactor) for very long time (few months to years depending on the 

activity and stability).
45,46  

Consequently, the chemical industry is largely based upon 

heterogeneous catalysis and roughly 80-85% of all products are made using heterogeneous 

catalysts, and the percentage is increasing steadily.
35 

Hydrotalcites (HTs) and HT derived mixed 

metal oxides (MMOs) are important class of heterogeneous catalysts used for many 

reactions.
47,48 

In the past few years there has been a rapid growth in publications related to the 

synthesis and application of HTs and derived mixed metal oxide catalysts and there are extensive 

review articles on this subject.
49-51 

Since significant part of the work carried out in the present 

thesis is concerned with the use of HT and HT derived mixed metal oxides as catalysts, a brief 

introduction and applications of HT and HT derived mixed metal oxides as catalysts is given 

below. 
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1.2.2. Hydrotalcites (HTs)  

In recent years hydrotalcites (HTs) have received increasing attention in the search for 

environmentally benign catalysts for base-catalyzed reactions.
52,53  

Replacement of the traditional 

homogeneous base catalysts, such as aqueous NaOH, by heterogeneous catalysts could result in 

the reduction of waste streams, facile separation of the catalyst, and reusability of the catalyst. 

The catalytic activity of HTs as well as mixed metal oxides formed by calcination of HTs have 

been exploited as basic catalysts in many chemical processes including Cross-aldol condensation 

of aldehydes and ketones, Knoevenagel condensation, Claisen–Schmidt condensation, Michael 

addition, Transesterification, and Alkylation at ambient temperature with high activity and 

selectivity.
54-57 

 

 

 

 

 

 

 

Figure 1.3: Structure of hydrotalcite 

Hydrotalcite, Mg6Al2(OH)16CO3·4H2O, is a naturally occurring anionic clay. It was first 

discovered in Sweden around 1842 and its name is derives from the fact that it can be easily 

crushed into a white powder similar to talc.
53  

The structure of HT has been derived from brucite, 

Mg(OH)2, which exhibits layers of edge-sharing hydroxide octahedral centered by magnesium 

according to Mg(OH)6/3 (Fig. 1.3).  
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Table1.1: Composition and symmetry of some natural anionic clays. 

Name Chemical composition Symmetry 

Barbertonite Mg6Cr2(OH)16CO3· 4H2O Hexagonal 

Desautelsite Mg6Mn2(OH)16CO3· 4H2O Rhombohedral 

Hydrotalcite Mg6Al2(OH)16CO3· 4H2O Rhombohedral 

Manasseite Mg6Al2(OH)16CO3· 4H2O Hexagonal 

Pyroaurite Mg6Fe2(OH)16CO3· 4.5H2O Rhombohedral 

Reevesite Ni6Fe2(OH)16CO3· 4H2O Rhombohedral 

Sjögrenite Mg6Fe2(OH)16CO3· 4.5H2O Hexagonal 

Stichtite Mg6Cr2(OH)16CO3· 4H2O Rhombohedral 

Takovite  Ni6Al2(OH)16CO3· 4H2O Rhombohedral 

 

The structure of hydrotalcite has been investigated by various spectroscopic techniques like 

XRD, FT-IR, TEM, SEM etc.
53 

The sheets are stacked one on top of the other and are held 

together by weak interactions through hydrogen bonds. Isomorphic replacement of Mg
2+

 ions by 

Al
3+

 results in an overall positive charge of the layers. The positive charge is compensated by the 

intercalation of CO3
2-

 in the interlayer space. Also the equilibrium products of aqueous CO3
2-

solutions (OH
-
, HCO3

-
) are present in the interlayer space as water molecules are also 

intercalated. The water molecules participate in hydrogen bonding to the hydroxide layers. In 

nature many compounds are found which have composition similar to HT i.e 
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M(II)6M(III)2(OH)16CO3·4H2O but a different stacking sequence. The details of these 

compounds i.e name, composition and symmetry is listed in Table 1.1.
53 

 

1.2.3. Hydrotalcite-like compounds  

As stated earlier hydrotalcite is a solid compound with basic properties and has potential 

to replace homogeneous basic catalysts like NaOH. The molecular formula of HT is 

Mg6Al2(OH)16CO3·4H2O. In order to modify basic properties of the HT, it is possible to replace 

Mg with other divalent metal and Al can be replaced by other trivalent metal. With this idea 

various compounds have been prepared with the molecular formula {[M(II)1-

xM(III)x(OH)2]CO3·(A
n-

x/n).mH2O}. These materials are called as hydrotalcite like materials and 

have structure similar to HT. The above formula indicates that it is possible to synthesize a 

number of compounds with different stoichiometries; i.e with more than two metals and two 

anions.
53 

Where M
2+

represents divalent cation such as Mg
2+

, Ca
2+

, Zn
2+

, etc and M
3+

is trivalent 

cation such as Al
3+

, Cr
3+

, Fe
3+

, Co
3+

, etc. in the octahedral sites within the hydroxyl layers and x 

is equal to the ratio M
3+

/(M
2+

+ M
3+

) with a value varying in the range of 0.17-0.50. ―A” is an 

exchangeable interlayer anion such as Cl
−
, CO3

2−
 and NO3

− 
etc.  

Table 1.2: Ionic radius of some cations, A
°
 used in the synthesis of hydrotalcite like compounds 

M(II) Be 

0.30 

Mg 

0.65 

Cu 

0.69 

Ni 

0.72 

Co 

0.74 

Zn 

0.74 

Fe 

0.76 

Mn 

0.80 

Cd 

0.97 

Ca 

0.98 

M(III) Al 

0.50 

Ga 

0.62 

Ni 

0.62 

Co 

0.63 

Fe 

0.64 

Mn 

0.66 

Cr 

0.69 

V 

0.74 

Ti 

0.76 

In 

0.81 

 

It is very important that M
2+

and M
3+ 

cations should have ionic radii not too different from 0.65 Å 

(characteristic of Mg
2+

) to form a stable structure of HT like compounds.
53  

Ionic radii of some 



Chapter 1 
 

2018-PhD. Thesis: Nayana T. Nivangune (CSIR-NCL)  14 
 

bivalent and trivalent cations used in the preparation of hydrotalcite like materials are listed in 

Table 1.2. 

Acid base properties of the HTs can be tuned by using 1) various combinations of bivalent (Mg, 

Zn, Ni, Cu, Co) and trivalent (Al, Fe, Cr, Ni) cations and 2) by varying their molar ratios in 

brucite like structure. These types of materials have been widely studied and successfully used as 

basic catalysts for several reactions.
53, 58  

Recently incorporation of third metal cation in parent 

HT has attracted much more attention with the aim of modifying basicity of the catalyst.
59, 60 

Parvulescu et al.
61 

have prepared ternary hydrotalcite by incorporating Y
3+

 in the Mg-Al HT 

(Mg:Al 3:1 ratio). They observed significant improvement in the activity and selectivity for 

styrene epoxidation with hydrogen peroxide with ternary HT as the catalyst in acetonitrile. The 

electronegativity of yttrium (1.22) is lower compared to that of Al
3+

 (1.61) and results in higher 

basicity of the ternary HT prepared. Higher basicity of the ternary HT resulted in better 

epoxidation activity of this catalyst. Similar results were observed by Angelescu et al.
62

 by 

modifying Mg–Al HT with La and Y for cyanoethylation of ethanol.  

Hydrotalcites have been used in large number of practical applications such as neutralizers 

(antacids), anion exchangers, polymer stabilizers, anion scavengers, catalysts and catalyst 

supports, adsorbents, filtration, electro active, photoactive materials and pharmaceuticals.
63 

HTs 

are usually chosen over other compounds due to the versatility, simplicity, easily tailored 

properties and low cost of the materials. Many HT materials show unique phenomenon called ‟

memory effect” which involves the regeneration of the layered crystalline structure from their 

calcined form (300-600
o
C), when the latter is dispersed in an aqueous solution containing 

suitable anion.
53,66  

Mg(Al)O exhibits a unique reconstruction ability provided that the calcination 

temperature is low (300-450
o
C) so as to avoid appearance of the spinel phase MgAl2O4 in the 
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calcined compound. This reconstructed material is known as ―meixnerite‖ and behaves as 

Brønsted base type catalyst.
67,68 

This reconstruction is realized when calcined HTs are rehydrated 

in water or in flowing nitrogen saturated with water (to avoid contamination by CO3
2-

). The 

reconstructed material is more basic than the original HTs as it contains OH
-
 ions in the 

interlayer in contrast to CO3
2- 

ions in the interlayers of the original HTs (Fig.1.4). This 

phenomenon of HTs allows introducing almost any kind of compensating anions that can be of 

use in the catalytic process.
 

 

                 HT                                    Calcined HT                               Reconstructed HT 

Figure 1.4: Memory effect of the calcined hydrotalcite 

Hydrotalcites can be prepared by different ways: Co precipitation method, hydrothermal method, 

urea hydrolysis etc.
53 

Co precipitation is the simultaneous precipitation of more than one 

compound from a solution.  

Advantages of co precipitation method over other catalyst preparation methods are:
53

 

 It involves simple steps and is a time saving process 

 The particle size and composition are easy to control 

 It gives high output and recovery 

Because of the advantages mentioned above the cost of HT preparation is lower for co-

precipitation method. Factors that are considered important in the synthesis of HT like 
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compounds include the nature of the cations, their ratio, the nature of anions, pH maintained 

during synthesis, temperature, aging and the precipitation method.
70

 

The morphology of HTs is changed by thermal treatment. Thermal decomposition of HTs up to 

700
°
C is well-documented in the literature.

71 
Below 200

°
C, the compounds lose the interlayer 

water. At 450–500
°
C, the HT undergoes de-hydroxylation and decomposition of carbonate into 

carbon dioxide and results in the formation of corresponding metal oxides. At 660–700
°
C DTA–

TG analysis indicates that HT completely decomposes and FTIR analysis reveals a band of Mg–

O and Al–O attributed to the spinel and periclase phase. The hydrotalcites have been used as 

brønsted basic catalysts for many reactions. However, metal oxides obtained after calcination of 

HTs are also basic in nature (Lewis basic) and have been widely used as heterogeneous basic 

catalysts for variety of reactions.
72,73 

The most interesting properties of the oxides obtained by 

calcination of HT are presented below:
74, 75

 

 High surface area. 

 Acid/Base properties. 

 Formation of homogeneous mixtures of oxides with very small crystal size and stable to 

thermal treatments. 

Details on the application of mixed metal oxides as catalysts (industrial and environmental 

importance) are discussed below.  

 

1.2.4. Mixed metal oxides (MMOs) 

Metal oxides represent one of the most important and widely employed categories of 

solid catalysts, either as active phases or as supports (Fig. 1.5 and 1.6). Metal oxides are utilized 
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both for their acid–base and redox properties and constitute the largest family of catalysts in 

heterogeneous catalysis.
75 

Oxides containing two or more different kinds of metal cations are known as mixed metal 

oxides. Oxides can be binary, ternary and quaternary and so on with respect to the presence of 

the number of different metal cations. They can be further classified based on whether they are 

 

Figure 1.5: Industrially important heterogeneous 

catalysts. 

Figure 1.6: Applications of mixed metal           

oxides. 

crystalline or amorphous. If the oxides are crystalline the crystal structure can be determined 

based on the oxide composition. For instance, perovskites have the general formula ABO3; 

scheelites, ABO4; spinels, AB2O4; and palmeirites, A3B2O8.
50

 The different metal cations (MI 

and MII) are present as MI
n+

-Ox and MII
n+

-Ox polyhedra, which are connected in various possible 

ways, such as corner or edge sharing, forming chains MI–O–MII–O, MI–O–MI–O or MII–O–MII–

O. The arrangement of cations of a given element differs by the co-ordination and the nature of 

the neighbouring cations and this governs the type of bonding between the cations. Different 

environment of the cation that constitutes an active centre would give rise to different reactivity 

towards an approaching molecule. Oxide surfaces terminate by oxide O
2-

 anions, as their size is 
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much larger than that of M
n+ 

cations. It follows that the symmetry and coordination of M
n+ 

cations are lost at the surface. Moreover, the surface of an oxide may contain different types of 

defects and environments (kinks, steps, terraces), which play a determining role in the catalytic 

phenomenon.
50

  This surface unsaturation is usually compensated for by a reaction with water 

vapour, leading to the formation of surface hydroxyls according to: O
2-

+ H2O → 2OH
-
. OH 

groups are conjugated acids of lattice oxygen ions O
2-

, which are strong bases and conjugated 

bases of water molecules. 

Table 1.3: Some important industrial processes using metal oxide and mixed metal oxides as 

catalysts  

Reaction Catalyst 

Steam reforming of hydrocarbons to CO + H2 Ni/Al2O3 

Water gas shift (CO + H2O      CO2 + H2) Fe oxide or mixed oxides Zn, Cu, Cr 

Methane dry reforming (CO2 + CH4      2CO + 

2H2) 

Ni/Al2O3 

Methanol synthesis from CO + CO2 + H2 Cu-Zn-O/Al2O3 

Methanol oxidation to formaldehyde Fe2(MoO4)3 

SO2      SO3 for H2SO4 V2O5 

H2S oxidation to SO2 and H2SO4 Fe2O3/SiO2 or α-Al2O3 

Metathesis Re-O, Ru-O &W-O 

Acrolein oxidation to acrylic acid Mo-V-O 

Hydrodesulphurisation of oil distillates CoMo-O, NiMo-O, Ni-W-O/-Al2O3 

Alkanes (C2–C5) dehydrogenation to olefins Cr2O3/Al2O3 or Pt/Al2O3 

Alkanes oxidative dehydrogenation to olefins V based catalysts 

Butane to maleic anhydride (VO)2P2O7 

Methane oxidative coupling to ethylene Doped rare earth oxides 

Ethylene + HCl + O2 to dichloroethane ZnO, Cr2O3, CuO 

Exhaust gas elimination Pt-Rh-Pd alloys on oxides 
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MMOs have been used as catalysts in various industrially important reactions such as reduction 

of nitroarenes, NO reduction with NH3, catalytic wet air oxidation of 2-chlorophenol, liquid 

phase catalytic oxidation of alcohols, alcohol dehydration, dehydrogenation of 2-octanol, 

transesterification with Na-based MMOs, destructive oxidation of (CH3)2S2, solvent-free 

oxidation of primary alcohols to aldehydes using Au–Pd/TiO2 catalysts
75

 and in some other 

important applications which are listed in Table 1.3.
75

 From Table 1.3 it is clearly observed that 

transition and noble group metal oxides have been frequently used as catalysts and their activity 

has been attributed to the outer electron configuration. Their catalytic activity may be traced to 

the presence of partially filled d-shells of the metal ion and to the influence of the oxide ligand 

field on this partially filled d-shell.
50 

Mixed metal oxides are oxygen-containing combinations of 

two or more metallic ions in proportions that may either vary or be defined by a strict 

stoichiometry. Solid solutions and mixed metal oxides are classified according to their crystalline 

systems.  

Over the past century industries utilizing chemistry and chemical engineering have been major 

contributors to worldwide economic development. This rapid development has led to serious 

environmental problems. In the early seventies concerns were raised on the alarming level of 

environmental pollution caused by chemical industries. Because of strict environmental regulations 

this period saw the rise of environmental catalysis. Also focus of the work in last several decades 

has been on the development of atom efficient routes with minimum waste generation. In the 

early 90‘s the concept of environmental catalysis was conceived as Green Chemistry to overcome the 

issue of pollution. MMOs have played an important role in the development of Green Chemistry 

by providing alternative to homogeneous acid and base catalysts and avoid generation of 

significant amount of by-product salts. 
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1.3. Green chemistry 

1.3.1. Definition 

Green chemistry has become an internationally recognized focus area of chemical science 

and it is defined by IUPAC as "The invention, design and application of chemical products and 

processes to reduce or to eliminate the use and generation of hazardous substances".
76

 

Green chemistry can also be termed as ―sustainable chemistry‖, since it is focused on the design 

of products and processes that minimize the use and generation of hazardous substances. 

Whereas Environmental Chemistry focuses on the effects of polluting chemicals on nature, 

Green Chemistry focuses on technological approaches to prevent pollution and reducing 

consumption of non-renewable resources. Green chemistry overlaps with all sub disciplines of 

chemistry but with a particular focus on chemical synthesis, process chemistry, and chemical 

engineering, in industrial applications.
77-79 

To a lesser extent, the principles of green chemistry 

also affects laboratory practices. The overarching goals of Green chemistry namely, more 

resource-efficient and inherently safer design of molecules, materials, products, and processes 

can be pursued in a wide range of contexts. In 1998, Paul Anastas (who then directed the green 

chemistry program at the US EPA) and John C. Warner (Polaroid Corporation) published a set of 

principles to guide the practice of Green chemistry.
77 

Attempts are being made not only to 

quantify the greenness of a chemical process but also to factor in other variables such as 

chemical yield, the price of reaction components, safety in handling chemicals, hardware 

demands, energy profile and ease of product workup and purification. The twelve principles 

address a range of ways to reduce the environmental and health impacts of chemical production, 

and also indicate research priorities for the development of green chemistry technologies.
80
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1.3.2. Twelve principles of Green Chemistry  

1) Prevent waste formation instead of treating it. 

2) Design atom-efficient synthetic methods. 

3) Choose synthetic routes using non-toxic compounds where possible. 

4) Design new products that preserve functionality while reducing toxicity. 

5) Minimize the use of auxiliary reagents and solvents. 

6) Design processes with minimal energy requirements. 

7) Preferably use renewable raw materials. 

8) Avoid unnecessary derivatization. 

9) Replace stoichiometric reagents with catalytic cycles. 

10) Design new products with biodegradable capabilities. 

11) Develop real-time and on-line process analysis and monitoring methods. 

12) Choose feedstock‘s and design processes that minimize the chance of accidents. 

 

1.3.3. Synthetic strategy to achieve green chemistry processes 

1.3.3.1. Catalytic processes  

As suggested by the ninth principle of green chemistry, catalytic processes are preferred, 

when possible, because they offer several advantages compared to the stoichiometric methods 

including energy minimization and reduction of wastes.
80,81 

In fact, a catalyst lowers the 

activation energy of a process and experimental conditions should be less drastic. In addition, a 

heterogeneous catalyst is generally recovered and used for successive runs with economic and 

environmental benefits. The industrial importance of heterogeneous catalyst and their application 

in various fields we have discussed earlier in section 1.2. 
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1.3.3.2. Elimination of auxiliary reagents and solvents: 

The fifth principle highlights the elimination of auxiliary substances, when possible. The 

auxiliary substances take part in the manipulation of a chemical reaction but they are not integral 

part of the molecule itself.
 80,82 

Their use should be discouraged in the development of safe 

processes. When unavoidable, safer solvents and auxiliaries should be used. Traditional organic 

solvents are hazardous for the human health and environment. Both halogenated solvents 

(methylene chloride, chloroform, perchloroethylene, carbon tetrachloride) and aromatic 

hydrocarbons are carcinogens; volatile organic compounds (VOCs) represent a wide range of 

hydrocarbons and their derivatives are implicated in the atmospheric ozone generation.
51

 

Unfortunately, these compounds are widely used in chemistry showing excellent solvency 

properties. Dimethyl carbonate (DMC) is an important intermediate and is widely used in 

industry and has emerged as a "Green Reagent/solvent‖ for synthesis of value added products.
83, 

84 
Dimethyl carbonate (DMC) is an environmentally benign substitute for phosgene, DMS and 

methyl halides since it is a well-known non-toxic reagent as compared to other carboxylating or 

alkylating agents (phosgene and methyl halides, respectively). DMC is about 1000 times less 

toxic than phosgene.
85 

Dimethyl carbonate does not produce inorganic salts. In fact, the leaving 

group, methyl carbonate, decomposes giving only methanol and CO2 as by-products. Dimethyl 

carbonate is classified as a flammable liquid, smells like methanol and does not have irritating or 

mutagenic effects by either contact or inhalation. Therefore, it can be handled safely without the 

special precautions required for the poisonous and mutagenic methyl halides and DMS, and 

extremely toxic phosgene.
86 

The details on DMC as a green reagent for the synthesis of value 

added products are discussed in the following section. 
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1.3.4. DMC as a green reagent  

Reactions involving dimethyl carbonate (DMC) represent the epitome of green and 

environmentally sustainable transformations. DMC based processes can take advantage of the 

dual role of DMC as both solvent and (electrophilic) reagent to transform highly functionalized 

bio-based chemicals into a plethora of other molecules. The reactivity of DMC is well 

documented, as summarized in Fig. 1.7.
87 

 

 

Figure 1.7: Typical DMC reactivity pathways.
87

 

DMC can act as a nucleophile either on the carbonyl carbon or on one of its methyl 

groups, and the observed chemoselectivity depends on several factors, including the nature of the 

nucleophile, reaction conditions and structure of the products. Some of the possible reaction 

pathways of DMC are listed in Fig.1.7, clockwise from the top: with phenols to yield anisoles, 

with alcohols to yield alkyl-methyl- or dialkyl carbonates or alkyl methyl ethers, with anilines to 

yield methylamines, with tertiary amines or phosphines to yield – onium methylcarbonate salts, 
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with esters or acids to yield methylesters, with amines and CO2 to yield carbamates, with diols to 

yield cyclic carbonates, with cyclic ketones to yield diacids, with hydroxylimines to yield 

oxazolidinones, and with activated CH2 groups to yield their methylated equivalents.
87

 

Dimethyl carbonate reacts selectively with a great variety of compounds as a methylating or 

carboxymethylating reagent, it requires only catalytic amount of a base and produces no waste 

(high atom economy). DMC can also be used to control the selectivity of the methylation and/or 

methoxycarbonylation reaction both on simple (amines, alcohols and thiols etc.) and more 

complex nucleophiles (hydrazines, sugars and aminoacids etc.). As a result, several industrial 

procedures already use DMC as a reagent (or a solvent) and many others are under 

investigation.
88 

Ultimately, it must be stated that the exploitation of eco-sustainable reagents, 

such as DMC, is a fundamental issue for our ever-evolving society, since this will pave the way 

to a ‗greener‘ future for the next generations.
89

 Main aim of the present thesis was synthesis of 

DMC from cyclic carbonates and its application to the synthesis of aromatic carbamates. Hence a 

brief introduction to DMC synthesis and detailed literature report on the synthesis of DMC from 

cyclic carbonates and methanol and synthesis of aromatic carbamates from aromatic amines and 

DMC as ―Green Reagent‖ is presented below. 

 

1.4. Dimethyl carbonate (DMC) 

Dimethyl carbonate (DMC), is an important intermediate and is widely used in industry 

due to its non-toxicity, good biodegradability, and excellent solubility.
89 

Worldwide demand of 

DMC has been increasing continually because of its applications in polycarbonate industry, fuel 

technology, pharmaceuticals, electrochemical and catalytic reactions. According to Nexant‘s 

Chem Systems report (Fig. 1.8) 51% of DMC produced was utilized for polycarbonate 
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production, 24% was used as solvent, and the rest for other applications. From the Table 1.4 it 

can be observed that the global demand of DMC speculated in 2015 will be 3 times higher than 

the estimated one (2011).
90

 

 

 

 

 

Figure 1.8: Global consumption of DMC.
90 

Table 1.4: Global DMC demand (Thousand Tons) 

 

The demand for DMC is expected to grow annually by 6.5% till 2025. Hence, lots of efforts have 

been made in order to find a sustainable route to produce DMC on a large scale. 

Conventional process for synthesis of DMC based on the phosgenation of methanol was in 

operation till 1980.
88 

In this synthesis, HCl was produced as unwanted side product (Scheme 

1.2). Use of highly toxic phosgene was the major drawback of the conventional technology. 

 

 Average Annual 

   Actual Estimate Forecast Speculation Growth rate (%) 

 2002 2005 2008 2011 2014 2015 2011-2014 2015-2025 

Polycarbonate  50 112 179 218 258 516 5.8 6.5 

Solvent   13 74 102 156 403 15.3 9 

Other  40 43 92 109 130 452 5.9 12 

Global 

Consumption  

90 168 345 429 544 1351 8.2 8.8 
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Scheme 1.2: Synthesis of DMC by phosgene and methanol 

Phosgene is highly toxic in nature and also because of the formation of large excess of salts the 

process is not in operation. As a result several non-phosgene routes have been explored and few 

are used for commercial synthesis of DMC (Fig. 1.9).  

 

Figure 1.9: synthesis Alternative routes of DMC. 

Present commercial processes involve oxidative carbonylation of methanol using copper based 

catalyst developed by Enichem
91 

(Fig. 1.9, Scheme 1.3), the methyl nitrile carbonylation process 

developed by Ube Industries
90 

(Fig, 1.9, Scheme 1.4) and transesterification of methanol with 

ethylene carbonate (EC) developed by Asahi Kasei Chemical Company, Japan
92

 (Fig. 1.9, 

Scheme 1.5). Other alternative and safer routes being investigated for the synthesis of DMC are: 
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DMC synthesis directly from CO2
93

 (Fig. 1.9, Scheme 1.6) and Urea methanolysis
94 

(Fig. 1.9, 

Scheme 1.7). The important literature available on the synthesis of dimethyl carbonate by non-

phosgene routes are discussed below. 

 

1.4.1. Synthesis of DMC by oxidative carbonylation of methanol  

In late 1980, the Italian company Eni Chem developed a novel phosgene free route for 

the production of dimethyl carbonate based on oxidative carbonylation of methanol over CuCl 

catalyst with 95% DMC yield in 90 min reaction time at 100
o
C (Scheme 1.8).

95
 

 

 

 

Scheme 1.8: Oxidative carbonylation of methanol
95 

From the reported literature it was observed that most of the work has been carried out with 

CuCl based catalysts.
96-98 

Though CuCl showed good activity towards DMC synthesis, it remains 

soluble in the reaction mixture and hence catalyst/product separation is difficult. To overcome 

this drawback several heterogenized CuCl based catalysts with different solid supports (silica, 

SBA-15, MCM-41, zeolite, activated carbon etc.) have been investigated.
99-101 

Cao et al.
102 

reported CuCl immobilized on a diamide-modified mesoporous SBA-15 silica, which is air-

stable and reusable catalyst, which showed 22% methanol conversion with 99% selectivity to 

DMC at 120
o
C in 5h reaction time. Though the heterogenized CuCl on different solid supports 

showed better activity (methanol conversion 7-31% and DMC selectivity 80-99%), they showed 

deactivation and equipment corrosion problems due to presence chlorine species in catalyst. 

Yuan et al.
99,102 

developed chlorine-free Cu-exchanged MCM-41 (Cu/MCM-41) however; lower 
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methanol conversion of 12.6% and 97.5% selectivity to DMC was observed. Though many 

efforts have been made to prepare chlorine free catalysts unfortunately, the activity is still far 

from viable for industrial application. 

 

1.4.2. Synthesis of DMC using NO  

Ube Industries developed a gas phase process for DMC synthesis from Methanol and NO 

over Pd based bimetallic catalyst which is a two-step process. Fig.1.10 shows a simplified 

schematic of the UBE process.
103, 104 

The reaction section has two reactors, one for MN (methyl 

nitrite) synthesis (reactor 1) and the other for DMC synthesis (reactor 2). The effluent gas from 

the DMC synthesis reactor is separated into the gas fractions, NO and DMC. DMC is purified by 

distillation from other by-products. 

 

Figure 1.10: Block flow diagram of UBE process for gas phase synthesis of DMC.
103

 

Reactor 1: In the first reactor, methyl nitrite (MN) is non-catalytically synthesized from NO, O2 

and alcohol in the liquid phase at 60 
o
C with contact times ranging from 0.5 to 2 s (eq.1). 

 

 

  2
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 reactor 

Dialkyl carbonate 
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O
2
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At this stage, it is necessary to remove the water formed from the reaction media in order to 

perform the DMC synthesis in a fully anhydrous media, so that the activity of the catalyst could 

be maintained with time on stream. 

 

Reactor 2: The second step involves vapor phase catalytic reaction between methylnitrite and 

carbon monoxide (both reactants with contents around 5–30 vol%) over an activated charcoal 

supported palladium chloride catalyst (Pd
II
Cl2) in a fixed-bed reactor (eq. 2). The reaction is 

performed in the presence of small amounts of chloride compounds diluted in an inert gas. The 

catalytic reaction between methylnitrite and carbon monoxide at 100–120
o
C and at 0.5–1MPa 

formed DMC according to eq. 2. The DMC production was ranging from 200 and 600 kg [m
3
 

cat] h
−1

 for a contact time within the 0.5–5 s range. 

Synthesis of DMC via MN carbonylation can be catalyzed by various kinds of Pd containing 

catalyats supported on activated carbon (AC) such as PdCl2–CuCl2/AC, PdCl2–FeCl3 /AC, 

PdCl2–BiCl3 /AC ,etc.
105-107 

Among them, PdCl2–CuCl2/AC catalyst performed best (6.14 mol 

DMC/l cat h), while CuCl2/AC was almost inactive (0.04 mol DMC/l cat h) at 120
o
C, 0.4 MPa, 

GHSV 4000h
-1

.
104 

These results suggest that Pd species are found to be active species for this 

reaction. Manada et al.
108 

observed deactivation of the catalyst because of the conversion of Pd 

(II) species to Pd (0) in the presence of reactant CO. However, Pd (0) species could also be re-

oxidized to Pd (II) species upon treatment with MN and HCl, Therefore, the catalytic 

performances could be maintained by adding HCl. Safety is very important in this process since 

MN and NO (laughing gas) are highly toxic chemicals and extreme care is required while 

handling MeOH, NO and oxygen in the reaction. 
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1.4.3. Synthesis of DMC by Transesterification of ethylene carbonate with 

methanol 

Asahi Kasei Chemical, Japan has developed a two-step process based on 

transesterification of ethylene carbonate with methanol.
92 

This is one of the Green processes for 

DMC synthesis and was licensed to Texaco in 1987. There are several plants based on this 

process in China.
109

 

 

Scheme 1.9: DMC synthesis from transesterification of ethylene carbonate with methanol. 

Transesterification of ethylene carbonate and methanol consists of two steps: the reaction of 

ethylene oxide with CO2 affords ethylene carbonate in the first step (Scheme 1.9, Step 1); 

ethylene carbonate (EC) reacts with methanol to produce DMC and Ethylene glycol (EG) in 

second step (Scheme 1.9, Step 2). This process is considered as an excellent green chemical 

process for DMC synthesis. Asahi Kasei
92 

has commercialized this process as part of 

polycarbonate synthesis complex. Asahi process is one of the best processes and does not 

involve any toxic or hazardous chemicals, however ethylene glycol produced in stoichiometric 

quantities is a major problem with this process. Manufacturer having captive use of ethylene 

glycol can utilize this technology successfully. This process was primarily developed for the 

polycarbonate industry specifically for the synthesis of diphenyl carbonate (DPC) without the 
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use of phosgene.
110-112 

Catalyst preferred in this process are alkali or alkaline earth compounds 

[such as hydroxides, carbonates, bicarbonates, alkoxides, tertiary amines, N-containing 

heteroaromatics, and alkoxy metal (Sn, Ti, Zn)]
92a

 compounds as homogeneous catalysts and 

anion exchange resins having tertiary amino groups or quaternary ammonium groups as 

heterogeneous catalysts. The catalyst recycle and product separation to make process commercial 

feasible is major drawback of the homogeneous catalysts developed. Anion exchange resin 

having tertiary amino groups has been used as heterogeneous catalyst for this reaction. The 

reaction was carried out at 60
o
C with MeOH:EC molar ratio of 2 : 1 in a continuous tubular 

reactor with the rate of LHSV= 0.33 h
-1

 to obtain EC conversion of 39% with 99% selectivity to 

DMC at steady state. Though the selectivity of DMC was observed high (99%) EC conversion 

was observed low (39%) in Asahi process. Intricate recycle recovery process was developed to 

make the process commercially feasible.
92a 

Further work is being carried out on the development of heterogeneous solid base catalysts for 

ease of catalyst/product separation and as a promising alternative for homogeneous catalysts. 

The transesterification of propylene carbonate is also an interesting alternative for DMC 

synthesis and stochiometric amount of prolylene glycol is formed as a byproduct in this reaction. 

In China, more than 90% of DMC is produced by transesterification of MeOH and propylene 

carbonate (PC).
109

 

 

1.4.4. DMC synthesis from urea and alcohol 

Synthesis of carbonates by alcoholysis of urea was first proposed by Peter Ball
113 

in 1980. 

In this process, urea reacts with methanol to form dimethyl carbonate and ammonia. Synthesis of 

DMC by urea methanolysis is a two-step process. The first step is fast and produces methyl 
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carbamate (MC) with high selectivity even without any catalyst (Scheme 1.10 Step 1); the 

second step (MC to DMC) is difficult and rate-determining step (Scheme 1.10 Step 2). Hence 

most of the work has been carried out for find out active and selective catalyst for step 2. 

 

Scheme 1.10: Two step DMC synthesis from urea and methanol
113

 

Zhao et al.
114 

have investigated the reaction of MC and methanol using various zinc compounds 

as a catalyst in a batch reactor. Among them, ZnCl2 showed the highest catalytic activity and led 

to the DMC yield of 33.6 % under the optimal conditions (MC: 7.5 gm, MeOH: 64 gm at 190°C/ 

10h). FT/IR spectra and XRD characterization indicated that MC is activated by Zn
2+ 

through the 

coordination of the nitrogen atom with Zn(NH3)2Cl2 as an intermediate in catalytic cycle after the 

reaction. Based on this, a possible reaction mechanism for catalyst ZnCl2 was proposed. Though 

ZnCl2 exhibited high catalytic activity in the reaction of MC and methanol, catalyst remains 

homogeneous in reaction mixture and difficult to separate from the reaction mixture. To 

overcome this various heterogenized Zn based catalyst have been explored.
115-117 

Wang et al.
118 

prepared series of zinc/iron mixed metal oxides (prepared by calcination of hydrotalcite-like 

compounds) as catalysts in the synthesis of DMC from MC and methanol. The MC conversion of 
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46.1% was obtained with 30.7% yield of DMC at the optimal reaction conditions (MC: 7.5gm, 

MeOH:64gm at 190°C/10h). Even though the yield is better the system suffers from low 

selectivity due to the formation of several by-products such as N-methyl urea (NMU) and N-

methyl methyl carbamate (NNMC). Further Zhao et al.
119 

explored various lanthanum 

compounds as novel catalysts in the reaction of MC with methanol. Among them, La(NO3)3 

presented the best catalytic performance with the DMC yield of 53.7 % under suitable reaction 

conditions (MC:7.5gm, MeOH:64gm at 180°C/8h). A possible reaction mechanism over 

La(NO3)3 was also proposed for this reaction on the basis of XRD, FT/IR and element analysis 

which revealed that MC is activated by La
3+

 via the coordination of the oxygen atom in carbonyl 

group. Though this process starts from cheap raw materials and is environmental-friendly the 

process suffers from major drawback: 1) Ammonia produced in the first step can restrict the 

formation of the DMC. 2) Low selectivity of DMC due to formation of side products (NMU and 

NMMC) and DMC decomposition under reaction conditions in the presence of catalyst leads to 

lower DMC yield. Further work is necessary to develop strategy for efficient removal of by-

product ammonia and product DMC to shift the equilibrium towards right side and improve the 

overall yield of the reaction. 

 

1.4.5.  Synthesis of DMC directly from CO2 and methanol 

Synthesis of DMC from CO2 and methanol provides atom efficient and Green route with 

only water as the by-product. Major advantage of this route is that CO2 is nontoxic, non-

corrosive, non-flammable and is abundant.
120

 Also CO2 is a Green-house gas and there is urgent 

need for utilization of the same for synthesis of value added chemicals. Thus reaction of CO2 and 

methanol provides greener route for the synthesis of DMC.
120 

So far, several studies have been 
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carried out on the development of various catalyst systems for the direct synthesis of DMC from 

CO2 and methanol.  

 

Scheme 1.11: Synthesis of DMC from CO2 and methanol
121

 

Shan et al.
121 

carried out synthesis of DMC from Methanol and CO2 in the presence of CH3OK 

and CH3I under optimized reaction conditions (170
o
C/10h /CO2 pressure 7.3Mpa) with DMC 

yield of 14% (Scheme 1.11). CH3OK/CH3I exhibits better efficiency however separation and 

recyclability of the catalysts is difficult due to its homogeneous nature. Further many efforts 

have been made for the synthesis of heterogeneous catalysts for this reaction. Catalyst studied 

are mainly metal oxides, based on Ce, Zr, Si, Co and Cu and the reactions were carried out in a 

temperature range of 120-180
 o

C and yield of DMC obtained was very poor (0.5-7%).
122-125 

Water produced during the reaction deactivates the catalyst and thus many efforts have been 

made in recent years to search for effective dehydrating agents under reaction conditions. Nitriles 

including acetonitrile, benzonitrile and 2-cyanopyridine etc.
126-128 

were found to be the most 

efficient dehydrating agents for organic carbonate synthesis and to improve the methanol 

conversion. Recently, 2-cyanopyridine was successfully used as dehydrating agent by Honda et 

al.
127 

reaching high DMC yield of around 94% with 96% selectivity in the presence of CeO2, at 

120
 o
C for 12h under 5MPa CO2 pressure. Major challenge in this process is the development of 

water tolerant heterogeneous catalyst with high and stable activity. If such a catalyst is 

developed, this will be the best and most economic route for DMC synthesis. Significant work is 

being carried out on this route by leading companies showing its importance. Major problems of 
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this route are thermodynamic equilibrium, moisture sensitivity of the catalyst and kinetic 

inertness of CO2. 

Thus in conclusion, many efforts have been made for the development of phosgene-free route for 

DMC synthesis. Present commercial processes involve oxidative carbonylation of methanol 

using copper based catalyst developed by Enichem, the methylnitrile carbonylation process 

developed by Ube Industries and transesterification of methanol with ethylene carbonate 

developed by Asahi Kasei. However, the Enichem process is hazardous in nature because of 

explosion risk associated with the use of CO/O2 mixture and difficulties in the separation of pure 

DMC from DMC-water-methanol azeotropic mixture. Similarly Ube process uses toxic NO in 

stoichiometric quantity and hence is environmentally unacceptable. Asahi process is 

environmentally benign and does not involve any toxic chemical; however, stoichiometric 

production of ethylene glycol is major drawback of this process. Asahi process is used by 

polycarbonate manufacturers having captive usage of ethylene glycol formed as the by-product. 

Also, significant amount of work is being carried out to develop other alternative and safer routes 

for the synthesis of DMC. DMC synthesis directly from CO2 suffers from thermodynamic 

equilibrium and kinetic inertness of CO2. Also water form during the process deactivates the 

catalyst. DMC synthesis from urea and methanol is also being looked as a promising route. 

However, Ammonia produced in the first step can restrict the formation of the DMC and lower 

selectivity to DMC due to formation of side products (NMU and NMMC). Because of all these 

drawbacks the catalytic activity as well as yield of DMC is low. Significant work needs to be 

carried out to improve stability of the catalyst and also improve yield of DMC for further 

developments. 
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The Transesterification process commercialized by Asahi is Green process and implies the use of 

carbon dioxide as a starting material. Ethylene glycol or Propylene glycol obtained as co-

products can be converted to EC and PC respectively by reaction with Urea.
129

 It is by far the 

most mature commercial process for the synthesis of dimethyl carbonate. However, catalyst used 

is homogeneous metal alkoxide or ion exchange resin containing tetramethyl ammonium 

chloride and carbonate functionality and intricate separation process is necessary to make this 

process commercially feasible.
92 

Also stability of the ion exchange resin is important for long life 

of the catalyst. To overcome this issue significant work is being carried out on the development 

of improved heterogeneous catalyst for transesterification of EC or PC with methanol to DMC. 

The detailed literature review on transesterification process is given below. 

 

1.4.6. Literature on Transesterification of cyclic carbonate with methanol 

There are several patents
110-112,130 

as well as publications
149-163 

in recent times on the 

synthesis of DMC by transesterification of cyclic carbonate with methanol, leading to the 

development of new and improved catalysts for this important reaction. The reaction has been 

investigated in detail using both homogeneous as well as heterogeneous catalysts. Homogeneous 

catalysts investigated include soluble metal salts like carbonates, bicarbonates, alkali and 

alkaline earth metal alkoxides, tin complexes and ionic liquids etc.
35-38,131 

Though the activity is 

high with homogeneous catalysts, separation and reuse of the catalyst is a major problem. 

Consequently, heterogeneous basic catalysts such as composite basic anion-exchange resins, 

metal oxides and mixed metal oxides, hydrotalcites, supported ILs, smectite and graphitic carbon 

nitride, have gained much more interest recently and the details are discussed in Table 1.5.
39-42
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Table 1.5: Literature survey on the synthesis of dimethyl carbonate (DMC) from cyclic carbonate and methanol  

Entry 

 

Catalyst Reaction conditions Results Remarks Ref. 

Reactants 

EC/PC*:MeOH 

mol/mol 

Temp 

°C 

Time 

 h 

EC/PC
*
 

Conv. 

(%) 

DMC 

Yield 

(%) 

1 NaOCH3 1:4 60 0.5 67 66.5 Na containing homogeneous salts studied in this system. 132 

2 KOH 

LiOH 

NaOH 

1:4 25 1 42 

61 

56 

40 

61 

55 

Activity follows in order LiOH>NaOH> KOH > K2CO3 under 

the same reaction conditions. The rate constant was estimated 

to be 0.02538 (dm
3
/mol)

0.21
/min at 298 K using NaOH as 

catalyst. 

133 

3 poly-4-vinyl 

pyridine (PVP) 

1:8 140 4 96 82 PVP was found to be highly efficient homogeneous recyclable 

catalyst. The catalyst was recycled by distillation for three 

times with slight drop in activity (~10%) 

134 
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4 1,3-dimethyl-

imidazolium-2-

carboxylate 

(DMIC) 

1:10 110 0.8 81 79 The DMIC salt used in this study represented an easily 

synthesized, cheap and environmentally benign catalyst. The 

reaction mechanism was also proposed according to 

experimental and DFT studies (details are given below). 

135 

5 

 

 

DABCO-based 

basic ionic 

liquids 

[C4DABCO]OH 

1:15 

 

 

70 

 

 

6 

 

 

90 

 

81 

 

Various DABCO-based basic ILs were screened and good 

results were obtained with [C4DABCO] OH. A possible 

reaction mechanism was also discussed, reaction initiates with 

activation of methanol on nitrogen of [C4DABCO]OH. 

131 

 

6 BMImCl 

 

1:8 

(MW power 

100W) 

140 

 

0.25 59 57 [1-n-butyl-3-methyl imidazolium chloride (BMImCl)] 

Microwave activation led to high yield of DMC in just 15 

minutes. 

136 

7 QS-MCM-41 1:8 

PCO2 = 1.17 

MPa. 

180 4 78 76 Quaternary ammonium salt immobilized on mesoporous 

MCM-41(QS-MCM-41) was used as heterogeneous catalyst. 

However it was observed that catalyst requires high 

temperature and CO2 pressure to achieve 76% DMC yield. 

137 

8 [SmIm]OH 

On MCF 

1:10 65 5 85 82.4 1-(triethoxysilyl)propyl-3-methylimidazolium hydroxide 

[SmIm] OH was grafted on the mesocellular silica foams 

(MCF) to obtain [SmIm]OH on MCF catalyst. The catalytic 

activity is attributed to its 3D mesoporosity with ultra-large 

138 
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pore size of MCF.  

9 K-TS-1 1:4 reflux 3 68 57 Potassium present in the silanol group (Si-0-K) in the vicinity 

of titanium is responsible for the activity. 

139 

10 Amberlyst 

A-21 

1:8 110 5 36 31 The kinetics for reaction was studied and the rate expression 

was found to exhibit first order dependence and the energy of 

activation was found to be 85.8kJmol
−1

. 

140 

11 S-Mg-1 1:7.5 150 2 73 66 Smectite modified with MgO(S-MgO) results in high surface 

area 339m
2
/g. Catalyst was found to be active up to two 

cycles with slight decreases in the catalytic activity (66-65%) 

141 

12 MgO/g-C3N4 

(MgO on 

Graphitic 

carbon nitride) 

1:8 

PCO2=0.6MPa 

140 4 81 70 The incorporation of MgO has effectively enhanced the 

overall basicity of g-C3N4. Reaction was carried out at higher 

temperature in presence of CO2. CO2 used to avoid 

decomposition of EC. 

142 

13 Mesostructured 

graphitic carbon 

nitride 

(CN-MCF) 

1:10 

1:10* 

PCO2:0.6MPa 

160 

160* 

6 

6* 

78 

16* 

78 

13.2* 

Activity of catalyst  is attributed to its high surface area and 

N-containing species, Activity of PC observed low than EC 

due to the existence of the +I effect and steric hindrance 

derived from the side methyl group of PC. 

143 

14 Na2WO4.2H2O 1:10 

1:10(3.4MPa

50 5 83 83 Activity was very high with Na2WO4 as catalyst and 83% 

DMC yield obtained at RT. Catalyst was observed less active 

144 
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 CO2)* 150* 4* 54* 49.6* in the case of PC as compared to EC.   

15 Fe–Zn double 

metal cyanide 

(DMC) 

1:10 180 8* 84* 85* The Fe–Zn DMC catalyst is reusable up to 5 recycle 

experiments, with little loss in activity. The Lewis-acidic sites 

of catalyst (Zn
2+

cations) are the possible active sites for this 

reaction. 

145 

16 Mg/Al HT 2.5:1 1/4 reflux 3 54 40 Mg-Al hydrotalcite basic catalyst having large amount of OH
-
 

sites showed the good activity. 

146 

17 Mg/Al HT 5:1 1:10 

1:10* 

80 

130* 

4 

4* 

82 

72 * 

80.8 

69* 

Effect of Mg-Al ratio of hydrotalcite on activity was studied 

for this reaction. The hydrotalcite with Mg/Al= 5 showed best 

activity. 

147 

18 NiAl-SiO3 

 

1:10 90 3 NA 58 According to author reaction is more selectively catalyzed 

towards the desired product due to the higher basic sites (due 

to Ni) and lower acidity due to interlayer silicate anion of the   

NiAl-SiO3HT material. 

148 
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From Table 1.5 it was clearly observed that transesterification of cyclic carbonates with alcohols 

to generate DMC follows a nucleophilic substitution mechanism. The reaction is mainly 

catalyzed by basic compounds and the strength of basicity plays a crucial role in their activity. 

Soluble alkali-metal bases including KOH, LiOH and NaOH provided a good catalytic activity. 

Among them sodium alkoxide (DMC yield 66.5%) was considered as the most promising 

catalyst for industrial application because of its low price and excellent performance.
133 

However, considering corrosivity of sodium alkoxide, Jagtap et al.
134

 applied poly(4-

vinylpyridine) as a novel, homogeneous base catalyst and it could be separated from the reaction 

system by distillation or phase separation and showed little loss of activity after three recycles 

(Table 1.5, Entry 3). Recently, ILs have also been utilized as catalysts for DMC synthesis via 

transesterification. It is noteworthy that the activity of the IL catalysts depended on the bulkiness 

of the cation as well as the nucleophilicity of the anion (Table 1.5, Entries 4-6).
131,135,136  

Zhang et 

al.
135

 studied the effect of cations and anions of ionic liquids (ILs) on catalytic activity for the 

synthesis of dimethyl carbonate (DMC) and demonstrated that an easily prepared carboxylic 

functionalize dimidazolium salt (DMIC) exhibited higher activity and 79% yield of DMC was 

obtained under the metal-free and halogen-free conditions (Table 1.5, Entry 4). The reaction 

mechanism was also proposed according to experimental and DFT studies (Scheme 1.12). As 

shown in Scheme 1.12 first, CH3OH was activated by DMIC through strong hydrogen bonding 

and more easily formed CH3O
-
 (Scheme 1.12, Step 1). Based on the DFT study the hydrogen 

bond length was found to be 1.816 A˚. Then, the CH3O
-
 attacked the carbonyl carbon of EC and 

intermediate (I) was produced simultaneously (Scheme 1.12, Step 2).  
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Scheme 1.12: Proposed reaction mechanism for DMC synthesis by Zhang et al. on DMIC-IL.
135

 

Subsequently, intermediate (II) (HEMC), which was a monoester product, was generated while 

the proton of CH3OH was captured by the intermediate (I) (Scheme 1.12, Step 3). Further 

nucleophilic substitution of intermediate (II) by CH3O
- 
produced DMC and ethylene glycol anion 

(intermediate III) (Scheme1.12, step 4). Finally, EG was generated by proton transfer between 

intermediate (III) and CH3OH (Scheme 1.12, step 5). Particularly, step 4 was proposed to be 

more difficult than step 2. Therefore it was reasonable that less active catalysts like ILs 

especially with larger steric hindrance could give more monoester products, and low temperature 

also easily led to formation of HEMC. Yang et al.
131

 ascribed the decrease of activity and 

selectivity to increase in alkyl chain length and reduction of hydrophilicity as well as solubility 
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for DABCO-derived basic ILs (Table 1.5, Entry 5). In order to simplify the catalyst separation, 

immobilization of IL has also been attempted, and is discussed below. 

Immobilization of ILs onto supports can simplify the separation process, retaining catalytic 

properties. Commercial silica and MCM-41 (Table 1.5, Entries 7-8) were utilized to immobilize 

ILs by impregnation, and heterogenized catalysts were found to be easily recovered and reused 

or allowed to continuously perform in a fixed bed reactor with slight drop in activity.
137

 

To date, a variety of heterogeneous catalysts, such as basic anion-exchange resins,
139-141 

graphitic 

carbon nitride
142-143

 and Fe–Zn double metal cyanide DMC
145 

(Table 1.5, Entries 10-15) have 

been developed for DMC synthesis via transesterification. As a typical solid-base catalyst, 

hydrotalcite-type materials (HTs) were also investigated for DMC synthesis (Table 1.5, Entries 

17-19) however very small amount of work has been carried out with the same. Bajaj et al.
147

 

reported that the catalyst activity was influenced by Mg–Al ratio and Mg–Al HT with molar ratio 

of 5:1 showed maximum basicity and activity towards DMC. Unfortunately, significant decrease 

in activity was observed after fourth recycle due to structural changes in catalyst indicating lower 

stability of the catalyst. According to Watanabe et al.
146

 basicity (–OH sites) of HT plays an 

important role in this transestrification reaction. Mg–Al HT with excess amount of –OH anions 

was found to be an effective catalyst for DMC synthesis. The main function of the solid base is 

to abstract H
+
 from alcohol molecules to form alkoxy species; therefore, the strength of base 

dominates the rate of reaction, while the amount of basic sites determines the reaction rate. 

Additionally, well-developed porosity and high surface area usually offer more exposed active 

sites and enhance their accessibility to reactants. Thus, many efforts have been carried out to find 

out heterogeneous catalysts having high surface area and more active sites present on the catalyst 

surface. 
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Basic metal oxides (MMOs) are one of the important classes of solid catalysts having tunable acid base property, large surface area, 

low cost and simple preparation process. There are various types of the MMOs studied for this reaction and the details are given in 

Table 1.6.  

Table 1.6: Literature serve on the synthesis of dimethyl carbonate from cyclic carbonate and methanol using metal oxide and mixed 

metal oxides. 

Entry 

 

Catalyst Reaction conditions Results Remarks Ref. 

Reactants 

EC/PC
*
:MeOH 

mol/mol 

Temp. 

°C 

Time 

h 

EC/PC
*
 

Conv. 

(%) 

DMC 

Yield 

(%) 

1 MgO 

 

25:200 

*CO2: 8MPa 

150 

150 

4 

4* 

82 

66* 

59.8 

66* 

MgO was active catalyst among all metal oxides screened. 

Reaction done at high temperature which leads to DMC 

decomposition. CO2 use to decrease the rate of DMC 

decomposition.   

149 

2 CaO 

 

1:4* 50* 0.5* 47* 45* CaO a strong base showed good activity for PC at lower 

temperature. 

150 
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3 CaO-ZrO2 

 

1:6* 150* 2* - 55* Ca
2+

 was uniformly doped into the lattice of ZrO2 to form CaO-

ZrO2 MMO and showed strong base properties measured by 

CO2-TPD . 

151 

4 CaO–ZnO 10:100* 25* 

for 

LHSV 

of 2 h
-1

 

4* - 87* The catalyst was found to retain its activity up to 60 h and 

thereafter, a slight decrease in the activity was observed. This 

was due to deactivation of CaO to Ca(OH)2 which leaches out in 

to the product stream. 

152 

5 Na-Al2O3 1:4 70 6 NA 65 The activity was influence by the presence of monovalent cation 

(NH4
+
, Na

+
) in aluminates. 

153 

6 Meso-CeO2 1:10 

1:10* 

140 

140* 

2 

2* 

76.3 

18 * 

73.24 

16.3* 

Activity of catalyst towards PC observed was low than EC due to 

the steric hindrance in PC. High reaction temperature was 

necessary to facilitate the reaction. 

154 

7 Na-CeO2/ 

K-CeO2 

1:5 65 4 NA 64 To improve the base strength, metal oxides with strong basicity 

such as Na and K oxides were introduced in to mesoporous ceria. 

155 

8 Au/CeO2 10:100* 140* 6* 63* 55* The influence of the amount of gold on the catalytic activity of 

Au/CeO2 catalyst was studied. It was observed that beyond a 

certain gold loading the selectivity towards DMC decreases due 

156 
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to the decomposition of PC. 

9 Ce0.8La0.2 10:100* 170* 6* 74* 74* Activity of synthesized catalysts increases with an increase in 

lanthanum content in the catalysts. Ce0.2La0.8 catalyst showed 

highest activity having large amount of acid base sites. 

157 

10 Ce-Cu 

 

1:10* 160* 4* 65* 61* Ce-Cu catalyst having highest amount of basic sites was found to 

be most effective. Catalyst was recycled upto 3 recycle 

experiments with slight drop in activity. 

158 

11 Zn-Y 30:240 65 2 70 69 Effect of calcination temperature was studied in detail. Zn3-Y 

calcined at 400
0
C showed best activity having maximum amount 

of basic sites. The catalyst can be reused without significant loss 

in activity even after six runs. 

159 

12 Mg/La 

MMO 

1:10 

1:10* 

130 

150* 

2 

2* 

73 

69* 

71 

64* 

Mg/La MMOs with varying Mg/La molar ratios were synthesized 

and screened for this reaction. MMO with a ratio of  1:3 gave 

best activity.  

160 

13 Cu-Zn-Al 

300 

10:100* 160* 4* 70.6* 65.8* Prepared CuZnAl MMO calcined at 300
o
C posses more amount 

of both acid and base sites, which are responsible for better 

activity towards PC transesterification reaction.  

161 
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14 Mg-Al-La 

oxide 

 

1:10 

1:10* 

80 

100* 

4 

4* 

89 

35* 

87.2 

31* 

Catalytic activities of ternary oxides derived from rare-earth 

modified hydrotalcites were studied. These catalysts were 

reusable, with little loss in catalytic activity/selectivity.  

162 

15 Ca(OCH3)2 1.07 kmol/m
3
: 

21.4kmol/m
3
 

N2=0.69 MPa 

20* 5* 86* 85* Methanol pretreated CaO [Ca(OCH3)2] significantly enhances 

catalytic activity and reduces induction time. 

163 
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Wang et al.
149,150

 observed good activity for reaction of PC and methanol at low temperatures 

with CaO compared to MgO. The observed result was attributed to higher base strength of CaO 

and larger number of basic sites (Table 1.6, Entries 1-2). Wang etal.
151

 investigated incorporation 

of Ca
2+

 into ZrO2 (prepared by co-precipitation method) as the catalyst for DMC synthesis. The 

presence of Ca
2+

 and Zr
4+

 in homogeneous CaO–ZrO2 solid solution increased the basicity of 

lattice oxygen on the surface and led to good activity with this catalyst. Deng et al.
159

 found that 

the generation of large amount of medium basic sites (7.2 < H < 9.8 as determined by Hammett 

indicator method) in ZnO–Y2O3 was responsible for the good catalytic activity. Amount of basic 

sites depended on the elemental composition and calcination temperature. Kumar et al.
161

 

synthesized Cu-Zn-Al (CZA) ternary MMO from hydrotalcite precursor calcined at different 

temperatures. They observed that total basicity and acidity of MMOs decreased with an increase 

in the calcination temperature. CZA calcined at 300
o
C showed highest amount of total basic and 

acid sites. Higher basic strength observed was due to the coordination of surface O
2-

. PC 

conversion of 70% with 94% DMC selectivity was observed at EC: methanol molar ratio of 1:10, 

160
o
C for 4h. Detailed investigations showed that the surface acid and base functionalities play 

major role during synthesis of DMC by transesterification of cyclic carbonate and methanol.
 

Rare-earth element modification of Mg–Al hydrotalcites (Table 1.6, Entry 14) resulted in the 

enhancement of DMC yield, and a linear correlation between PC conversion or TON and surface 

density of basic sites was reported by Srinivas‘s group.
162

 Recently Chaudhari et al.
163

 studied 

the effect of pretreated CaO with methanol (Table 1.6, Entry 15). They observed significant 

difference in CO2 TPD of fresh CaO, PC pretreated CaO and methanol pretreated CaO. They 

observed that the amount of weak basic sites (at 380°C) on CaO decreased after methanol pre-

treatment, whereas the amount of strong basic sites (at 426 and 768 °C) increased significantly 
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compared to pure CaO. Therefore, they concluded that there is a strong correlation between 

strong basic sites and catalytic activity. The activity increased significantly with reduction in 

induction period for the methanol pretreated CaO catalyst. 

Significant work is being carried out on the development of improved catalysts for the synthesis 

of DMC from EC/PC and methanol. Simple inorganic, organic bases and ionic liquids (ILs) were 

found to be active catalysts for DMC synthesis; still applications are limited because of 

difficulties in catalyst-product separation due to its homogeneous nature. Further Immobilization 

of the IL on different supports has been explored but high cost of catalyst has limited their 

application. Considerable amount of work has been carried out on the development of 

heterogeneous catalysts for the synthesis of DMC. Heterogeneous catalysts based on mixed 

metal oxides, smectite, anion-exchange resin, Na-dawsonite, mesoporous graphitic carbon nitride 

and Binary hydrotalcites (i.e. LDHs) etc. have been studied for transesterification reaction. 

Among all heterogeneous catalysts investigated mixed metal oxides were found to be active 

catalysts for this reaction, however, they require either high reaction temperature (100–160 °C) 

or high catalyst loading (10–25 wt%). The catalyst was recycled four to five times, but catalyst 

activation at high temperature was required in most of the cases during each recycle experiment. 

This potentially may cause problem in continuous or large scale operation. In this context it is 

still challenging task to develop heterogeneous catalysts exhibiting high catalyst activity and 

high stability for the synthesis of DMC from EC and methanol under mild reaction conditions. 

Activity of all the catalysts screened for PC and methanol to DMC reaction was found to be 

lower compared to that observed for the reaction of EC and methanol to DMC. The lower 

conversion of PC observed was mainly due to steric factors and differences in the chemical 

structures of EC and PC and required high reaction temperature and time. Thus there is a need to 
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develop highly active, selective and recyclable catalyst for this important reaction and hence lot 

of work is being carried out in this direction. 

 

1.5. Dimethyl carbonate as a methoxycarbonylating agent for aromatic 

carbamates 

As discussed earlier (Section 1.3.4.)  DMC has emerged as a ‗Green Reagent‘ for the 

synthesis of various chemicals and methoxycarbonylation of aromatic amines provides phosgene 

free route for the synthesis of aromatic carbamates.
164 

Aromatic carbamates are important intermediates in drug synthesis,
165,166 

agrochemicals,
167

 and 

polyurethane (PU) based polymers.
168-170 

Carbamates present stable form of isocyanates and can 

be easily converted in to isocyanates at high temperatures (170
o
C) in the presence of a suitable 

catalyst.
171 

Polyurethanes are manufactured by combining diols and diisocyanates. Polyurethanes 

are among the most valuable polymers produced by the chemical industry. In 2007 the global 

consumption of polyurethane as raw material was about 12 million metric tons/year and the 

average annual growth rate is about 5%.
171a 

Aromatic diisocyanates currently account for more 

than 90% of the global production of diisocyanates, mainly toluene diisocyanate (TDI) and 

methylene diphenyldiisocyanate (MDI).
172,173 

N-methyl phenyl carbamate (MPC) is also an 

important precursor for preparing methylene diphenyldiisocyanate (MDI) by condensation of 

MPC with formaldehyde.
174, 175

 Conventionally aromatic carbamates are manufactured 

exclusively by phosgene technology (Fig.1.11, Scheme 1.13).
175,176 

This method poses great 

concerns for both environmental and safety problems because of the toxicity and corrosion 

properties of phosgene itself. So efforts have been made for the preparation of organic 

carbamates using non-phosgene reagents. 
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Figure 1.11: Various routes for MPC synthesis 

Therefore, less-expensive and benign alternatives to the current process have been explored by 

many academic and industrial researchers over the last decades. Currently, the studies on 

phosgene-free synthesis of organic carbamate is mainly focused on oxidative carbonylation of 

aromatic amines (Fig. 1.11, Scheme 1.14)
177

 reductive carbonylation of nitro derivatives 

(Fig.1.11, Scheme 1.15)
170 

and methoxycarbonylation of amines using DMC as a reagent (Fig. 

1.11, Scheme 1.16).
178 

Important literature available on the synthesis of aromatic carbamates by 

non-phosgene routes is presented below.  

 

1.5.1. Synthesis of carbamates by Oxidative carbonylation of aromatic amines 

Oxidative carbonylation of aromatic amine to carbamate is reported to be effectively 

carried out using variety of Nobel metal catalyst such as Pd, Pt, Rh, Ir and Ru etc. in the presence 
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of promoters or reoxidants such as iodide compounds or P-benzoquinone etc., under high 

pressure of CO:O2 (3 - 10 MPa) and high reaction temperature (100-220
o
C).

82
 

Fukuoka et al.
179 

have reported the use of supported transition metal catalysts (2% Pd, 5% Pt, 5% 

Rh, 5% Ru, 5% Ir on Carbon) for oxidative carbonylation of aniline. They found that the activity 

of the catalyst decreased in the order Pd>Rh>Ru>Pt>Ir. They have screened several halogen 

containing promoters and the activity was found to decrease in the order: I>Br>Cl. The best 

result was observed with Pd/C using NaI as a promoter (95% conversion of aniline with 93% 

yield of methyl phenyl carbamate (MPC) at 160
o
C in 2 h).  

Liao et al.
180 

have reported an efficient synthesis of carbamate, using polymer-supported 

palladium manganese bimetallic catalyst showing 83% yield to corresponding carbamate 

(Scheme 1.17). 

 

Scheme 1.17: Efficient synthesis of carbamate, using polymer-supported palladium manganese 

bimetallic catalyst
180

 

Shi et al.
181 

have reported carbonylation of amines with variety of alcohols using palladium and 

ionic liquid. Results showed that BMImBF4 ionic liquid + Pd(phen)Cl2 is an effective catalytic 

system to give 99% conversion of aniline and 98%selectivity to methyl phenyl carbamate at 

175
o
C/1h. Recently, Saliu and co-workers

177
 have reported synthesis of methyl-N-phenyl 

carbamate by using Co(salen) complex catalyst. Catalysts were active and 82% aniline 

conversion and 87% MPC selectivity was obtained at 100
o
C in12h reaction time. Though only 
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water is formed as the by-product, toxicity of CO and explosion hazards associated with the use 

of CO/O2 mixture has limited commercial application of this process. 

 

1.5.2.  Synthesis of carbamates  by the reductive carbonylation of aromatic 

nitro-compounds  

The reductive carbonylation of aromatic nitro-compounds to the corresponding 

carbamates is an interesting approach towards synthesis of carbamates (Scheme 1.18). The 

carbonylation reaction of nitro-aromatics is an exothermic reaction and is catalyzed by 

palladium, ruthenium, and to a lesser extent by rhodium. Furthermore, platinum, iridium, and 

iron have also been reported to be active for this reaction.
182-184

 Cenini et al.
182

 studied reductive 

carbonylation of nitrobenzene to give PhNHCOOMe in the presence of Ru3(CO)12catalyst. 

Reaction was carried out in toluene-methanol mixture in the presence of chelating ligand such as 

diphenyl phosphinomethane (DPPM) and 88% conversion of nitrobenzene and 81% selectivity 

to carbamate was obtained at 170
o
C in 3 h reaction time (Scheme 1.18) 

 

Scheme 1.18: Reductive carbonylation of nitrobenzene to give carbamate 

 

Izumi et al.
183

observed 84% aniline conversion with 97% selectivity to carbamate under the 

optimized reaction conditions with PdCl2-heteropoly anion (as a modifier) catalyst system 

[PdCl2/modifier/solvent(DME)/MeOH/Ph-NO2 = 1/0.5/400/200/100 (molar ratio), 150
o
C,3h]. 
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Karpinska et al.
185 

studied reductive carbonylation of 1,3-dinitrobenzene, 1,4-dinitrobenzene and 

2,4-dinitrotoluene to respective dicarbamates in the presence of PdCl2/Fe/I2/Py catalyst system 

and complete conversion of dinitrobenzene to the corresponding dicarbamates was achieved with  

selectivity of 87, 68, and 55%  respectively at 180
o
C for 2h. In this process only one-third of CO 

could be used efficiently with the formation of two moles of CO2 as by-product. Overall 

selectivity of the reaction based on CO is very low, the separation of CO from CO2 would 

increase the operation cost. Additionally, the presence of co-catalysts gives rise to the corrosion 

problems and makes recovery of the catalyst difficult and hence the process is not investigated in 

detail for further applications. 

 

1.5.3.  Synthesis of carbamates  by methoxycarbonylation of aromatic amine 

The aromatic carbamates can also be synthesized from amines and dimethyl carbonate using 

homogeneous and heterogenoeus catalysts (Scheme 1.19).
186

 

 

Scheme 1.19: Synthesis of aromatic carbamates from various substituted amines and DMC
 187

 

Aromatic carbamate synthesis by methoxycarbonylation of aromatic amines using DMC as a 

greener reagent has emerged as promising alternative route. In this reaction methanol is formed 
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as the by-product, which can be converted back to DMC by oxidative carbonylation of methanol 

with CO.
188 

Thus, the route based on DMC has a potential to provide atom efficient and safer 

route for the synthesis of carbamates from DMC and amines. 

Several efforts have been made towards the development of environmentally friendly routes 

using non-toxic reagents for the preparation of carbamate such as, reductive carbonylation of 

nitro aromatics and oxidative carbonylation of amines. However, synthesis of carbamate by 

reductive carbonylation of nitro compounds suffers from a lack of economic viability as it 

utilizes only one-third of CO and there exists difficulty in separation of CO from CO2 formed as 

the by-product. In oxidative carbonylation process, although CO can be utilized effectively, the 

toxicity of CO and explosion hazards associated with the use of CO/O2 gas mixture has limited 

the progress of this route. Also, these two processes required severe reaction conditions such as 

high temperature and pressure, and a noble metal catalyst such as Pd or Ru for the carbonylation 

reactions. Aromatic carbamate by methoxycarbonylation with DMC is safer route and hence is 

being investigated in detail. Because of multifunctional nature of DMC achieving high 

selectivity to carbamate product is challenging and development of active and selective catalyst 

is important. The detailed literature survey on the methoxycarbonylation of aromatic amines with 

DMC is discussed below. 

 

1.5.4.  Detailed literature on methoxycarbonylation of aromatic amine 

There are several patents
186,187,189-191

 as well as publications on the synthesis of aromatic 

carbamate from methoxycarbonylation of aromatic amine and DMC. The details are presented in 

Table 1.7. 
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Table 1.7: Literature survey on the synthesis of aromatic carbamates by methoxycarbonylation of aromatic amines with DMC 

Entry Catalyst Substrate Reaction conditions Results Remarks Ref. 

Reactants 

Aniline:DMC 

mmol/mmol 

Temp 

(°C) 

Time 

(h) 

Aniline 

Conv. 

(%) 

MPC 

Yield 

(%) 

1 Zn4O(OOCNEt2)6 

 

Aniline 

MDA 

1:5 170 2 99 

99 

98 

62 

Anhydrous Zn-N,N-diethylcarbamate complex 

used as catalyst showed good activity for 

methoxycarbonylation of both aniline and 4-4 

Dimethylenedianiline (MDA) 

172 

2 Zn4O(OAc)6 

 

Aniline 

TDA 

MDA 

1:25 

1:25 

1:25 

180 

190 

180 

2 

4 

2 

99 

99 

99 

96 

97 

97 

Zn acetate showed good activity for aniline, 

TDA and MDA however catalyst remains 

homogeneous in reaction mixture. 

192 

3 Pb(OAc)2 .xH2O 

Zn(OAc)2 .2H2O 

Aniline 1:5 160 1 94.7 

93.7 

92 

91 

Pd acetate and Zn acetate showed good activity 

to MPC however it remains homogeneous in 

reaction mixture. 

193 
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4 Pb(OAc)2 .xH2O 

 

TDA 1:20 170 4 100 97.7 Methanol (by-product) deactivates catalyst 

however catalyst can be regenerated by 

treatment of acetic acid. 

194 

5 Zn(OAc)2/AC 

 

Aniline 

 

1:7 150 8 - 78 Zn(OAc)2 heterogenized on different solid 

support i.e γ-Al2O3, AC, ZSM-5, SiO2 and MgO. 

It was observed that activity was significantly 

affected by support. Activity decreased from 

AC> α-Al2O3> ZSM-5 > SiO2> MgO. 

169 

6 Zn(OAc)2/Al2O3 

 

TDA 1:20 150 7 - 53.3 With increase in reaction temperature decrease 

in TDC yield was observed due to the formation 

of by-products i.e N methyl TDA and polyurea. 

170 

7 Zn(OAc)2.H2O 

 

Aniline 

MDA 

1:20 

1:20 

130 

130 

1 

2 

68 

47 

68 

41 

It was observed that the induction period was 

shortened by pretreatment of the Zn(OAc)2 with 

DMC 

195 

DMC pretreated 

Zn(OAc)2.H2O 

Aniline 

MDA 

1:20 

1:20 

130 

130 

1 

2 

80 

100 

80 

92 

8 

Yb(OTf)3 

Aniline 1:5 80 8 - 96 Catalyst remains soluble in reaction mixture, 

however catalyst can be recover by adding few 

196 
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ml of CH2Cl2(by precipitation) 

9 K2CO3 

 

Aniline 1:3 180 22 - 41 Mechanism of the reaction has been investigated 

in terms of Pearson‘s Hard–Soft Acid-Base 

(HSAB) theory. 

197 

10 ZnO-TiO2 Aniline 1:20 180 7 96 66.9 Lewis acid sites favor MPC synthesis. 190 

11 ZrO2/SiO2 

 

Aniline 1:20 170 7 98 79 Decreases in MPC yield was observed with 

increase in temperature due to the formation of 

byproducts i.e NMA and DPU (due to 

decarboxylation and condensation of MPC). 

198 

12 AlSBA-15 

 

Aniline 1:10 100 3 99 70 The acid sites inside the mesoporous cavities of 

AlSBA-15 are more accessible due to a larger 

pore size leading to a high conversion of 

substrate and Lewis acidity of aluminium leads 

to the formation of MPC. 

199 

13 [PEmim]PbCl3-IL 

 

 

Aniline 1:5 160 4 87 8 

(MPC) 

72 

(MMPC) 

Acid–base sites of [PEmim]PbCl3 are important  

for this reaction. [PEmim]PbCl3 increases the 

electrophilicity of DMC and the nucleophilicity 

of aniline by its acid and base sites. 

200 
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14 [ZnCO3]2-

[Zn(OH)2]3 

Aniline 1:10 160 5 96 94 Activity of catalyst decreased after two recycle 

experiments 

178 

15 L-Proline–TBAB Aniline 1:5 RT 3 - 94 L-proline is insoluble in DMC and the presence 

of a phase transfer catalyst TBAB can improve 

the solubility of L-proline. This may be the 

possible reason for the enhanced reaction rates 

and activity at room temperature. 

201 

16 Iron – chrome 

catalyst TZC-3/1 

 

Aniline 2:1 150 3 Trace 

amount 

- TZC-3/1 was found to be the most active 

catalyst in case of aliphatic amines (n-

hexylamine) whereas in case of aniline no 

conversion was observed.  

202 
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From the literature survey it was observed that both homogeneous and heterogeneous catalysts 

have been investigated for the synthesis of aromatic carbamates, mainly methyl phenyl 

carbamate (MPC). Homogeneous catalysts studied include: Zn(OAC)2.2H2O, Pb(OAC)2.xH2O, 

K2CO3,Yb(OTF)3 and bifuctional IL{[PEmim]PbCl3-IL} etc. Ono et al.
193

 synthesized MPC 

using metal salts like Zn(OAC)2.2H2O, Pb(OAC)2.xH2O as catalysts and obtained 91-92% yield 

of MPC at aniline: DMC ratio 1:5 in 2h at 160
o
C. Zn(OAC)2.2H2O was also found to be active 

for reaction with other aromatic amines like toluene diamine (TDA) and methyl diphenyl amine 

(MDA)  and showed 96-97% yield of corresponding carbamates at a substrate: DMC mole ratio 

of 1:25 at 180
o
C in 2h reaction time.  Li et al.

195 
investigated the effect of pretreatment of 

Zn(OAc)2 with DMC for methoxycarbonylation of aniline. It was observed that the pretreated 

Zn(OAc)2 showed good activity (80% yield at 160
o
C/1h) as compared to Zn(OAc)2 (68% yield at 

160
o
C/1h) (Table 1.8; Entry 7). It was observed that the induction period was shortened by 

pretreatment of Zn(OAc)2 with DMC. According to Geo et al.
200 

acid–base bi-functional ionic 

liquid, 1-(2-(1´-piperidinyl)ethyl)-3-methyl imidazoliumtrichlorolead ([PEmim]PbCl3), is an 

efficient catalyst for the reaction of aniline and DMC to methyl-N-methyl-N-phenylcarbamate 

(MMPC 72% and MPC 8%yield). The high reactivity of [PEmim][PbCl3] is attributed to its 

ability to activate both aniline and DMC by the acidic and basic sites cooperatively. Density 

functional theory (DFT) calculations were carried out to understand structure and electronic 

properties of [PEmim]PbCl3, complex of [PEmim]PbCl3 and aniline, and complex of 

[PEmim]PbCl3 and DMC. The calculations showed that [PEmim]PbCl3 can increase the 

electrophilicity of DMC and the nucleophilicity of aniline by its acid and base sites respectively. 

Based on these results reaction mechanism was proposed (Scheme 1.20). Steps involved in 

reaction mechanism are as follows (Scheme 1.20): (i) [PEmim]PbCl3 has both acidic and basic 
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sites. The acidic site of Pb
2+

 interacts with DMC to form Pb
2+

OC(OCH3)2 species. In the 

meanwhile, the basic site of piperidinyl group activates aniline through the formation of 

hydrogen bond (N–H· · ·N) (ii). The activated aniline undergoes the nucleophilic attack on the 

carbonyl group of Pb
2+

OC(OCH3)2 species to form methyl-N-phenyl carbamate species (iii). 

Methyl-N-phenyl carbamate species undergoes the nucleophilic attack on the methyl group of 

another molecular DMC to give methyl-N-methyl-N-phenylcarbamate and the species (iv). 

[PEmim]PbCl3 (i) is recycled from species (iv) with the release of methanol and carbon 

dioxide.
200

 

 

Scheme 1.20: A proposed reaction mechanism for the formation of Methyl-N-methyl phenyl 

carbamate using [PEmim]PbCl3
200
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Jain et al.
201

 studied reaction of amines and dimethyl carbonate (DMC) in the presence of 

catalytic amounts of L-proline and tetrabutylammonium bromide (TBAB) to obtain methyl 

carbamates in good yields under mild reaction conditions (94% yield/ 3h/ RT). According to 

authors, L-proline is insoluble in DMC and the presence of a phase transfer catalyst TBAB 

improves the solubility of L-proline resulting in enhanced reaction rates. Good activity of 

catalyst was observed at room temperature, which is contradictory to literature reports. 

According to Margetić and co-workers
203

 aromatic amines such as aniline did not react with 

dimethyl carbonate at room temperature.
 

Thus Zn (OAc)2.2H2O and Pb(OAc)2.xH2O were found to give best catalytic performance for the 

synthesis of aromatic carbamates (yield of carbamates => 95%). However, catalyst/product 

separation is difficult because of the homogeneous nature of these catalysts and lead compound 

suffers from environmental problem. To overcome this problem Zhang et al.
169 

have immobilized 

Zn(OAc)2.2H2O on different solid supports like γ-Al2O3, activated Carbon (AC), ZSM-5, SiO2 

and MgO to prepare heterogenized homogeneous catalysts. It was observed that activity was 

significantly affected by different supports and activity decreased in the order: AC > α-Al2O3> 

ZSM-5 > SiO2> MgO. Among these Zn/AC showed good activity (87% MPC yield), however 

deactivation of immobilized Zn(OAc)2 to ZnO was observed during recycle of the catalyst [due 

to reaction between methanol and Zn(OAc)2]. 

Several other heterogeneous catalysts (Al-SBA-15, Al-MCM-41 and Zn, Ti, Zr, Si, Ce based 

mixed metal oxides etc.) have been investigated for the reaction of aromatic amines and 

DMC.
190,198,199,178

 Zhao et al.
198

 studied ZrO2/SiO2 MMO catalyst for the reaction and 98.6% 

aniline conversion with 79.8% MPC yield was obtained at 170
o
C in 7h with DMC: Aniline mole 
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ratio of 20 and catalyst loading of 20 wt%. However, the catalyst was deactivated after the 

reaction and could not be recycled.  

DMC can be act both as a methylating and methoxycarbonylating agent. Tundo and co-workers 

have made significant contributions to the use of DMC as reagent for various transformations.
85, 

86,89,178,197
 According to Tundo

178 
two different pathways (alkylation/ acylation) can be promoted 

in parallel. Scheme 1.21 shows the mechanism of carbamoylation of aniline via DMC chemistry. 

As depicted in Scheme 1.21, besides methyl N-phenylcarbamate 1, several by-products are 

formed by the reaction of aniline with DMC, i.e., N-methyl aniline 4 and N,N-dimethyl aniline 5. 

Furthermore, the methyl phenyl carbamate 1, once formed, can react further either with DMC to 

give the methyl N-phenylcarbamate 2 or with aniline to form the diphenylurea 3. It is noteworthy 

that the reactions leading to the formation of carbamate 1 and urea 3 are equilibrium reactions 

(BAc2 mechanism), meanwhile the reactions leading to the methyl derivatives 2, 4, and 5 are not 

equilibrium reactions (BAl2 mechanism).
 

 

Scheme 1.21: Synthesis of the methyl N-phenylcarbamate1 by reaction of aniline with DMC. 

The synthetic pathways.
178
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The selectivity between methylation (alkylation) and carbamoylation (acylation) depends on a 

large number of factors besides the catalyst such as the nature of the nucleophilic species, 

reaction temperature, and even the substrate-to-DMC ratio.
85,86,89 

Therefore, the key point in this 

process is the choice of catalyst and optimization of reaction parameters which can give high 

selectivity to N carbamate products. The synthesis of carbamate from aromatic amine and 

dimethyl carbonate (DMC) in the presence of homogeneous, supported heterogeneous, and 

heterogeneous catalysts have been investigated in detail. Mostly the works have been carried out 

using Zn based homogeneous and heterogeneous catalysts.  

Among all metal based catalysts; homogeneous Zn and Pb metal salts showed best catalytic 

activity. However, catalyst/product separation is difficult because of the homogeneous nature of 

these catalysts. Also, lead compounds showed high catalytic performance, but they are not 

environmentally friendly. Supported zinc acetate based catalysts were studied for this reaction 

(Zn(OAc)2/AC, Zn(OAc)2/α-Al2O3 and Zn(OAc)2/SiO2)  however, deactivation of Zn(OAc)2 was 

observed with the formation of ZnO. Therefore, by taking into account the economic importance 

of carbamates as isocyanate precursors, it is necessary to develop active catalysts which give 

high yield, low amounts of by-products and are easily recycled. 

 

1.6. Aim and Objectives of the thesis 

Utilization of safer reagents and renewable feed stocks is essential for the sustainable 

development of society. Much attention has been devoted to applying green catalytic processes 

to convert renewable feed stocks to commodity chemicals and clean fuels. Recently dimethyl 

carbonate (DMC) has emerged as ―Green Reagent‖ and substitute for toxic phosgene, dimethyl 

sulphate and organic halides in carbonylation and N-methylation reactions. Conventionally 
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dimethyl carbonate is produced by phosgenation or oxidative carbonylation route however, both 

the routes have disadvantages. DMC is produced by various non-phosgene routes including 

oxidative carbonylation of methanol (Enichem process), the methylnitrilecarbonylation process 

developed by Ube Industries and transesterification of methanol with ethylene carbonate (EC) 

developed by Asahi Kasei Chemical, Japan. Asahi process is environmentally safe process and 

several plants are based on this route and focus of the work is on the development of efficient 

catalysts for this route. DMC has emerged as ―Green Reagent‖ because of its non-toxic 

properties and multifunctionality. With the availability of DMC from non-phosgene route focus 

of the work has been on the development of new routes for the synthesis of specialty chemicals 

utilizing DMC. Synthesis of aromatic amines by methoxycarbonylation of aromatic amines with 

DMC is one such important example. Significant amount of work is being carried out on the 

development of homogeneous as well as heterogeneous catalysts for these reactions. Based on 

the brief literature reports presented in this chapter, present study was focused on the 

development of heterogeneous catalysts for selective synthesis of these products. With these 

objectives following specific problems were chosen for the work. 

 DMC synthesis by Transesterification of cyclic carbonate with methanol 

 Synthesis and characterization of hydrotalcites and hydrotalcite derived MMOs catalyst 

based on Mg, Li, Al, Fe, Ce, La, Sm and other transition metals. 

 Transesterification of EC/ PC with methanol 

 Optimization of reaction conditions to achieve high selectivity to DMC 

 Recycle/recovery of the catalyst. 
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 Synthesis of aromatic carbamates by methoxycarbonylation of aromatic amines with DMC 

 Synthesis and characterization of heterogeneous catalysts based on Zn, Ce, Zr, Co and 

other transition metals. 

 Methoxycarbonylation of aniline as a model substrate. 

 Optimization of reaction conditions to achieve high selectivity to carbamate derivatives 

 Recycle/recovery of the catalyst. 
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Introduction 

Dimethyl carbonate (DMC) has emerged as a “Green Reagent” because of it non-toxic 

nature and multifunctionality. DMC is used as a safe replacement for toxic phosgene in 

carbonylation and for dimethyl sulphate and methyl halides in methylation reactions.
1 

In addition 

DMC has potential applications as an electrolyte in lithium batteries as a polar aprotic solvent 

and as an octane booster in gasoline to meet oxygenate specifications.
2 

With the availability of 

DMC based on non-phosgene routes; lot of work is being carried out on the synthesis of various 

chemicals using DMC as a Green Reagent.
1a

 DMC is being synthesized using various non-

phosgene routes as discussed in Chapter 1 (Section 1.4.).
3-6

 Landmark development has been the 

synthesis of DMC by transesterification of cyclic carbonate [ethylene carbonate (EC)/propylene 

carbonate (PC)] with methanol commercialized by Asahi Kasei Corporation.
7
 This is a safe and 

atom efficient process and ethylene glycol is formed as the by-product. Ethylene glycol is 

important chemical and also can be converted back to ethylene carbonate by reaction with urea.
8 

Various homogeneous as well as heterogeneous catalysts have been investigated for this 

reaction.
9-12

Among all heterogeneous catalysts investigated mixed metal oxides were found to be 

active catalysts for this reaction, however, they require either high reaction temperature (100–

160 °C) or high catalyst loading (10–25wt%).
13-20 

This potentially may cause problem in 

continuous or large scale operation. In this context it is still challenging task to develop 

heterogeneous catalysts exhibiting high catalyst activity and high stability for the synthesis of 

DMC from EC and methanol under mild reaction conditions.  

In this chapter we have synthesized dimethyl carbonate by transesterification of cyclic carbonate 

(EC/PC) with methanol using various heterogeneous base catalysts (Scheme 2.1). All catalysts 
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were synthesized by reported procedures and further characterized in detail by XRD, FT-IR, 

BET, TPD, TEM and XPS analysis. Further this chapter is divides in to two parts (A) Synthesis 

of dimethyl carbonate by transesterification of EC with methanol using MgFeCe ternary Layered 

double hydroxide (LDH) as a catalyst (B) Synthesis of dimethyl carbonate by transesterification 

of cyclic carbonate (EC/PC) with methanol using Li-Al mixed metal oxide as a catalyst. 

 

 

 

 

 

 

 

 

Scheme 2.1: Synthesis of dimethyl carbonate from transesterification of ethylene (EC) / 

propylene carbonate (PC) with methanol. 
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Chapter 2A 

Synthesis of dimethyl carbonate by transesterification of EC with 

methanol using MgFeCe ternary Layered double hydroxide (LDH) 

catalyst 

 

2A.1. Introduction 

Hydrotalcites (HTs) or Layered double hydroxides (LDHs) constitute a class of layered 

compounds complementary to classic clays and have been widely investigated as solid base 

catalysts for several transformations.21 As mentioned earlier there are limited reports on the use 

of hydrotalcites as catalysts for transesterification of EC and methanol to DMC.22 It is well 

known that basicity of LDH can be tuned by proper choice of M2+ and M3+ metal cations or by 

varying the molar ratio of M2+/M3+.23 Recently incorporation of third metal cation in parent LDH 

has attracted much more attention with the aim of modifying basicity of the catalyst (as 

discussed in section 1.2.2.1.). Pavel et al.24 have prepared ternary hydrotalcite by incorporating 

Y3+ in the Mg-Al LDH (Mg:Al 3:1 ratio) and they observed significant improvement in the 

activity and selectivity for styrene epoxidation with hydrogen peroxide as oxidant and ternary 

LDH as the catalyst in acetonitrile. The electronegativity of yttrium (1.22) is lower compared to 

that of Al3+ (1.61) and results in higher basicity of the ternary LDH prepared. Higher basicity of 

the ternary LDH resulted in better epoxidation activity of this catalyst. Similar results were 

observed by Angelescu et al.24a by modifying Mg–Al LDH with La and Y for cyanoethylation of 

ethanol.  



Chapter 2A 

 

2018-PhD.Thesis: Nayana T. Nivangune (CSIR-NCL)  94 

 

In this work Efforts have been made, to tailor basic properties of LDHs by incorporating 

additional trivalent metal [M3+] in the LDH. A series of Mg3FexCe1−x LDHs were synthesized by 

varying molar ratio of Fe:Ce (keeping Mg:Fe+Ce mole ratio of 3:1 constant) and characterized in 

detail by various spectroscopic techniques. Influence of Ce and its concentration on the 

properties and catalytic activity of Mg:Fe layered double hydroxide (Mg3FexCe1−x) for DMC 

synthesis (Scheme 2A.1) was investigated in detail.  

 

 

Scheme 2A.1: Schematic diagram of synthesis of dimethyl carbonate from ethylene carbonate 

and methanol over Mg3FexCe1−xLDHs. 

2A.2. Materials 

Ethylene carbonate (99%), benzoic acid (99.5%), Ce(NO3)3.6H2O,Sm(NO3)3.6H2O (99%), 

La(NO3)3.6H2O (99%) were purchased from Sigma-Aldrich Co. Chemical reagents including 

Ethylene glycol (99%), DMC (99.5%), Mg(NO3)2.6H2O (99.5%), Zn(NO3)2.6H2O 

(99.5%),Al(NO3)2.9H2O(99.5%),Co(NO3)2.6H2O(99.8%),Ni(NO3)2.6H2O(99%),Mg(NO3)2.6H2

O, NaOH (99.5%), Na2CO3 (99.5%),  phenolphthalein, bromothymol blue, were obtained from 

Loba Chemical Co., India. KBR IR grade (99.8%), IPA (99.5%), methanol (99.8%), Fe 

(NO3)3.9H2O (98%), toluene (99.8%) were purchased from Merck India. 
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2A.3. Catalyst preparation 

Binary and ternary LDHs were synthesized as per the literature reports.21,25 The detailed 

synthesis procedures are given bellow. 

2A.3.1. Synthesis of Binary LDHs (M
2+

/ M
3+

=3:1) 

 

Figure 2A .1: Synthesis of LDHs by co-precipitation method 

Binary LDHs M2+/ M3+were synthesized by co-precipitation method21 by keeping M2+/ M3+ratio 

3:1, where M2+ = Mg, Co, Ni or Zn and M3+ = Al, Fe or Ce. Aqueous solutions A and B were 

prepared in 100 ml de-ionized water. Solution A contains M2+ nitrate (60 mmol) and M3+ nitrate 

(20mmol). Solution B was prepared by dissolving NaOH (1.2M) and Na2CO3 (0.1M) in 

deionized water. Solutions A and B were simultaneously added drop wise in 100 ml de-ionized 

M
2+

:M
3+

=3:1 aqueous 

solution 
NaOH(1.2M)+Na2CO3 

(0.1M) aqueous solution 

 
Precipitation pH=10-11, RT 

 

 Filtration/wash till 

pH becomes neutral 

 

 

 Drying at 100
0
Cfor 12h 

Drop wise addition 60min 

 

Stir it for 30min / aging at 

70
0
C for 12h 
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water with vigorous stirring at room temperature. During addition, pH of the solution was 

maintained at 10-11 by addition of appropriate amount of solution B. The formed suspension 

was continuously stirred for 30 min and aged at 70˚C for 12 h. Finally the solid formed was 

separated by filtration and washed thoroughly with de-ionized water until pH of the water wash 

was 7. Resultant solid was then dried at 100°C for 12 h. Various LDHs were prepared using 

different metal precursors and were labeled as Mg3-Al1, Mg3-Fe1 (LDH-1), Co3-Al1, Ni3-Al1. 

Zn3-Al1and Mg3-Ce1 (LDH-6) depending on the metals used. 

 

2A.3.2. Synthesis of Ternary LDHs (Mg3FexCe1−x) 

A series of ternary Mg3FexCe1−x LDHs were synthesized by co-precipitation method, 

where x was varied between 0.95-0.55. The Mg:Fe+Ce molar ratio was kept constant at 3:1; 

while Fe:Ce molar ratio was varied (0.95:0.05 to 0.55:0.45). In a typical procedure solution A 

was prepared by dissolving desired amount of Mg(NO3)2·6H2O, Fe(NO3)3·9H2O and 

Ce(NO3)3·6H2O in deionized water and solution B was prepared by dissolving NaOH (1.2M) and 

Na2CO3 (0.1M) in deionized water. Solutions A and B were added simultaneously while pH of 

the resultant solution was maintained at 10–11 with constant stirring at room temperature. The 

formed suspension was continuously stirred for 30 min and aged at 70˚C for 12 h. Then the 

precipitate was filtered, washed several times with deionized water till filtrate became neutral. 

Finally, the synthesized ternary LDHs were dried at 100°C for 12 h in air. LDHs prepared with 

different Mg3FexCe1−x molar ratios, 3:0.95:0.05, 3:0.85:0.15, 3:0.75:0.25 and 3:0.55:0.45 were 

named as, LDH-2, LDH-3, LDH-4 and LDH-5 respectively. 
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2A.3.3. Synthesis of Ternary LDHs (Mg3:Fe0.85+M3+
0.15) with other trivalent 

metals 

Other ternary LDHs were prepared by using M3+other than Ce (Where M3+= La, Sm, Y and Cr). 

Same procedure was used by preparing “solution A” with appropriate amounts of 

Mg(NO3)2·6H2O, Fe(NO3)3·9H2O and nitrate of M3+metal to be used instead of Ce(NO3)3·6H2O. 

LDHs prepared with different M3+ (M3+= La, Sm, Y and Cr) were named as Mg3Fe0.85La0.15, 

Mg3Fe0.85Sm0.15, Mg3Fe0.85Y0.15 and Mg3Fe0.85Cr0.15 respectively. 

 

2A.4. Characterization Methods 

The catalysts were characterized by a number of physicochemical and spectroscopic 

techniques including X-Ray powder diffraction (XRD),26,27 Fourier transform-infrared 

spectroscopy (FT-IR),28 N2 sorption (BET),31-33 Basicity calculation by titration,29,34-36 CO2 and 

NH3 Temperature programmed desorption (TPD),37 Elemental analysis by inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES),40,41 Transmission electron microscopy 

(TEM)38,39 and X-ray photoelectron spectroscopy (XPS).42,43 Each technique is unique by itself 

and provides important information on the structural and textural features, metal leaching and 

basicity of the catalyst materials. Details on characterization method of each technique is given 

below. 

 

2A.4.1. X-Ray powder diffraction (XRD) 

XRD patterns of all samples were recorded on a P Analytical PXRD system (Model X-

Pert PRO-1712), using Ni filtered Cu Kα radiation (Ȝ = 0.154 nm) as an X-ray source (current 
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intensity, 30 mA; voltage, 40 kV) and an X-accelerator detector. The samples were scanned in a 

2θ range of 10°–80°. 

 

2A.4.2. Fourier transform-infrared spectroscopy (FT-IR) 

FT-IR spectra were recorded on a Shimadzu 8201 spectrophotometer in 400–4000 cm−1 

region. The samples were diluted prior to measurement with KBr in a 2/98 mixture ratio. 

 

2A.4.3. Transmission electron microscopy (TEM) 

TEM analysis was performed on a Jeol Model JEM 1200 electron microscope operated at 

an accelerating voltage of 120 kV. A small amount of specimen was prepared by ultrasonically 

suspending the powder sample (2mg) in IPA (5ml), and drops of the suspension were deposited 

on a carbon coated copper grid dried at room temperature before analysis. 

 

2A.4.4. N2 sorption (BET) 

The N2 adsorption–desorption isotherms at −196 °C were obtained using a Thermo surfer 

BET instrument and the surface areas were deduced using the BET equation. Before analysis, the 

samples were out gassed at 100 °C for 6 h. 

 

2A.4.5. Basic properties of LDHs by Titration method 

LDHs will decompose during heating in CO2 TPD analysis. Hence the weak and strong 

basic sites of LDH samples were measured by titration method. For this purpose 0.15 g of 

vacuum dried solid sample was suspended in 2 mL of indicator solution and titration was carried 

out using 0.01 M benzoic acid solution in toluene. Indicator solution for the determination of 
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weak basic sites (pKa = 7.1) contained 0.01 g of bromothymol blue in 100 mL toluene. The 

amount of strong basic sites (pKa = 9.3) were determined in the presence of an indicator solution 

containing 0.01 g of Phenolphthalein in 100 mL toluene. 

Note: Basic sites of LDHs were determined by titration method however basic sites of mixed 

metal oxides (MMOs, Chapter 2B) were estimated by CO2 TPD. Details of TPD method are 

given below. 

 

2A.4.6. CO2 and NH3 TPD 

Acid-base properties of the materials were estimated by temperature-programmed 

desorption (TPD) of adsorbed CO2 and NH3 using TPDRO 1100 (Thermo Fisher Scientific) 

instrument and the procedure was as follows. A sample (200 mg) was pre treated for 2 h at 

200oC in He, cooled to 50oC, saturated with a gas containing the probe molecule (4.5% CO2 or 

5% NH3 in He) and flushed afterward with He for 20 min. TPD measurements were performed at 

a heating rate of 10oC/min under He flow (20 mL min−1) temperature was ramped to 800oC and 

held at this temperature for 15 min. The total amount of each type of basic and acid sites was 

determined by integration of the deconvoluted peaks from the TPD curves. Deconvolution of 

TPD data was carried out by using Origion-6 software. 

 

2A.4.7.  XPS  

XPS spectra were recorded on a VG Microtech Multilab ESCA3000 spectrometer equipped with 

non-monochromatised Mg-Kα radiations (hυ = 1253.6 eV). All the binding energies were 

standardized according to carbon (C 1s = 284.8eV) and the peak fitting was carried out using 

theXPSPEAK-41 software. 
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2A.4.8. ICP-AES 

The composition of metal ions was analyzed by inductively coupled plasma-Atomic 

emission spectrometry (ICP-AES) (Optima 2000DVICP-AES, Perkin Elmer, USA). Samples 

were prepared by dissolving 2mg of sample in 5 mL of nitric acid and diluted to 50 mL with 

distilled water for analysis. 

 

2A.5. Experimental setup  

 

Figure 2A.2: Schematic of experimental setup. 

2A.5.1. Experimental procedure for transesterification of EC with methanol 

The schematic of experimental setup is presented in Fig. 2A.2. The reactions were carried 

out in a 50 ml round bottom (RB) flask equipped with a reflux condenser under vigorous stirring. 

Typically, the RB was charged with 23 mmol of EC, 230 mmol of methanol and 2.5 wt% of 

catalyst (relative to EC). The reaction was carried out at 70oC oil bath temperature for 1-3h 

reaction time under vigorous stirring. In some experiments internal temperature of the reaction 
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mixture were examined by thermocouple and it was observed that temperature of the reaction 

mixture remains near boiling point of methanol ~63oC throughout the reaction. After completion 

of the reaction, the RB was cooled to room temperature; the solid catalyst was separated from the 

solution by filtration. Sample was analyzed by gas chromatography to monitor the progress of 

the reaction.  

 

2A.5.2. Experimental procedure for recycle study 

Transesterification of EC and DMC was carried out as per the procedure described earlier 

(Section 2A.5.1.). The reaction mixture was cooled to room temperature. The catalyst from the 

reaction mixture was recovered by centrifugation, washed with methanol, and then dried 

overnight at 100oC for 12 h in air. The recovered catalyst was used to perform a new reaction of 

transesterification by charging EC and methanol to the glass reactor. 

 

2A.5.3. Analytical methods 

The analysis of reaction samples was carried out with the help of gas chromatograph 

(Agilent 6890N) equipped with FID detector and an innowax capillary column (30 m length × 

0.53 mm ID ×~1ȝm film thickness). Formation of DMC and EG as products was confirmed by 

GC-MS analysis with Agilent GC-MS (Agilent 6890N (GC) 5973 (MSD)) equipped with HP-5 

capillary column. The standard GC analysis conditions used for the analysis of reactants and 

products of reaction are given in Table 2A.1. 
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Table 2A.1: Conditions for gas chromatograph analysis 

Inlet Temperature:250oC 

Pressure : 10psi 

Split ratio: 50:1 

Oven Ramp oC Temp.0C Hold time (min) 

 40 2 

30 220 9 

Total Run time 15 min 

Flame 

ionization 

Detector 

Temperature: 250oC 

Hydrogene: 40ml/min 

Zero air: 400ml/min 

 

 

Figure 2A.3: A typical gas chromatograph chart showing reactants (EC and methanol), 

intermediate (HEMC) and products (DMC and EG). Methanol, DMC, EG, HEMC and EC 

(Retention times of peaks at 2.75, 3.22, 5.21 and 5.586, 6.05 minute) 

MeOH 

DMC 
EG 

EC 
HEMC 
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Atypical gas chromatogram obtained for transesterification reaction of EC with methanol using 

the analytical conditions given in Table 2A.1 is presented in Fig. 2A.3. The distinct separation of 

all the reactants and products was obtained.  

 

2A.5.3.1. Quantitative analysis of reaction mixture: External standard method  

Quantitative analysis of the reaction mixture was carried out by using external standard 

method. In this method known quantities of reactants and products were dissolved in appropriate 

solvent (methanol or DMC) in 25 ml volumetric flask to make total volume 25 ml. Weight of 

each component was noted. Four such, samples with different concentration of reactants (EC) 

and products (DMC and EG) were prepared. The quantities were chosen such that they covered 

maximum and minimum amount for each component. Analysis of these samples was done on 

GC and calibration curve was generated and amount/area i.e. response factor was calculated. In 

this analysis method the reaction sample to be analyzed and standard samples prepared are 

different and hence this method is called as external standard method. The EC conversion and 

product selectivity were calculated by using the following equations: 

EC  conversion ሺ%ሻ    =  
Initial moles of the EC- Final  moles of EC 

Initial moles of the EC  ×100      (1) 

DMC selectivity ሺ%ሻ   = 
Moles of the DMC formed
Moles of the EC consumed × 100                                   (2) 

2A.6. XRD analysis of Binary LDHs 

XRD analysis of all the LDHs prepared was carried out to confirm the formation of LDH 

material (Fig. 2A.4).  
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Figure 2A.4: XRD patterns of all synthesized binary LDHs 

From Fig.2A.4 it was clearly observed that all LDHs have symmetrical reflections for (003), 

(006), (110), (113) planes. A sharp peak at (003) plane indicated the formation of a highly 

crystalline material.44, 45 The reflections were indexed to a hexagonal lattice with an R3m 

rhombohedral symmetry.  All diffraction peaks have characteristics of a well crystalline single 

hydrotalcite-like phase as previously reported (LDH:  JCPDS file no. 38-487).45 

 

2A.7.Transesterification of EC with methanol to DMC 

The catalytic transesterification of ethylene carbonate with methanol involves two 

equilibrium steps as shown in the Scheme 2A.2.22 
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Scheme 2A.2:The transesterification of EC with MeOH 

In the first step, reaction of EC and methanol leads to the formation of 2-hydroxy ethyl methyl 

carbonate (HEMC) as the product. The amount of HEMC formed from EC and MeOH (Scheme 

2A.2 step I) is dependent on the type of catalyst employed and reaction conditions used in the 

process (temperature, EC:MeOH ratio and catalyst loading). The formation of HEMC as an 

intermediate was confirmed by GC-MS analysis. The reaction of HEMC with another molecule 

of methanol leads to the formation of DMC and EG as products (Scheme 2A.2 step II). Both the 

reactions are equilibrium and hence the selectivity pattern will be strongly dependent on the 

reaction conditions employed.  

 

2A.7.1 Screening of LDHs for transesterification of EC with methanol 

All the LDHs prepared were screened for transesterification of EC and methanol and the 

results are presented below (Table 2A.2). 
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Table 2A.2: Screening of binary LDHs for transesterification of EC and methanol to DMC. 

Entry Catalyst Conversion 

EC 

(%) 

Selectivity 

DMC 

(%) 

 

1 Mg2.5-Al1 54 87 Reported 

2 Mg5-Al1 82.9 98.6 Reported 

3 Mg3-Al1 59 93 This work 

4 Mg3-Fe1 (LDH-1) 62 93 This work 

5 Zn3-Al1 26 92 This work 

6 Co3-Al1 12 90 This work 

7 Ni3-Al1 9 91 This work 

Reaction conditions: EC: 23mmol, MeOH: 230mmol, M2+/ M3+ LDHs catalyst: 2.5 wt% 

relative to EC, reaction time: 3 h, temperature: 70 ˚C. 

From the results presented in Table 2A.2 it was clearly observed that the Mg3-Fe1 (62% EC 

conversion and 93% DMC selectivity) and Mg-Al LDHs (59% EC conversion and 93% DMC 

selectivity) gave good catalytic activity as compared to other binary LDHs screened (Table 2A.2, 

Entry 5-7 ). This may be due to the basic property of M2+cation where Mg2+is an alkali earth 

metal have high basicity as compared to other transition metal cations (Zn, Co and Ni). Activity 

decreased in order Mg3-Fe1> Mg3-Al1> Zn3-Al1> Co3-Al1> Ni3-Al1 with EC conversion in a 

range of 9-59%. Significant amount of work was done by Bajaj and Watanabe et al. 22a using  

Mg-Al LDH as catalyst for same reaction system (Table 2A.2, Entry 1-2). Results obtained with 
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Mg3Fe1 are comparable to those reported for Mg2.5Al1 by Bajaj etal.22 and hence Mg3Fe1 LDH 

was selected for further study. 

 

2A.7.2. Transesterification of EC with methanol using Mg3FexCe1−x LDHs 

The activity of Mg3Fe1 was good, however, EC conversion of 62% was observed at 70oC 

in 3 h reaction time. In order to improve activity of the catalyst, the effect of third metal cation 

on activity of Mg3Fe1 LDH was studied. Ceria (1.01 Å) has lower electronegativity compared to 

Fe(0.65 Å) and incorporation of Ce in the Mg-Fe LDH could result in increase in the basicity of 

Mg3FexCe1−x LDHs and better activity towards DMC synthesis. With this idea in mind a series of 

Mg3FexCe1−x LDHs were synthesized by varying molar ratio of Fe:Ce (keeping Mg:Fe+Ce mole 

ratio of 3:1 constant). Synthesized Ce promoted Mg3FexCe1−x LDHs were investigated for the 

transesterification reaction and the results are presented in Fig. 2A.5. From the results, activity 

trend was in the order of LDH-1<LDH-2<LDH-3>LDH-4>LDH-5>LDH-6. Catalyst activity 

increased with increase in Ce concentration up to a level (0 < 0.0.5 < 0.15) and decreased with 

further increase in Ce concentration (0.25 > 0.55 > 1). Among all synthesized catalysts LDH-3 

showed highest EC conversion (87%) and DMC selectivity (100%). Results were found to be 

optimum and marginally better as compared to MgAl LDH catalyst reported in the literature 

(Table 2A.2, Entries 1-2). It should be noted that both binary systems LDH-1 (Mg3:Fe1) and 

LDH-6 (Mg3:Ce1) were found to be less active (EC conversion 62 and 26% with DMC 

selectivity 93 and 48% respectively) as compared to LDH-3. Lower selectivity was observed due 

to the formation of intermediate (HEMC, Scheme 2A.2), which was confirmed with GC-MS 

analysis. Thus the activity observed was strongly dependent on the Ce concentration in the 

synthesized LDHs. In order to get more insight on the performance of various LDHs prepared, 
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all Mg3FexCe1−x LDHs prepared were characterized in detail and the results obtained are 

discussed below. 

 

Figure 2A.5: Effect of Ce concentration in Mg3FexCe1−x LDHs towards the transesterification 

reaction.  

Reaction conditions: EC: 23mmol, MeOH: 230mmol, EC: MeOH molar ratio: 1:10, 

Mg3FexCe1−x LDHs catalyst: 2.5 wt% relative to EC, reaction time: 3 h, temperature: 70oC 

 

2A.8. Result and discussion 

2A.8.1. Characterization of LDHs prepared 

2A.8.1.1. ICP analysis: Composition of LDHs 

Elemental chemical compositions of Mg3FexCe1−x LDHs were determined with the help of ICP-

AES method (Table 2A.3). Metal composition in all “neat” LDH samples obtained by ICP -

analysis (measured), was found to be in good agreement with the estimated values (theoretical). 
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Table 2A.3.Composition of Ce incorporated LDHs prepared based on ICP analysis. 

 

 

 

 

 

 

 

 

 

 

 

2A.8.1.2. Powder X-ray Diffraction analysis of LDHs 

The XRD patterns of all synthesized Mg3FexCe1−x LDHs with different Fe:Ce molar 

ratios (mole ratio of Mg:Fe+Ce = 3:1) are shown in Fig. 2A.6. LDH-1 to LDH-3 showed typical 

features of highly crystalline LDH materials with R3m rhombohedral space group symmetry.46, 47 

No other phase was detected in these samples indicating that cerium species are successfully 

incorporated into LDHs. Nevertheless, with increase in Ce concentration for LDH-4 to LDH-6; 

decrease in crystallinity (better ordering of brucite sheets) which is directly proportional to the 

peak intensity and sharpness of (003) and (006) planes; was observed.  

Sample ICP analysis 

Theoretical                  Measured 

LDH-1 Mg3Fe1 2.98:1 

LDH-2 Mg3Fe0.95Ce0.05 3:0.92:0.04 

LDH-3 Mg3Fe0.85Ce0.15 2.97:0.83:0.13 

LDH-4 Mg3Fe0.75Ce0.25 2.9:0.73:0.23 

LDH-5 Mg3Fe0.55Ce0.45 3:0.53:0.44 

LDH-6 Mg3Ce1 3:0.97 
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Figure 2A.6: XRD patterns of all synthesized Mg3FexCe1−x LDHs (LDH-1 to LDH-6). 

Where # : Ce2(CO3)2.(OH)2.H2O, O:Mg(OH)2, *: Ce(OH)4 

Table 2A.4: Surface properties of the prepared LDHs 

nd = not detected 

a=2d110 

c=3d003 

Sample Lattice parameters (A
0
) Surface 

area 

(m
2
/g) 

Pore 

volume 

(cm
3
/g) 

Pore 

diameter 

(nm) 

Basic sites (× 10
-4

 mole/g) 

d(003) d(110) a c Weak 

basic sites 

Strong 

basic sites 

LDH-1 7.78 1.566 3.112 23.34 67 0.51 16.8 1.8 1 

LDH-2 7.85 1.564 3.128 23.55 128 0.8 23 2.4 1.2 

LDH-3 7.88 1.572 3.144 23.64 136 0.81 24.3 2.8 1.3 

LDH-4 7.92 1.576 3.152 23.76 134 0.78 22.7 3.0 1.0 

LDH-5 7.93 1.577 3.154 23.79 133 0.76 21.6 3.5 0.8 

LDH-6 nd nd nd nd 129 0.73 20.2 4.5 0.5 
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This is due to the substitution of Fe (0.65 Å) by larger ionic radii of Ce (1.01 Å), which inhibits 

the intercalation of Ce in LDH structure and also leads to significant distortion in the layers.48,49 

At higher Ce concentration (LDH-6, Fe:Ce = 0:1) the layered structure collapsed completely and 

formation of phases like Mg(OH)2 (PCPDF-86-0441), Ce(OH)4  and Ce2(CO3)2·(OH)2·H2O 

(PCPDF-46-0369) was observed.50,51 The lower electro negativities of rare earth elements 

(REEs), could favor formation of these species at the initial stage of precipitation.52 The lattice 

parameters ‘a’ and ‘c’ were calculated from XRD analysis (formulae given at the end of Table 

2A.4) and are summarized in Table 2A.4. 

Parameter ‘a’ (a = 2d110) depends mainly on the average radius of the metal cation. Increase in 

Parameter ‘a’ observed may be due to the isomorphous substitution of Fe by Ce having larger 

ionic radius.53 Thus more Ce insertion leads to an increase in average radius of cations in the 

layers and this leads to increase in ‘a’ parameter.  

Parameter ‘c’ (c = 3d003) depends on the thickness of octahedral sheets, the anion size and their 

orientation within the interlayer space and the electrostatic attraction between different layers.54 

Lower polarizing ability of the Ce results in weak electrostatic interaction between the layers and 

interlayer anions and leads to increase in the layer spacing resulting in increase of the ‘c’ 

parameter value. Thus increase in values of parameters ‘a’ and ‘c’ with increase in Ce 

concentration (Table 2A.4, LDH-1 << LDH-5) may be attributed to larger ionic radii and lower 

polarizing ability of Ce.53, 54 
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2A.8.1.3. FT-IR analysis of LDHs 
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Figure 2A.7: FT-IR spectra of synthesized Mg3FexCe1−x LDHs. 

The FT-IR spectral information can be used to determine the actual bonding type 

in the expected compounds and to confirm the substitution of Ce in the brucite layer. FT-

IR spectra of all LDH samples (Fig. 2A.7) showed broad band cantered around 3500 cm-1 

due to the stretching mode of hydroxyl groups present in the brucite-like layers and from 

the interlayer water molecules of the hydrotalcite structure. The band at 3681 cm-1 was 

observed in LDH-4<< LDH-6; which is characteristic of non-hydrogen bound -OH 

group.55 A weaker band at 1630 cm-1 is owing to the bending mode of water molecules.  

IR absorption bands at 1510 cm-1, 1382 cm-1 (υ3), 852 cm-1 (υ2), and 1056 cm-1 (υ1) are 

attributed to the carbonate anion environment.21,56,57The bands recorded in the low-

frequency region of the spectrum (<700 cm−1) are assigned to the translational mode of 

M-O-H and M-OH-M vibrations. Significant difference in these bands was observed with 
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an increase in Ce concentration of synthesized LDHs. The FT-IR spectra of the LDH-1 to 

LDH-3 showed the typical bands of the hydrotalcite-like compounds.56 In case of LDH-4 

to LDH-6 a new band was observed at 3681 cm-1, which corresponds to non bonded –OH 

group vibrations for M(OH)x. 

 

2A.8.1.4. Transmission Electron Microscopy (TEM) analysis of LHDs 

 

Figure 2A.8: TEM images and SAED patterns of synthesized Mg3FexCe1−x LDHs (A) LDH-1, 

(B) LDH-2, (C ) LDH-3, (D) LDH-4, (E) LDH-5 and (F) LDH-6 

 

The influence of Ce concentration on the crystal shape and size was clearly observed 

from the morphology of all synthesized materials (Fig.2A.8). The TEM images (Fig.2A.8A–C) 

showed that the LDHs (LDH-1 to LDH-3) are composed of crystallites with the typical plate like 

morphology and often hexagonal shaped.21,53 However, in LDH-4 and LDH-5 (Fig.2A.8D, E) 

particles of irregular shape with agglomerated small particles [mostly of Ce(OH)4] on the surface 

and edges of crystallites were observed. In case of LDH-6 (Fig. 2A.8F) the layered structure was 

absent with significant increase in agglomerated particles. The crystalline nature of the 
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individual materials (LDH-1 to LDH-6) was further checked by selected area electron diffraction 

(SAED) patterns shown in the Fig.2A.8 (A–F). LDH-1 to LDH-3 samples showed good 

crystalline nature which decreased with increase in Ce concentration (LDH-4 to LDH-6).58 

 

2A.8.1.5. Surface Area Measurements of LDHs 

BET surface areas and textural properties of catalysts were determined by nitrogen 

adsorption–desorption isotherms and the values obtained are summarized in Table 2A.4. The 

BET surface area, pore volume and pore size increased with increase in Ce concentration from 

LDH-1 to LDH-3. LDH-3 showed nearly two times more surface area (136 m2/g) than parent 

LDH-1 (67 m2/g). With further increase in Ce content from LDH-4 to LDH-6; slight decrease in 

surface area and pore volume was observed. This may be due to (1) distortion in layer structure 

because of incorporation of excess amount of Ce, (2) deposition of the agglomerated particles 

formed during precipitation conditions or their incorporation into the pore system of LDH.59 

 

2A.8.1.6. Basicity Measurement of LDHs 

The nature of the active species present on the surface is important for establishing the 

properties of the catalyst. Consequently, basic properties of the catalysts were determined by 

benzoic acid titration of the basic sites in the presence of pH indicators based on the literature 

report35,36 and the results are presented in Table 2A.4. The strong basic sites correspond to –OH 

sites present in brucite like structure and weak basic sites correspond to carbonate species and 

simple metal bonded –OH group [M(OH)x] present in synthesized materials.60 From the 

Table 2A.4 it can be clearly observed that the weak basic sites increased consistently with 

increase in Ce concentration LDH-1 to LDH-6. However strong basic sites increased with 
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increase in Ce concentration from LDH-1 to LDH-3 and decreased with further increase in Ce 

concentration for LDH-4 to LDH-6. Parent LDH-1 has less number of strong and weak basic 

sites than Ce incorporated LDHs (LDH-2 and LDH-3). The increase in basic properties and also 

the increase in surface area for Ce incorporated LDHs (LDH-2 and LDH-3) can be correlated to 

exchange of Fe with Ce having lower electronegetivity.61 

 

2A.8.1.7. XPS analysis of LDHs 

The XPS analysis of all catalysts was carried out to understand the surface species present and 

their oxidation state. XPS analysis confirmed the presence of Mg, Fe, Ce and O in the catalysts 

as expected. However, the nature of peaks for Ce and O changed with change in Ce content of 

the catalyst (LDH-2 to LDH-5). In order to understand the effect of Ce concentration on surface 

active sites (–OH); detailed analysis of Ce 3d and O1s was carried out for LDHs synthesized. 

XPS spectrum indicated presence of Ce3+ and Ce4+ (Fig. 2A.9) in all the samples and also O1s 

showed two different peaks for all these samples. In order to gain more insight; deconvolution of 

Ce3d and O1s peaks was carried out with the help of XPSPEAK-41 software. Since the data is 

exhaustive representative analysis for Ce3d is presented in Fig. 2A.10 and data for O1s is 

presented in Fig. 2A.11. Fig. 2A.9 shows the XPS spectra of Ce 3d for the synthesized LDHs 

(LDH-2 to LDH-5) and the peaks corresponding to Ce3+ and Ce4+ are marked with dotted line. 

XPS spectra of the Ce 3d core level can be resolved into 10 groups; the five main 3d5/2 peaks 

are denoted as vo (881.7 eV), v (882.9 eV), vƍ(885.7 eV), vƎ (889.0 eV), and v''' (897.6 eV), and 

the five peaks corresponding to 3d3/2 are assigned as uo (899.1 eV), u (901.2 eV), uƍ (903.0 eV), 

uƎ (907.7 eV), and u''' (916.8 eV), respectively.62 Relative percentage of cerium species was 
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calculated from the area ratio of Ce3+/ (Ce4++ Ce3+)×100, and Ce4+/(Ce4++ Ce3+)×100 where Ce3+ 

= vo+ v'+ uo + u' and Ce4+= v + v''+ v''' + u + u''+ u'' and the results are presented in Table 2A.5. 
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Figure 2A.9:Ce 3d XPS spectra of synthesized Mg3FexCe1-xLDHs (Ce3+ and Ce4+ contributions 

are highlighted with dotted line). 
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Figure 2A.10: Representative example of the deconvolution for the Ce 3d peak of LDH-6. 
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The peaks attributed to O 1s are observed at 530.6 and 532.3 eV (Fig.2A.11). The first one, with 

a very low intensity is characteristic of O2− (attributed to carbonate species) designated as ‘‘Oβ”, 

whereas the high intensity second peak corresponds to the oxygen species in hydroxide form (–

OH) designated as ‘‘Oα” (Fig. 2A.11).63 The quantitative analysis of the Ce 3d and O1s XPS 

peaks for the samples is summarized in Table 2A.5 and includes percentage concentrations of the 

Ce4+, Ce3+, Oα and Oβ species present on the material surface.  

 

Figure 2A.11: XPS O1s spectra of all synthesized Mg3FexCe1-x LDHs, peaks correspond to 

oxygen bonded carbon species (Oβ) is 530.6 eV and oxygen in hydroxide form is 532.3 eV (Oα). 
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Table 2A.5. Surface composition and relative atomic ratio for the synthesized LDHs determined 

from XPS measurements 

Sample %  

Ce3+ : Ce4+ 

 

Oα : Oβ Ce3+ Ce4+ Oα Oβ 

LDH-1 nd nd 78.3 21.6 nd 3.6 

LDH-2 49.5 50.4 86.9 13 0.98 6.6 

LDH-3 47.2 52.7 87.2 12.7 0. 9 6.8 

LDH-4 39.7 60.2 85.2 14.3 0.7 5.9 

LDH-5 33.2 66.7 84.7 15.3 0.5 5.5 

LDH-6 30.9 69.1 81.6 18.4 0.4 4.4 

nd : not detected 

 

From the Table 2A.5 it was clearly observed that the gradual increase in Ce4+ concentration has 

taken place from LDH-4 to LDH-6 (60.2–69.1%) with increase in Ce concentration. This 

indicates that increase in Ce concentration has led to increase in Ce4+ present on the surface in 

the form of Ce(OH)4. The amount of Ce in LDH structure also affects the concentration of 

surface Oα and Oβ (Table 2A.5). Parent compound (LDH-1) has surface Oα concentration of 

78.3% and increased with Ce loading for materials having LDH structure intact (86.9% for LDH-

2 and 87.2% for LDH-3). Further increase in ceria concentration (LDH-4 to LDH-6) led to 

marginal drop in the concentration of surface Oα (85.2–81.6%) with rise in Oβ (14.3–18.4%). 

Probably with increase in Ce concentration (LDH-4 to LDH-6) the distortion in the layer 

structure occurred; which led to marginal decrease in surface Oα group and relatively Oβ species 
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are exposed to the sample surface. This also supports the formation of Ce(OH)4 with increase in 

ceria loading (LDH-4 – LDH-6)  

The detailed characterization results demonstrate that the structural, textural and chemical 

properties of the LDHs can be fine-tuned by doping with appropriate amount of another trivalent 

metal such as Ce. XRD, FT-IR and TEM analysis (Fig.2A.6-2A.8) clearly showed that LDH-1 to 

LDH-3 formed well defined LDH structure with high crystallinity (better ordering of brucite 

sheets). No other phase was detected, implying that Ce was well incorporated in the prepared 

LDHs. Among which LDH-3 showed high surface area and pore volume with high amount of 

strong basic sites present on LDH surface (Table 2A.4). Further with increase in Ce 

concentration (LDH-4 to LDH-6) distortion in layered structure was observed from XRD, TEM 

and XPS analysis. This may be due to the isomorphic substitution of Fe by Ce having larger 

ionic radii. In case of LDH-4 and LDH-5 precipitation of Ce(OH)4 on surface was clearly 

observed and confirmed by XRD, TEM and FT-IR analysis. LDH structure was totally absent for 

LDH-6 (Fe:Ce = 0:1) and mixed hydroxide, carbonate phases were observed. These observations 

are found to be consistent with surface area, pore volume and strong basic site densities 

(hydroxyl groups present in the brucite-like structure) of LDHs, which marginally decreased 

from LDH-4 to LDH-6. Distortion in LDH structure resulted in the decrease in surface area, pore 

volume and structure bonded –OH groups (strong basic sites). According to literature reports, the 

structure bonded –OH group are strong basic in nature than simple metal bonded –OH groups 

(Mg(OH)2 or Ce(OH)4).
60,61 The decrease in the intensity of FT-IR band at 3500 cm−1(–OH) for 

LDH-4 to LDH-6 (Fig.2A.7); also supports this observation. Characterization of the catalysts 

indicated that layered structure was intact till LDH-3 and LDH-3 was found to be material with 

higher surface area, pore volume and higher amount of strong basic sites. 
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The observed activity trend (Fig. 2A.5) was found to be in good agreement with physicochemical 

properties of synthesized LDHs. Thus, EC conversion was lower with LDH-1 (62%) and 

increased with Ce concentration [LDH-2 (83%)< LDH-3(87%)]. Best results were obtained with 

LDH-3 (Mg3Fe0.85Ce0.15) having highest amount of strong base sites (1.3×10-4mol/g) present on 

LDH surface with high surface area (136 m2/g) and pore volume (0.81 cm3/g) as compared to 

other LDHs. With further increase in Ce concentration (LDH-4–LDH-6) strong basic sites, 

surface area and pore volume decreased (Table 2A.4) and could be attributed to the formation 

and deposition of Ce(OH)4 phase and distorted nature of layered structure of LDHs; which 

reduced the catalyst activity. This is in accordance with the results obtained by Kannan et al.64 

for hydroxylation of phenol using CoNiAl ternary LDH as catalyst. They concluded that strong 

basic sites (hydroxyl groups) play an important role in catalytic activity and the appropriate 

geometry and concentration of both the metal cations in a well ordered two dimensional lattice 

could be responsible for the activity observed. The most active catalyst (LDH-3) was taken for 

further study. The effect of reaction conditions on the activity and selectivity was studied in 

detail.  

 

2A.9. Effect of Reaction conditions 

The effect of EC: MeOH molar ratio, reaction temperature and catalyst loading was 

investigated in detail for transesterification of EC and methanol using LDH-3 as the catalyst. All 

the experiments in this study were carried out with sampling in a time range of 1-5 h. 

Conversion/selectivity Vs time profiles were obtained under various reaction conditions and the 

results are presented below. 
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2A.9.1. Effect of EC:MeOH molar ratio 

The effect of EC/CH3OH molar ratio (1:5 to 1:20) on the transesterification reaction was 

investigated using LDH-3 catalyst and the results are presented in Fig. 2A.12. 
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Figure 2A.12: Effect of molar ratio on EC conversion (A) and DMC selectivity (B) 

Reaction conditions: EC: 23 mmol, EC: MeOH: 1:5-1:20, Catalyst (LDH-3): 2.5 wt % relative 

to EC, Reaction time: 1-5 h, Temperature: 70oC. 

From Fig. 2A.12 it was clearly observed that the EC/CH3OH molar ratio had a significant impact 

on the transesterification reaction. Transesterification of EC and methanol (EC+MeOH⇌ 

DMC+EG) is an equilibrium controlled reaction and hence excess methanol is required to shift 

the equilibrium towards right and achieve high selectivity to DMC as the product. Activity was 

low at a EC: methanol molar ratio of 1:5 and only 28.9% conversion of EC was observed in 1 h. 

Conversion increased gradually and reached to 72% in 5 h. Selectivity to DMC was very high 
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(>90%) except at 1 h reaction time. In this case additional peak was observed in GC. GC-MS 

analysis indicated this peak to be intermediate product HEMC (2-hydroxy ethyl methyl 

carbonate) formed by the reaction of one molecule of methanol with EC (Scheme 2A.2 step I). 

As the reaction progressed this intermediate was converted to DMC by reaction with another 

molecule of methanol. EC conversion increased significantly with increase in EC: methanol ratio 

up to EC: methanol ratio of 1:10 and was not significantly affected with further increase in the 

ratio. Selectivity to DMC was very high at higher EC: methanol molar ratio. This is expected, 

since at high methanol concentration equilibrium is shifted towards right resulting in very high 

conversion of EC and high selectivity to DMC. From Fig.2A.12 in was observed that EC 

conversion increased with increase in reaction time till 3 h and was not significantly affected 

with further increase in reaction time. Best results (94.9% conversion of EC with 100% 

selectivity to DMC) were obtained at EC: methanol molar ratio of 1:20. Results clearly indicate 

influence of EC: methanol molar ratio on EC conversion and DMC selectivity. 

 

2A.9.2. Effect of reaction temperature 

The effect of reaction temperature on the activity and selectivity was investigated in a 

temperature range of 30-70oC and the results are presented in Fig. 2A.13. From Fig 2A.13 it was 

observed that EC conversion as well as selectivity to DMC increased significantly with increase 

in the temperature. Thus at 30oC EC conversion of 18% with 43% selectivity to DMC was 

observed. EC conversion and DMC selectivity increased with increase in temperature and 51% 

conversion of EC with 66% selectivity to DMC was observed at 50oC. Low selectivity to DMC 

was because of the formation of HEMC as major product (Scheme 2A.2 step I). 
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Figure 2A.13: Effect of reaction temperature on EC conversion (A) and DMC selectivity (B)  

Reaction conditions:EC:23 mmol, MeOH: 230mmol, Catalyst (LDH-3): 2.5 wt % relative to 

EC, Reaction time: 1-5 h, Temperature: 30-70oC. 

Results indicate that higher temperature as well as higher EC: methanol mole ratio is necessary 

for the conversion of intermediate HEMC to DMC. Wang et al.10 also have observed similar 

results in the transesterification of EC and methanol using carboxylic functionalized imidazolium 

salt as the catalyst. Good results (87% EC conversion and 100% DMC selectivity) were obtained 

at 70oC and hence further work was carried out at this temperature. 

 

2A.9.3. Effect of catalyst loading 

The effect of catalyst loading was investigated in a range of 0.6 to 5 wt.% with respect to 

EC and the results are presented in Figure 2A.14. Activity was low at a catalyst loading of 

0.6 wt% and 72% conversion of EC with 93% selectivity to DMC was observed. Activity and 
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selectivity to DMC increased with catalyst loading and 87% conversion of EC with 100% 

selectivity to DMC was observed at a catalyst loading of 2.5 wt%. The improved performance 

observed with increase in catalyst loading can be attributed to increase in basic sites available for 

the reaction. Further increase in catalyst loading (2.5–5 wt%) had marginal effect on EC 

conversion (87–89%) showing high selectivity to DMC (100%). Catalyst loading of 2.5 wt% was 

taken as optimum for this reaction and used for further study. 
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Figure 2A.14: EC conversion and DMC selectivity profile at catalyst loading of 0.6-5 wt%. 

Reaction conditions:EC:23mmol, MeOH: 230 mmol, Catalyst (LDH-3): 0.6-5 wt % relative to 

EC, Reaction time: 1-5 h, Temperature: 70oC. 
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2A.9.4. Typical reaction profile for EC to DMC 

From the optimization of reaction conditions it was observed that the best results (87% EC 

conversion with 100% selectivity to DMC) were obtained with catalyst loading of 2.5 wt%, 

reaction temperature 70 °C and EC /CH3OH molar ratio 1:10 i.e. Finally typical 

conversion/selectivity vs time plot under optimized reaction conditions using LDH-3 catalyst is 

presented in Fig. 2A.15. 
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Figure 2A.15:Typical reaction profile for EC to DMC 

Reaction conditions: EC: 23mmol, MeOH: 230mmol, EC: MeOH molar ratio: 1:10, Catalyst 

(LDH-3): 2.5 wt% relative to EC, Reaction time: 3 h, Temperature: 70oC 

 

EC conversion and DMC selectivity increased, while HEMC selectivity decreased with increase 

in reaction time. Thus at 30 minute 43 % EC conversion with 82% selectivity to DMC and 18% 

selectivity to HEMC (intermediate product) was observed. EC conversion as well as DMC 

selectivity increased as the reaction progressed and 87%  EC conversion with 100% selectivity to 
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DMC was observed at 3 h reaction time. Further prolonging the reaction time had no positive 

effect on EC conversion indicating that the reaction has reached the equilibrium.15 Lower 

selectivity of DMC observed at intermediate time intervals is due to the formation of HEMC as 

intermediate product. Overall mass balance of the reaction was very good throughout the course 

of the reaction and no other product was detected by GC analysis. 

 

2A.10.Transesterification of EC and methanol using Mg3:Fe0.85+M0.15 LDHs  

After optimization of reaction conditions with Mg3Fe0.85Ce0.15 (LDH-3) it was decided to 

investigate the effect of incorporation of other trivalent metals Mg3:Fe0.85+M0.15 (instead of Ce) 

on the performance of the catalyst. For this purpose LDHs were prepared by varying M3+ [where 

M3+ = La, Sm, Y and Cr] by keeping the molar ratio of Mg:Fe:M3+ constant at 3:0.85:0.15 LDHs.  
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Figure 2A.16: XRD patterns of Mg3:Fe0.85+M0.15ternary LDHs with different MIII cations. 
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All synthesized Mg3:Fe0.85+M0.15LDHs showed typical X-ray diffractions pattern of LDHs 

materials Fig.2A.16.44,45 LDHs prepared were screened for transesterification of EC and 

methanol and the results are presented in Table 2A.6. 

 

Table 2A.6: Effect of different metal cation Mg3:Fe0.85:M0.15 for transesterification reaction of 

EC with MeOH 

Catalyst EC conversion 

(%) 

DMC selectivity 

(%) 

Mg3:Fe1 62 94 

Mg3:Fe0.85:La0.15 85 99 

Mg3:Fe0.85:Ce0.15 87 100 

Mg3:Fe0.85:Sm0.15 81 95 

Mg3:Fe0.85:Y0.15 67 82 

Mg3:Fe0.85:Cr0.15 56 78 

Reaction conditions: EC: 23mmol, MeOH: 230mmol, EC: MeOH molar ratio: 1:10, 

Mg3:Fe0.85+M0.15 LDHs catalyst: 2.5 wt% relative to EC, Reaction time: 3 h, Temperature: 70oC 

 

All the LDHs screened were active for the synthesis of DMC. EC conversion as well as 

selectivity to DMC was significantly affected by the trivalent metal used. Activity and selectivity 

followed in the order of La ≈ Ce > Sm > Y > Cr. Among all LDHs Mg3Fe0.85Ce0.15 (LDH-3) 

showed best activity and selectivity for this reaction. The results were found to be consistent with 

the electro negativities of the metal cations (1.1 ≈ 1.12 < 1.17 < 1.22 < 1.66 respectively). 

Incorporation of third cation which has low electro negativity results in the increase in basic 
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property of LDH and leads to better activity.52,53 The difference in the electro negativities of La 

and Ce is very small and expectedly the catalyst activities observed were comparable. Thus Ce 

incorporated Mg3:Fe1 LDH was found to be best catalyst for transesterification reaction. 

 

2A.11. Stability of the LDH-3 catalyst (leaching test) 

Leaching of the LDH-3 into the reaction mixture was studied during the course of the reaction. 

Reaction was carried out under selected reaction conditions (EC: MeOH 1:10, 70oC for 30 min). 

After 30 min reaction was stopped and catalyst was separated by filtration of hot reaction 

mixture (~50oC). The filtered reaction mixture was charged to the glass reactor and the reaction 

was continued for next 1-3h under same reaction conditions. The results are shown in the Fig. 

2A.17. 

 

Figure 2A.17: Catalyst leaching test by hot filtration of reaction mixture for the 

transesterification of ethylene carbonate with methanol. 

Reaction conditions: EC: 23mmol, MeOH: 230mmol, EC: MeOH molar ratio: 1:10, Catalyst 

(LDH-3): 2.5 wt% relative to EC, Reaction time: 0.5-3h, Temperature: 70oC 
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It was found that in the absence of the catalyst, there was no further increase in the EC 

conversion, which indicated that there was no leaching and transesterification is purely a 

heterogeneously catalyzed reaction. 

 

2A.12. Recycle of LDH-3 catalyst 

After confirming that the catalyst did not leach out during reaction, stability of the catalyst was 

investigated. For this purpose the reaction was carried out as usual and the catalyst was separated 

and dried at 70oC and used for next experiment by adding EC and methanol in required 

quantities.  
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Figure 2A.18: Catalyst recycles study, 

Reaction conditions: EC: 23mmol, MeOH: 230mmol, EC: MeOH molar ratio: 1:10, Catalyst 

(LDH-3): 2.5 wt% relative to EC, Reaction time: 3 h, Temperature: 70oC 

Catalyst was recycled seven times using the same procedure (Section 2A.5.2.) and the results are 

presented in Fig. 2A.18. It was observed that the catalyst retained its original activity and high 
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selectivity to DMC for seven recycle experiments indicating excellent stability. At the end of the 

7 recycle experiments the XRD analysis of the used catalyst was carried out (Fig. 2A.19). No 

change in the XRD pattern was observed for used catalyst, indicating high stability of the 

catalyst (LDH-3) towards transeserification reaction.  
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Figure 2.19A: XRD patterns of fresh and used Mg3:Fe0.85Ce0.15 (LDH-3). 

 

2A.13. Catalytic mechanism  

Mechanism of the transeterification of EC with methanol has been discussed in 

several reports.9,14,20 Hydroxy groups (strong basic sites) present on LDH surface play an 

important role in transesterification reaction which was studied by many researchers using 

various spectroscopic techniques.  According to Roeffaers et al.65 transesterification of 5-

carboxyfluorescein with 1-butanol over [Li–Al] layered double hydroxide catalyst occurs 

on the basal planes of the outer crystal surface whereas the hydrolysis reaction takes place 

on the crystal edges. Additionally, Greenwell et al.66 have proposed that surface bonded –
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OH anion may directly participate in the catalytic reaction and act more than the simple 

metal hydroxyl group based on density functional theory (DFT) calculations.  

 

 

Scheme 2A.3: A possible mechanism for the transesterification of ethylene carbonate with 

methanol catalyzed by LDH-3 

In the present work, significant improvement in EC conversion was observed with the 

incorporation of Ce in the Mg3-Fe1 LDH (LDH-3). Detailed characterization of the 

catalyst indicated the presence of more amount of active sites (-OH group) on LDH 

surface with high surface area compared to parent Mg3-Fe1 LDH (LDH-1). Taking into 

account the literature reports and results observed in the present work a probable 

mechanism has been proposed (Scheme 2A.3); where the -OH species and metal cations 
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present  above the LDH surface act as strong base and Lewis acid sites respectively. The 

reaction begins with the abstraction of proton from methanol on -OH sites of LDH to 

generate methoxy anion. Activation of carbonyl carbon of EC on Lewis acid sites of 

LDHs generates relatively charged carbonyl carbon (Scheme 2A.3, Step I). Generated 

methoxy anion attacks on the activated carbonyl carbon of EC to form HEMC as the 

intermediate product (Scheme 2A.3, Step II). In next step (Scheme 2A.3, Step III) another 

methanol molecule interacts in similar fashion to form DMC and EG as the final products 

and the catalyst is regenerated back (Scheme 2A.3, Step IV). The formation of HEMC as 

an intermediate product was observed at low EC: CH3OH ratios (Fig. 2A.12) and at low 

reaction temperature (Fig. 2A.13) leading to poor selectivity to the target DMC. 

 

2A.14. Conclusions 

Transesterification of EC with methanol to DMC was investigated in detail using 

Mg3FexCe1-x ternary LDH as the catalyst. The LDHs were synthesized by varying Fe:Ce 

molar ratio in a range of 1:0 to 0:1. Both the end members of this series Mg3Fe1 (LDH-1) 

and Mg3Ce1 (LDH-6) showed lower catalytic activity and selectivity to DMC. The 

significant increase in EC conversion and DMC selectivity was observed with appropriate 

concentration of Ce present in LDH structure. The activity varied in the order LDH-

6<LDH-5<LDH-1<LDH-4<LDH-2<LDH-3. Among the synthesized catalysts LDH-3 

(Fe:Ce molar ratio: 0.85:0.15) showed best catalytic performance (87% EC conversion 

with 100% DMC selectivity) under mild reaction conditions. LDH-3 was found to be 

truly heterogeneous catalyst and was recycled seven times without loss in catalytic 

activity and high selectivity to DMC. The activity trend was found to be in good 
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agreement with   structural and surface basic properties of the synthesized LDHs. Various 

trivalent metals were also used to modify the LDH with composition 

Mg3Fe0.85M0.15[where M3+= La, Sm, Y and Cr] and the activity trend followed in order of 

La≈ Ce>Sm> Y > Cr. The best results were obtained with Ce modified Mg3:Fe1 LDH 

(Mg3Fe0.85Ce0.15) as the catalyst. The results were found to be in good agreement with the 

electronegativities of incorporated third metal cations [M3+]. To the best of our 

knowledge this is the first report on the use of Mg3Fe0.85Ce0.15 ternary LDH as a catalyst 

for this reaction. 
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Chapter 2B 

Synthesis of dimethyl carbonate by transesterification of cyclic 

carbonate (EC/PC) with methanol using Li-Al mixed metal oxide 

catalyst. 

2B.1. Introduction 

Mixed metal oxide (MMO) is class of heterogeneous catalysts mostly utilized both for their 

acid–base and redox properties for industrial important reactions.67 MMOs can be binary, ternary 

and quaternary depending on the presence of different metal cations. The acid base properties of 

mixed metal oxides can be modified by proper combination of different metal cations. From the 

literature report (Chapter 1 section 1.4.6.) it was observed that most of the work on the synthesis 

of DMC from EC/PC and methanol has been carried out with mixed metal oxide catalysts.68-72 

Reported catalysts showed less activity with PC as a reactant compared to that with EC as a 

reactant. Lower activity observed with PC as a reactant was attributed mainly to differences in 

the chemical structures of these alkylene carbonates (steric factor).69-71 Mixed metal oxides 

showed moderate activity for PC to DMC (18-72% PC conversion and 90-98% DMC selectivity) 

and required high reaction temperature (120-160oC).68-72 Activity of MMOs was attributed to the 

amount and proper balance of acidic and basic sites.15,69 

 To gain more insight into the role of acidic and basic sites in the reaction, we have investigated 

the catalytic performance of single and mixed-metal oxide materials consisting of Li, Mg, Co, 

Ni, Zn and Al. Binary mixed metal oxides were prepared by calcination of hydrotalcite 

precursors to obtain nanosized metal oxide phases with high surface area and homogeneous 

mixing. All catalysts were characterized in detail by XRD, BET, TEM and NH3-/CO2-TPD 
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analysis and were screened for transesterification of EC/PC with methanol. Optimization of 

reaction conditions was carried out for transesterification of EC/PC and methanol with LiAlO2 

MMO and various dialkyl carbonates were prepared by transesterification of EC with different 

alcohols including methanol, ethanol, n-propanol, n-butanol, and n-pentanol. Very good results 

were obtained with PC and methanol at 70oC with LiAlO2 as the catalyst. To the best of our 

knowledge, LiAlO2 is one of the few catalysts with high activity and selectivity for DMC 

synthesis at 70oC with PC and methanol as reactants. 

 

2B.2. Materials 

Ethylene carbonate (99%), Li(NO3)2.3H2O(99%) were purchased from Sigma-Aldrich Co., USA. 

Chemical reagents including Ethylene glycol (99%), DMC (99.5%), Zn(NO3)2.6H2O (99.5%), 

Al(NO3)2.9H2O (99.5%),Co(NO3)2.6H2O (99.8%),Ni(NO3)2.6H2O (99%),Mg(NO3)2.6H2O, 

NaOH (99.5%), Na2CO3 (99.5%), Propylene carbonate (99.8%) were obtained from Loba 

Chemical Co., India.  

 

2B.3. Catalyst preparation 

Binary mixed metal oxide and Single metal oxide catalysts were synthesized by co-precipitation 

method21-25 followed by calcination at 500oC/2h in air. The detailed catalyst synthesis procedures 

are given bellow. 

 

2B.3.1. Synthesis of binary mixed metal oxides 

Mixed-metal oxides (MMOs)  with the general formula M+ or M2+/ Al3+ containing Li+ as a 

monovalent cation, Mg2+, Co2+, Ni2+or Zn2+ as bivalent cations and Al3+ as a trivalent cation with 

constant molar ratio of M+ or M2+:Al3+= 3:1 were synthesized by co-precipitation method. Thus  
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various MMOs Li+-Al3+,Mg2+-Al3+,Co2+-Al3+,Ni2+-Al3+and Zn2+-Al3+were synthesized (Fig. 

2B.1) and the procedure is presented below. 

 

Figure 2B.1: Synthesis of mixed metal oxides (MMOs) M+ or M2+:Al3+ (3:1) by co-precipitation 

method. 

An aqueous nitrate solution (100 mL) of an appropriate amount of the monovalent or bivalent 

(60mmol) cation and trivalent cation (20mmol) was added drop wise into a beaker containing 

100 mL of deionized water under vigorous stirring at room temperature. The pH of the solution 

was kept constant at 10-11 by adding a second aqueous solution of NaOH and Na2CO3 (2 M). 

The resulting precipitate was left for aging in the reaction mixtureat70°C for 15 h. Then the 

precipitate was filtered, washed several times with deionized water till filtrate became neutral. 

Finally, the synthesized hydrotalcite precursors were dried at 100°C for 12 h in air. Activation of 

dried solid was carried out at 500°C/2h. Synthesized hydrotalcite precursors were denoted as 

Li3Al1-HT, Mg3Al1-HT, Co3Al1-HT, Ni3Al1-HT and Zn3Al1-HT respectively. Mixed-metal 
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oxides after calcination of the corresponding materials with hydrotalcite structures were denoted 

as Li-Al 500, Mg-Al 500, Co-Al 500, Ni-Al 500 and Zn-Al 500 respectively. The activation of 

Li3Al1-HT was carried out at different temperatures at 300°C/2h, 500°C/2h, 700°C/2h, 800°C/2h 

and activated samples were labeled as Li-Al300, Li-Al500, Li-Al700 and Li-Al800respectively. 

 

2B.3.2. Synthesis of single-metal oxides 

The synthesis of single-metal oxides (MgO, Co2O3, NiO, ZnO,Al2O3 and Fe2O3) was 

carried out by following the same protocol by using aqueous solution of the respective 

nitrate precursor.An aqueous nitrate solution (100 mL) of an appropriate amount of the 

metal precursor [Mg(NO3)2.6H2O or Co(NO3)2.6H2O or Ni(NO3)2.6H2O or 

Zn(NO3)2.6H2O or Al(NO3)2.9H2O] was added drop wise into a beaker containing 100 

mL of deionized water under vigorous stirring at room temperature. The pH of the 

solution was kept constant at 10-11 by adding a second aqueous solution of NaOH and 

Na2CO3 (2 M).The resulting precipitate was left to age in the reaction mixture at 70°C for 

15 h. Then the precipitate was filtered, washed several times with deionized water till 

filtrate became neutral and finally, dried at 100°Cfor 12 h in air. Activation of dried solid 

was carried out at 500°C/2h and denoted as MgO, Co3O4, NiO, ZnO and 

Al2O3respectively. 

 

2B.4. Characterization Methods 

Catalysts were characterized in detail by various techniques like X ray diffraction (XRD), 

BET surface area measurement by N2 sorption and CO2 - NH3 TPD and TEM. The details of 

characterization methods are given in chapter 2A Section 2A.4.  
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2B.5. Experiment procedure for transesterification of EC/PC with methanol 

The transesterification of cyclic carbonate (EC/PC) with methanol over MMOs was 

performed in a 50 ml jacketed glass reactor equipped with magnetic stirrer and reflux condenser. 

Typically, the reactor was charged with 23 mmol of cyclic carbonate (EC/PC), methanol 230 

mmol and 2.5wt% of catalyst (relative to EC/PC). The reaction was carried out at 70oC for 1-3h 

reaction time under vigorous stirring.  After completion of the reaction, the glass reactor was 

cooled to room temperature; the solid catalyst was separated from the solution by filtration. 

Sample was analyzed by gas chromatography to monitor the progress of the reaction. The gas 

chromatograph (Agilent 6890N) was equipped with an FID detector and innowax capillary 

column (30 m length × 0.53 mm ID ×~1μm film thickness). Formation of products was 

confirmed by GC-MS (Agilent 6890N (GC) 5973 (MSD)) equipped with HP-5 capillary column. 

The cyclic carbonate conversion and product selectivity were calculated by using the following 

equations: 

Conversion(%)=
cyclic carbonate initial (mmol)–cyclic carbonate final (mmol)

cyclic carbonate initial (mmol)
×100   (1) 

Selectivity (%)   = 
 DMC formed (mmol)

cyclic carbonate consumed (mmol)
 ×100            (2) 

Yield (%)   = 
DMC formed (mmol)

cyclic carbonate initial (mmol)
 ×100        (3) 

 

Typical GC analysis for the reaction of EC and methanol is presented in Fig. 2A.2and discussed 

in the earlier section. Similarly Fig. 2B.2 represents a typical gas chromatograph chart obtained 

for transesterification reaction of PC with methanol. The reaction proceeded smoothly with Li-Al 

500 as the catalyst and formation of products was confirmed by GC and GC-MS analysis. The 
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distinct separation of all the reactants and products was obtained. (Methanol, DMC, PG and PC 

peaks appear at 2.71, 3.20, 5.09 and 5.73 minute retention time respectively).  

 

 

Figure 2B.2: A typical gas chromatograph chart showing reactants (PC and methanol) and 

products (DMC and PG). 

 

2B.6. Result and discussion 

2B.6.1. Characterization of MMOs 

All synthesized binary and single MMOs were characterized in detail by using various 

spectroscopic techniques and screened for transesterification of EC/PC with methanol and the 

results obtained are presented below.  

 

2B.6.1.1. Powder X-ray Diffraction 

MeOH 

DMC 

PG 

PC 
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 All the synthesized hydrotalcites (precursors for MMOs), MMOs obtained on calcinations 

of hydrotalcites (binary MMOs) and single metal oxides were characterized in detail by XRD 

(Fig. 2B.3 and 4). 
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Figure 2B.3: XRD patterns of hydrotalcites prepared characteristic peaks for hydrotalcite (HT)  

As-synthesized Mg3Al1-HT, Co3Al1-HT, Ni3Al1-HT and Zn3Al1-HT materials showed reflection 

peaks which are characteristic to hydrotalcite materials as indicated in JCPDS file No. 14-

0191[sharp intense reflections of (003), (006) planes in the angle region (2θ < 25°), broad 

reflections of (012), (015) and (018) planes in the middle angle region (2θ = 30-50°) and sharp 

reflections of (110) and (113) planes in the high angle region (2θ = 55-65°)].44-45 The XRD 

pattern of as-synthesized Li3Al1-HT is notably different from the other hydrotalcite materials and 

displays sharp characteristic reflections corresponding to HT material and confirmed from 

JCPDS file No. 42-0729[reflection plane (002), (101) and (004) in the angle region (2θ < 25°), 

(006), (008), and (303) planes in the angle region (2θ = 30 - 65°)] and no other crystalline phases 

were detected.73-74 
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The XRD analysis for single metal oxides is presented in Fig. 2A.4A.The XRD pattern of MgO 

clearly showed the cubic periclase phase (2θ = 36.7, 42.8, 62.1°, JCPDS: 45-0946). NiO showed 

characteristic peaks of cubic phase (2θ= 37.2, 43.4, 62.6, 75.6, 75.6, 79.5° JCPDS: 78-0643). 

Similarly Cobalt oxide showed formation of cubic Co3O4 phase (2θ = 19, 31.3, 36.9, 44.7, 59.4, 

65.3, 65.3° JCPDS: 74-1656). ZnO was well characterized by the hexagonal wurtzite phase with 

characteristic peaks at 31.7, 34.2, and 36.1° (JCPDS: 80-0075). Al2O3 showed low crystallinity 

with characteristic peaks of amorphous Al2O3 phase (2θ = 37.0, 45.6 and 67.1°, JCPDS: 29-

0063). 

XRD analysis of Hydrotalcite-derived mixed metal oxides and Single metal oxides  
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Figure 2B.4: XRD patterns of calcined (A) single metaloxides and (B) mixed metal oxides. The 

symbols indicate the following crystal phases: ■ hexagonal wurtzite phase of ZnO, ♦ cubic 

periclase phase of MgO, * cubic phase of NiO, ● cubic Co3O4 phase and ▼ hexagonal 

crystalline phase of α-LiAlO2. 

After calcination at 500oC/2h, the hydrotalcite structure (Fig.2B.4A) was destroyed with the 

formation of metal oxide and mixed metal oxide phases as shown in Fig.2.23B. For Mg-Al 500, 

the cubic periclase phase of MgO was well recognized. Zn-Al 500 revealed the presence of 

hexagonal ZnO phase. Similarly Ni-Al 500 and Co-Al 500 mixed metal oxides confirmed the 

presence of NiO and Co3O4 phases respectively. In all the Al-containing materials, the phase for 

aluminium oxide was not detected, implying well incorporation and thus high dispersion of these 

metal ions in the oxide structures.75,76 The XRD pattern of Li-Al 500 reveals the reflections of 

hexagonal phase of crystalline α-LiAlO2 which is a single phase structure consistent with that 

reported in JCPDS: 44-0224. Li-Al 500 displays the sharp characteristic reflections 

corresponding to (003), (101), (104) and (110) planes of the crystalline α-LiAlO2 structure.77 

This is in contrast to the results of other Al- containing materials; which mainly showed the 
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reflections of dominant metal oxides i.e.(MgO,Co3O4, NiO and ZnO) and peaks corresponding to  

mixed metal oxide phase could not be identified. These results are in good agreement with the 

work done by Rosseinsky et al.75 XRD analysis of calcined Mg3Al1, Co3Al1 and Ni3Al HTs 

showed the presence of oxides of bivalent cations (Mg2+,Co2+andNi2+) as the major crystalline 

phase, however corresponding MMO phase was not observed in their work.75 

From the XRD analysis (Fig. 2B.3) it was clearly observed that as synthesized material showed 

characteristic peaks of hydrotalcite (HT) phase. Calcination of hyrotalcites at 500oC/2h destroyed 

HT structure and resulted in the formation of oxide phases (Fig.2B.4). All calcined M2+:M3+ 

MMO showed presence of major single metal oxide phase (MgO, Co3O4, NiO and ZnO) except 

Li-Al 500 where α-LiAlO2 phase was observed.  

Textural and acid base properties of all metal oxides prepared were investigated and the details 

are presented in Tables 2B.1 and 2B.2. 

2B.6.1.2. Surface Area Measurements 

Specific surface areas of the single metal oxides are presented in Table 2B.1. The surface 

area of single-metal oxides decreased in order Al2O3> MgO> NiO> Co3O4> ZnO. The highest 

surface area was observed for Al2O3 (210 m2/g), while lowest surface area was observed for ZnO 

(32m2/g). In case of mixed-metal oxides (Table 2B.2), the M2+:M3+ ratio used is 3:1 and hence 

the major contributions to the surface area will come from the bivalent metal ions. Surface area 

of mixed metal oxides decreased in the order Li-Al 500> Mg-Al 500> Co-Al 500> Ni-Al 500> 

Zn-Al 500. Highest surface (156 m2/g) was observed with Li-Al 500. The variation in surface 

observed is as expected and in accordance with the literature reports.75-76 
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Table 2B.1: Textural and surface acid base properties of single metal oxides 

Entry Catalyst Crystalline 

phase 

BET 

surface 

area 

m2/g 

CO2 uptake* 

(μmol /g) 

NH3 uptake* 

(μmol /g) 

1 MgO periclase 162 129 Weak: 0 

Medium:103 

Strong: 26 

27 Weak: 0 

Medium:0 

Strong: 27 

2 Al2O3 amorphos-

Al2O3 

210 34 Weak: 0 

Medium:34 

Strong: 0 

139 Weak: 43 

Medium:57 

Strong: 39 

3 Co3O4 cubic 59 51 Weak: 0 

Medium: 38 

Strong: 13 

104 Weak: 34 

Medium:51 

Strong: 19 

4 ZnO wurtzite 32 64 Weak: 0 

Medium:36 

Strong: 28 

38 Weak: 9 

Medium:29 

Strong: 0 

5 NiO cubic 47 0 Weak: 0 

Medium:0 

Strong: 0 

117 Weak: 7 

Medium:78 

Strong: 32 

* Total amount of acid and base sites, Weak: 100-250°C, Medium: 250-450°C and Strong:>450°C 

 

 



Chapter 2B 
 

2018-PhD.Thesis: Nayana T. Nivangune (CSIR-NCL)  145 
 

Table 2B.2: Textural and surface acid base properties of mixed metal oxides 

Entry Catalyst Crystalline 

phase 

BET 

surface 

area 

m2/g 

CO2 uptake* 

(μmol /g) 

NH3 uptake* 

(μmol /g) 

1 Zn-Al 

500 

ZnO 

(wurtzite) 

62 191 Weak: 86 

Medium:82 

Strong: 23 

98 Weak: 36 

Medium:37 

Strong:25 

2 Ni-Al 

500 

NiO 87 21 Weak : 12 

Medium:0 

Strong: 9 

113 Weak:29 

Medium:62 

Strong:22 

3 Co-Al 

500 

Co3O4 

cubic 

92 139 Weak : 72 

Medium:31 

Strong: 36 

114 Weak: 51 

Medium:43 

Strong:20 

4 Mg-Al 

500 

MgO 

(periclase) 

139 192 Weak:47 

Medium:76 

Strong: 69 

121 Weak:16 

Medium:48 

Strong:57 

5 Li-Al 

500 

α-LiAlO2 156 274 Weak: 59 

Medium:133 

Strong: 82 

177 Weak:43 

Medium:61 

Strong:73 

*Total amount of acid and base sites, Weak 100-250°C, Medium 250-450°C and Strong >450°C 
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2B.6.1.3. CO2 and NH3 TPD analysis 

The strength and the total amount of basic and acidic sites of the single and mixed-metal 

oxides were estimated by CO2 and NH3 TPD analysis respectively. The amount of desorbed 

gases, corresponding to the amount of basic and acidic sites, is reflected in the peak area, where 

the desorption peak temperature indicates the strength of acidic or basic sites. Fig. 2B.5 and 6 

present the desorption profiles of CO2 and NH3 from the thermally treated catalysts (in air at 

500°C). The total amount of each type of basic and acid sites were determined by integration of 

the deconvoluted peaks from the TPD curves using origin (6.1) software andthe quantified 

results are summarized in Table 2B.1 and Table 2B.2. TPD (CO2 andNH3) analysis was 

performed up to 800°C, in order to estimate basic and acidic sites with different strengths present 

on the catalysts. 

 

2B.6.1.3.1.  CO2 TPD analysis of metal oxides 

Desorption peaks were observed at different temperatures for different metal oxides (Fig. 

2B.5). The strength of the basic sites can be assigned to temperature ranges of 100-250°C, 250-

450°C and >450°C corresponding to the presence of active sites, such as surface OH−groups 

(weak Brønsted basicity), Mn+- O2−  (medium-strength Lewis basicity), and low-coordinated 

O2−(strong Lewis basicity) respectively.73 

From CO2 TPD analysis it was observed that in case of single metal oxides, MgO showed 

highest basicity with CO2 desorption peaks with maximum at 376°C (Fig. 2B.5A) showing the 

presence of higher amount of basic sites (129μmol /g).This was mainly due to medium strength 

basic sites (103μmol /g). All other metal oxides (ZnO, Co3O4 and Al2O3) exhibited very low CO2 

desorption peak, indicating there is less amount of basic sites present on the surface (64, 51 and 
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34μmol/g respectively) and mostly moderately basic sites (Table 2B.1, Entry 2-4). However, no 

basic sites were observed for NiO. Basicity of metal oxides prepared decreased in the order 

MgO>ZnO> Co3O4> Al2O3. 

100 200 300 400 500 600 700

Al
2
O

3

MgO

ZnO

Co
3
O

4

T
C

D
 s

ig
n

a
l 

(a
.u

.)

Temperature (oC)

A

NiO

 

100 200 300 400 500 600 700

Ni-Al 500

Zn-Al 500

Co-Al 500

Mg-Al 500

T
C

D
 s

ig
n

a
l 

(a
.u

.)

Temperature (oC)

B

Li-Al 500

 

Figure 2B.5: CO2 TPD of (A) single and (B) mixed metal oxide 
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Binary MMOs (Fig.2B.5B) exhibited CO2 desorption peaks over a wide range of temperature 

indicating the presence of basic sites with different base strengths. The base strength distribution 

of the MMOs varied depending on the M2+or M+ transition metal cation (Zn, Co, Ni, Mg and Li) 

used in combination with Al3+cation (M+/M2+:Al mole ratio:3:1). The basicity decreased in the 

order: Li-Al 500 > Mg-Al 500 >Zn-Al 500 > Co-Al 500 > Ni-Al 500 and the basicity values 

obtained are given in Table 2B.2. Lowest basicity (21μmol /g) was observed for Ni-Al 500. 

From all synthesized MMOs Li-Al 500, showed maximum amount of basic sites (274μmol /g) 

with 59,133 and 82μmolg of weak, medium and strong-strength basic sites respectively. Increase 

in basicity observed for Li-Al 500 was mainly due to (1) The addition of Li+ improves the partial 

negative charge of oxygen ions in Al2O3 due to the lower ionization potential of Li compared 

with Al, which leads to the presence of weak and moderate basic sites on Al2O3 surface.77 (2) 

The strong basic sites originate from [O2−] which is resulted from the substitution of Al3+ by Li+ 

in the Al2O3 lattice.77 The results obtained are fund to be in accordance with those obtained by 

shumaker et al.73 They observed that Li-Al MMO possesses higher amount of medium and 

strong Lewis base sites compared to Mg-Al, Mg-Fe and MgO metal oxides and showed best 

activity for synthesis of biodiesel by Transesterification of soybean oil with methanol.73 

 

2B.6.1.3.2.   NH3 TPD analysis of metal oxides 

Acid properties of the synthesized metal oxides were also studied using NH3 TPD analysis and 

the results are presented in Fig. 2B.6 A and B. Quantity of NH3 desorbed from the weak 

(<250oC), moderate (250-450oC) and strong (>450oC) acidic sites are shown in Tables 2B.1-2. 

From the Table 2B.1 it was clearly observed that single metal oxides (Fig. 2B.6A) Co3O4, NiO 

and Al2O3 possessed acid sites (104, 117 and 139 μmol/g respectively) over a wide temperature 

range of 100-600oC with major contribution from medium acid sites. NiO showed maximum 
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acid sites at 430oC (78 μmol/g) mainly due to presence of medium strength of acid sites. MgO 

and ZnO possessed fewer acid sites (27μmol/g (Strong acid sites) and 52 μmol/g (mostly 

medium acidic sites)) respectively. Significant difference was observed in the NH3 TPD profiles 

of binary MMOs (Fig.2B.6B) showing different strength of acid sites. 
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Figure 2B.6: NH3 TPD of (A) single and (B) mixed metal oxide 
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In general the contribution of moderate acidic was high for MMOs prepared, followed by weak 

acidic sites and strong acidic sites. However, for MMOs with basic metals like Mg and Li the 

contribution of strong acidic sites was marginally higher followed by medium acidic sites. Total 

acid sites decreased in following order: Li-Al 500 >Mg-Al 500 > Co-Al 500 > Ni-Al 500 > Zn-

Al 500 (177, 121, 114, 113, 98 μmol /g respectively). Similar enhanced acidity and basicity by 

incorporation of foreign metal ions into the metal oxide structure has been reported by Urakawa 

et al.76 Thus total amount of acidic sites of MgO and Zno were improved by incorporation of 

Al3+ and Fe3+ cations (i.e., Mg-Al, Mg-Fe, Zn-A and Zn-Fe) in the mixed metal oxide. 

From the CO2 and NH3 TPD, it was clearly observed that the acid base properties of single metal 

oxides varied based on the property of the metal. Thus MgO was basic in nature and had 

maximum base sites mostly medium strength base sites. All other single metal oxides had less 

basic sites and mostly medium basic strength. Total amount of acid sites in MgO were low (27 

mol/g) and strongly acidic Al2O3, NiO and Co3O4 exhibited acidic sites in a range of 104-139 

mol/g with medium strength acid sites in more quantity. The amount of acid, base sites and 

their distribution varied significantly with the incorporation of trivalent metal (Al3+) in the mixed 

metal oxides. All mixed metal oxides (except Ni-Al 500) exhibited weak, moderate and strong 

acidic and basic sites, with moderately basic or acidic sited dominating the distribution. 

Interestingly for Li-Al 500 and Mg-Al 500 strong acidic sites were slightly higher than the 

medium strength sites. Among mixed metal oxides prepared Li-Al 500 had highest number of 

total acid sites (177 mol/g) and basic sites (274 mol/g); with strong acid sites (73 mol/g) and 

medium strength basic sites (133 mol/g) being highest. 
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2B.7. Transesterification of EC/PC with methanol using single and binary 

MMOs 

Screening of single and binary MMOs was carried out for transesterification of cyclic carbonate 

(EC/PC) with methanol using standard reaction conditions as discussed in section 2B.4. and the 

results obtained are presented in Table 2A.3.  

Table 2A.3:Transesterification of cyclic carbonate (EC/PC) with methanol using single and 

mixed metal oxide catalysts 

Entry Catalyst EC + methanol system  PC + methanol system 

EC 

conversion 

(%) 

DMC 

selectivity  

(%) 

PC 

conversion 

(%) 

DMC 

selectivity 

(%) 

1 Without 

catalyst 

- - - - 

2 MgO 24 94 16 93 

3 Al2O3 12 91 4 88 

4 NiO 8 85 - - 

5 Co3O4 11 89 3 85 

6 ZnO 17 88 7 84 

7 Zn-Al 500 21 91 13 89 

8 Ni-Al 500 11 86 6 86 

9 Co-Al 500 18 91 9 89 

10 Mg-Al 500 36 95 14 92 

11 a Li-Al 500 86 100 75 100 

Reaction conditions: PC/EC: 23 mmol, methanol: 230mmol, PC/EC: MeOH: 1:10, catalyst: 2.5 

wt% relative to PC/EC, reaction time: 3 h, temperature: 70 °C.  

aReaction time: 1 h 
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Catalyst was essential for the reaction and reaction did not proceed without any catalyst (Table 

2A.3, Entry 1). Single metal oxides (MgO, Co3O4, ZnO, Al2O3 and NiO) showed very low 

activity for the synthesis of DMC from EC/PC and PC conversion was very low compared to that 

with EC (Table 2B.3, Entry 2-6). Reaction did not proceed with PC and methanol using NiO as 

the catalyst (Table 2B.3, Entry 4). EC/PC conversion increased (compared to single metal oxide 

catalyst) using MMOs and best results (86% EC and 75% PC conversion with 100% selectivity 

to DMC) were obtained with Li-Al 500 as the catalyst. The catalytic activity for binary MMOs 

increased in the order: Ni-Al 500 < Co-Al 500 <Zn-Al 500 < Mg-Al 500 <Li-Al 500. The 

Catalytic activity towards PC was found to be low as compared to that for EC in all cases. This 

difference in activity may be due to steric hindrance associated with the bulky methyl group in 

PC as compared with the symmetrical EC.16 Among several metal oxide catalysts screened in this 

work, Li-Al 500 showed the highest EC/PC conversion (75 and 86% respectively). 

From the results it was clearly observed that, the EC or PC conversion and DMC selectivity 

strongly depended on the amount and type of basic and acidic sites present on the catalyst 

surface. Very low conversion of EC (11-18 %) and PC (6-13%) with DMC selectivity (86-91%) 

was observed with Ni-Al 500, Co-Al 500 and Zn-Al 500 as catalysts (Table 2B.3, Entry 5-7) 

having low acid and base sites. Moderate activity with Mg-Al 500 was observed for EC (36% 

EC conv. with 95 % DMC selectivity) and PC (14% PC conv., with 92 % DMC selectivity), 

having 192 mol/g basic sites (weak: 47 mol/g, medium: 76 mol/g and strong 69 mol/g) and 

121 mol/g acidic sites (weak: 16mol/g, medium: 48mol/g and strong 57mol/g). Best results 

(86% EC conversion in 1 h and 75% PC conversion in 3 h with 100% DMC selectivity) were 

obtained with Li-Al 500 catalyst having 274 mol/g basic sites (weak: 59 mol/g , Medium: 133 

mol/g  and strong: 82 mol/g ) and 177 mol/g acidic sites (weak: 43 mol/g, medium: 61 
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mol/g and strong: 73 mol/g). Mixed metal oxide derived from LiAl-HT is known to possess 

weak, medium and strong basic sites, corresponding to OH-groups, Li-O/Al-O ion pairs and 

surface O2- ions respectively. The hydroxyl groups present on the surface of the catalyst can 

function as Brønsted base sites, while the remaining sites (medium and strong basic sites) can be 

expected to possess significant Lewis base character.78 It is well know that the role of acid as 

well as base sites is important in transesterification reaction.73,74,79 Kumar et al.15 have 

investigated transesterification of PC and methanol to DMC using Cu-Zn-Al MMO as catalyst. 

They reported that the DMC yield was significantly affected by calcination temperature used 

(300, 500 and 800oC) and high activity (70.6% PC conversion and 92.4% DMC selectivity at 

160oCand reaction time of4 h) was observed with the catalyst calcined at 300oC. TPD results of 

the catalyst showed that acid and base site distribution changed with calcination temperature and 

catalyst calcined at 300oC showed the higher amount of acid and base sites (6.658 and 4.615 

mmol/g respectively). Results obtained in the present work also can be attributed to the presence 

of higher amount of moderate and strong base and also acid sites on Li-Al 500 used as the 

catalyst (Table 2B.3, Entry 5) compared to other MMOs. 

From the above studies, the variation of constituent elements in the mixed-metal oxides was 

found to significantly alter the acid-base properties of mixed metal oxides prepared and 

consequently influenced and the DMC yield. Fine tuning of acid-base properties and a balanced 

proportion of surface acidic and basic sites was found to be critical for achieving high EC/PC 

conversion with high DMC selectivity. Best results were obtained with Li-Al 500 and hence 

detailed investigations were carried using the same catalyst. At first detailed characterization of 

the catalyst was carried out and the details are presented below. 
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2B.8.Effect of calcination temperature in Li-Al MMO  

The effect of calcination temperature on the activity was investigated by calcining as synthesized 

LiAl-HT at 300, 500, 700 and 800oC. The mixed metal oxides obtained were labelled as Li-Al 

300, Li-Al 500, Li-Al 700 and Li-Al 800 respectively. All the catalyst samples were 

characterized in detail by XRD, BET, TEM and CO2-TPD. 

2B.8.1. XRD Analysis  

Powder XRD analysis of parent Li-Al HT as prepared and calcined samples at different 

temperatures in a range of 300-800oCwas carried out and the results are presented in Fig. 2B.7. 
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Figure 2B.7: XRD patterns of calcined LiAl-HT at different temperatures 300,500,700 and 

800oC 

At lower calcinations temperature of 300oC, the layered structure of HT was not completely 

broken and very weak 00l plane peaks were observed (at 2θ=20.2o, 22.9 o, 35.7 o, 63.2o and 

64.1o) in the XRD analysis. XRD analysis of LiAl-HT calcined at 500oC revealed that LiAl-HT 
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gradually lost its layered structure and turned in to amorphous α-LiAlO2 phase 2θ=18.75, 45.6, 

37.57, 45.6 and 66.5oC (JCPDS file No. 42-0729). The lithium oxide (Li2O) phase was not 

detected by XRD analysis of Li-Al500, suggesting well dispersion of Li2O within the Al 

framework. With further increase in the calcination temperature to 700-800oC, peaks 

corresponds to α-LiAlO2 phase becoming narrower and more intense and a new crystal phase of 

β- LiAlO2 (PDF 33-0785) was also observed.79a 

2B.8.2. Surface area  

Table 2B.4: Surface properties of Li-Al MMOs calcined at different temperature (300-800oC). 

Entry Catalyst Calcination 

temperature 

(oC) 

Surface 

area 

(m2/gm) 

Pore 

volume 

(cm3/gm) 

CO2 uptake* 

(μmol /g) 

1 LiAl-HT Not calcined 62 0.47 - - 

2 Li-Al300 300 102 0.75 168 Weak: 43 

Medium:82 

Strong: 43 

3 Li-Al500 500 156 0.86 274 Weak: 59 

Medium:133 

Strong: 82 

4 Li-Al700 700 122 0.6 75 Weak: 17 

Medium:58 

Strong: 0 

5 Li-Al800 800 96 0.51 44 Weak: 15 

Medium:29 

Strong: 0 

*Weak 100-250°C, Medium250-450°C and Strong>450°C 

The surface area of Li-Al HT was 62 m2/g and pore volume was 0.43 cm3/g. Surface area as well 

as pore volume increased with calcination of the catalyst till 500oC. Thus at 500oC surface area 
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of 156 m2/g and pore volume of 0.86 cm3/g was observed. Surface area as well as pore volume 

decreased with further increase in calcination temperature (700-800oC) and surface area of 122-

96 m2/g with pore volume of 0.6-0.51 cm3/g respectively was observed.  

According to reported thermogravimetric data73,79,80 decomposition of [Al2Li(OH)6](CO3)0.5-

nH2O (LiAl-HT) commences at 50oC and extends up to 450oC, with a DTG maximum at 204oC. 

Initial weight loss corresponds to elimination of the interlayer water; however, it was clear that 

this process overlaps with carbonate decomposition and the elimination of hydroxyl groups. 

Below 450oC the removal of carbonate and hydroxyl species will be incomplete; hence the 

surface area and pore volume observed at 300oC are expected to be low. At 500oC hydrotalcite 

structure was totally decomposed with the formation of amorphous α-LiAlO2, leading to higher 

surface area and pore volume. Calcination of the Li-Al HT beyond 500oC led to the conversion 

of amorphous α-LiAlO2 phase converted to spinal oxide phase (β- LiAlO2) having lower surface 

area. Thus drop in the surface area as well as pore volume for catalysts calcined at 700oC and 

800oC can be attributed to the formation of β- LiAlO2. Formation of α-LiAlO2 and β- LiAlO2 

was clearly observed from XRD (Fig. 2B.7). The results obtained in the present work are 

consistent with the literature reports.80 

 

2B.8.3. TEM Analysis 

TEM analysis of Li-Al calcined at different temperatures was carried out and the results are 

presented in Fig. 2B.8. Fig. 2B.8a showed that the LiAl-HT (uncalcined sample) was composed 

of crystallites with the typical plate like morphology and often hexagonal shape which was in 

good agreement with the XRD study (Section 2B.5.1. / XRD Fig. 2B.3). Layered structure of HT 

was destroyed completely on calcining the LiAl-HT sample at 500oC (Li-Al 500) leading to the 
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formation of particles with numerous microholes. Thus the increase in porosity and surface area 

(Table 2B.4) can be attributed to the formation of craters through the layers due to the evolution 

of CO2 and H2O during the calcination of Li-Al HT at 500oC. 

 

 

Figure 2B.8: TEM image of LiAl-HT calcined at different temperature (a) uncalcined LiAl-HT 

(f) SEAD image of LiAl-HT (b) Li-Al 300 (c) Li-Al 500 (d) Li-Al 700 (e) Li-Al 80o 

2B.8.4. CO2 TPD analysis 

The effect of calcination temperature (300-800oC) on the basic properties (CO2-TPD) of LiAl-

HT was also studied and the results are presented (Fig. 2B.9 and 10). 
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Figure 2B.9: CO2-TPD of Li-Al HT calcined at different temperatures (300, 500, 700 and 800oC 

respectively) 
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Figure 2B.10: The influence of calcination temperature on the CO2capture capacity 
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Li-Al calcined at 300oC showed 215 μmol /g of basic sites. Basicity increased with the increase 

in calcination temperature up to 500oC (274 μmol /g), and then started to decrease with further 

increase in the calcination temperature from 700 to 800oC (75 and 44 μmol/g respectively).  

According to literature reports the basiciy of MMO is dependent on the calcination 

temperature.81 Constantino and Pinnavaia82 also observed that Mg3Al1 HT calcined at 500oC 

possessed higher amount of basic sites and basicity decreased significantly with increase in 

calcination temperature (>500oC) due to the formation of lower surface area spinel oxide phase. 

A: (α-LiAlO2) Octahedral structure 

 

B: (β- LiAlO2) Tetrahedral structure 

 

Figure 2B.11: A: Structure of Li-Al HT calcined at 500oC [Octahedral structure (α-LiAlO2)] and 

B: calcined at 800oC [Tetrahedral structure (β- LiAlO2)] 
79a 
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According to literature report80 Li-Al calcined at low temperature (500oC) forms α-LiAlO2 phase, 

with a hexagonal structure. Calcination at a temperature in a range of 700-800oC results in the 

formation of  β- LiAlO2, with a orthorhombic structure, which is further converted to γ- LiAlO2 

phase having tetragonal structure at temperatures beyond 900oC.79a,80 For the α-LiAlO2 

(hexagonal structure) phase; all cations reside in octahedral ‘O’ environment and hence active 

centers (O2-) are available more at the edges and corners of the octahedra.79a However in the case 

of β- LiAlO2 with orthorhombic structure; all cations are present in the ‘O’ tetrahedra, which 

results in the lowest possibility of the availability of active sites on surface. The difference 

between both the structures is depicted in Fig. 2B.11. Thus 500oC was found to be the optimum 

temperature for decomposition of Li-Al HT to the crystalline α-LiAlO2 (without formation of 

spinal phase) with high surface area, pore volume and presence of high amount of basic sites. 

 

2B.8.5.Effect of calcination temperature on the activity  

All the mixed metal oxides obtained by calcination of Li-Al HT were screened for 

transesterification of EC/PC and methanol to DMC and the results are presented in Table 2B.5. 

From the Table 2B.5 it was observed that catalyst activity was strongly influenced by a change in 

the calcination temperature. Thus EC/PC conversion increased with increase in calcination 

temperature up to 500°C and decreased with further increase in temperature (700-800°C). 

Among all calcined catalysts Li-Al 500 showed maximum EC (86%), PC (75%) conversion with  

very high DMC selectivity (for both systems 100% selectivity). The observed activity trend was 

found to be in good agreement with physicochemical properties of calcined catalysts presented 

earlier. 
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Table 2B.5: Effect of calcination temperature on the activity  

Entry Catalyst Calcination 

temperature 

(oC) 

PC + methanol system EC +  methanol system 

PC 

conversion 

(%) 

DMC 

selectivity 

(%) 

EC 

conversion 

(%) 

DMC 

selectivity 

 (%) 

1 LiAl-HT - 30 92 41 95 

2 Li-Al 300 300 57 100 72 100 

3 Li-Al 500 500 75 100 86 100 

4 Li-Al 700 700 49 97 63 99 

5 Li-Al 800 800 28 95.2 52 98 

Reaction conditions: PC/EC: 23 mmol, methanol: 230 mmol, PC/EC: MeOH: 1:10, catalyst: 2.5 

wt% relative to PC/EC, reaction time: 1 h, temperature: 70 °C.  

 

Based on the XRD, surface area, CO2 TPD and TEM analysis Li-Al MMO calcined at 500°C 

was found to possess highest surface area, pore volume, high basic sites and -LiAlO2 phase. 

Also, thermogravimetric data reported in the literature73,79 indicate that elimination of CO2 and 

H2O is incomplete below 450°C. At higher calcination temperatures (700-800°C) formation of -

LiAlO2 phase having very low surface area was observed. Li-Al calcined at 500°C was found to 

have highest surface area, pore volume, and basic sites compared to catalyst calcined at other 

temperatures ( 300,700 and 800°C). Also, Li-Al 500 was present in the -LiAlO2 phase having 

maximum basic sites present on the surface. Best results were obtained with the Li-Al calcined at 

500°C and hence further optimization work was carried out using this catalyst. 
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2B.9. Effect of reaction conditions 

The effect of EC:MeOH molar ratio, reaction temperature and catalyst loading on the EC/PC 

conversion and DMC selectivity was investigated in detail using Li-Al 500 catalyst. All 

experiments in this study were carried out in a time range of 1-5h and DMC selectivity of 99-

100% was observed in all experiments. Since selectivity was >99% for all the experiments; the 

results are presented in the form of conversion Vs time profiles under various reaction 

conditions. 

2B.9.1. Effect of reaction temperature 

The effect of reaction temperature on EC/PC conversion and selectivity was investigated by 

keeping other reaction conditions constant (Fig.2B.12 A and B).  
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Figure 2B.12: Effect of reaction temperature on DMC yield (A) PC + MeOH system (B) EC+ 

MeOH system. DMC selectivity: 99-100% 

Reaction conditions: EC: 23 mmol, PC: 23 mmol, MeOH: 230 mmol, EC/PC: MeOH: 1:10,  
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2B.9.2. Effect of EC/PC: MeOH molar ratio 
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Figure 2B.13: Effect of Cyclic carbonate: MeOH molar ratio on DMC yield (A) PC + MeOH 

system (B) EC+ MeOH system 

Reaction conditions: EC/PC: 23 mmol, PC/EC: MeOH: 1:5–1:20, catalyst: 2.5 wt% relative to 

PC/EC, reaction time: 0.25-5 h, temperature: 70 °C. DMC selectivity:  99-100% 
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From Fig.2B.13 it was observed that the PC/CH3OH and EC/CH3OH molar ratio had a 

significant impact on the transesterification reaction. Transesterification of PC/EC with methanol 

(EC + MeOH ⇌ DMC + EG) is an equilibrium controlled reaction and hence excess methanol is 

required to shift the equilibrium towards right and achieve high EC/PC conversion.16,22 PC 

conversion (48–75%) and EC conversion (67-88%) increased gradually with increase in the 

molar ratio of PC or EC /CH3OH from 1:5 to 1:10 in 3h reaction time. Further increase in 

EC/PC:CH3OH ratio from 1:15 to 1:20 had marginal effect on EC or PC conversion.  

Thus optimum results (81% conversion of PC with 100% selectivity to DMC and 93% 

conversion of EC with 100% selectivity to DMC) were obtained at a EC/PC: methanol molar 

ratio of 1:10 at 70oC in 3 h reaction time.  

 

2B.9.3. Effect of catalyst concentration 

The effect of catalyst loading on EC or PC conversion is presented in Fig.2B.14. The activity 

was low at low catalyst loading and EC conversion of 71% and PC conversion of 17% was 

observed in 1 h. EC or PC conversion increased with reaction time and EC conversion of 82% 

and PC conversion of 64% was observed in 3 h. Activity increase with increase in catalyst 

loading and PC conversion increased from 64 to 75% and EC conversion increased from 82 to 

86% in 3 h with increase in catalyst loading from 1.25-2.5 wt%. Further increase in catalyst 

loading to 5 wt% had marginal effect on EC or PC conversion in 3 h. DMC selectivity was very 

high (>99%) in all the experiments. The performance observed is mainly because of the higher 

availability of active catalytic sites with increasing the catalyst loading. 
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Figure 2B.14 Effect of catalyst concentration on conversion (A) PC + MeOH system (B) EC+ 

MeOH system 

Reaction conditions: EC: 23mmol, PC: 23mmol, PC/EC: MeOH: 1:10, catalyst: 1.25-5 wt% 

relative to PC/EC, reaction time: 0.25-5 h, temperature: 70 °C.  

DMC selectivity = 99-100% 
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2B.9.4. Effect of reaction time 

From the optimization of reaction conditions it was observed that the best results were obtained 

with catalyst loading of 2.5 wt%, reaction temperature of 70 °C and PC/EC: CH3OH molar ratio 

of 1:10. Finally effect of reaction time on PC/EC conversion under optimized reaction conditions 

using Li-Al500 catalyst is presented in Figure 2B.15. EC/PC conversion increased with 

increasing reaction time reaching a maximum of 78.6-90 % at 70◦C in 4h reaction time for PC 

and EC respectively.  
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Figure 2B.15: Effect of reaction time on PC and EC conversion 

Reaction conditions: PC/EC: 23 mmol, PC/EC: MeOH: 1:10, catalyst: 2.5wt% relative to 

PC/EC, reaction time: 0.25-5 h, temperature: 70 °C.  

*DMC selectivity remains 99-100% 

After the optimization of reaction conditions for PC and EC reaction system catalyst recycle 

study was carried out to know the stability of the catalyst. Based on the literature reports and 

results obtained possible reaction mechanism has been proposed with EC and methanol as 
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reactants. Various alcohols were screened with EC and Li-Al 500 catalyst and the results are 

presented below. 

 

2B.10. Catalyst recycle study 

After effect of reaction time on activity under optimization of reaction conditions, 

stability of the catalyst was tested by carrying out recycle study. For this purpose 

transesterification of EC with methanol was carried out as usual. Reaction mixture was cooled to 

room temperature and catalyst from reaction mixture was separated by filtration. Filtered catalyst 

was washed two times with methanol and dried at 100°C for 12h. The dried catalyst was 

activated at 500°Cfor 2h. Recycle experiment was carried out by using activated catalyst, EC to 

DMC in usual way. Five recycle experiments were carried out using the same procedure. EC: 

methanol molar ratio of 1:10 was maintained in the recycle experiments.  

Table 2B.6 Recycle study using Li-Al 500as catalyst. 

Recycle number EC conversion 

 (%) 

DMC selectivity 

(%) 

1(fresh) 86 100 

2 82 99.8 

3 82.2 100 

4 81 99.7 

5 81.6 99.8 

6 81 99.6 

Reaction conditions: EC: 23 mmol, MeOH: 230 mmol EC: MeOH: 1:10, Li-Al 500: 2.5wt% 

relative to EC, reaction time: 1 h, temperature: 70 °C. 
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Figure 2B.16: XRD patterns of used and fresh Li-Al 500 catalyst 

 

Figure 2B.17: TEM images of (a) fresh (b) used Li-Al 500 catalyst 

From the results it was observed that the catalyst activity was good during 5 recycle experiments 

giving 86 % DMC yield in first recycle experiments with slight drop in DMC yield to 82 % in 

second recycle, which remained constant till 5th recycle (Table 2B.6). Results clearly show high 

stability of the catalyst in the recycle experiments.  At the end of the 5 recycle experiments the 

XRD (Fig.2B.16) and TEM (Fig.2B.17) analysis of the used catalyst was carried out. No change 

(b) 
(a) 
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in the XRD pattern and morphology in TEM image were observed for used catalyst indicating 

high stability during recycle. 

2B.11. Screening of different alcohols for transesterification of EC 

Li-Al 500 was also active for the synthesisof other dialkyl carbonates by reaction of EC 

with different alcohols (Table 2B.7). The yield of dialkyl carbonates decreased with increasing 

chain length of the alkyl group in the alcohol. This difference in reactivity was due to difference 

in the pKa value of different alcohols.16 The pKa values for different alcohols increases with 

increasing chain length of the alkyl group.1 Methanol being more acidic (low pKa), form 

salkoxide species more readily than the other alcohols and leads to higher yield of dialkyl 

carbonate (DMC). 

Table 2B.7: Dialkyl carbonate synthesis by transesterification of ethylene carbonate (EC) with 

different alcohols using Li-Al 500 catalysta 

Entry Alcohol Dialkyl carbonate  

yield (%) 

TOF 

(h-1) 

1 Methanol 87 33.99 

2 Ethanol 84 33.74 

3 n-Propanol 82.3 33 

4 n-Butanol 82.5 33.1 

5 n-Pentanol 81.6 32.7 

6 n-Hexanol 81 32.5 

aReaction conditions: EC = 23 mmol, alcohol: 230 mmol EC: alcohol = 1:10, catalyst = Li-Al500 

(2.5wt% of EC), reaction temperature: reflux temperature of alcohol, and reaction time:1h. 

Dialkyl carbonate selectivity: 99.5-100%  
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2B.12.Proposed reaction mechanism 

On the basis of the catalyst characterization and activity results discussed above and literature 

reports,22,72 a possible mechanistic pathway for the reaction of EC and methanol to DMC is 

depicted in Fig. 2B.18.  

 

Figure 2B.18: A possible mechanism for the transesterification of ethylene carbonate with 

methanol catalyzed by Li-Al 500. 

It is proposed that the reaction is initiated by adsorption of methanol on the Lewis basic sites to 

form a methoxide species, and independently, an EC is coordinated on the neighbouring acid site 

on the surface to generate relatively charge carbonyl carbon (Fig. 2B.18, Step I). Ring opening of 

coordinated EC by nucleophilic attack of methoxide species, leads to the formation of 2-HEMC 

intermediate (Fig. 2B.18, Step II). In next step (Fig. 2B.18, Step III) another methanol molecule 

javascript:popupOBO('CMO:0001168','C2CY00490A')
javascript:popupOBO('CHEBI:23016','C2CY00490A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=23016')
javascript:popupOBO('CHEBI:32955','C2CY00490A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32955')
javascript:popupOBO('CHEBI:23016','C2CY00490A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=23016')
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attacks in similar fashion to form DMC and EG as the final products and the catalyst is 

regenerated back (Fig. 2B.18, Step IV). Li-Al 500 has good catalytic activity compared to other 

metal oxides and mixed metal oxides. Probably the cooperative effect of both acidic and basic 

sites present on the catalyst surface (in vicinity) is responsible for the high activity observed with 

Li-Al 500 catalyst. 

 

2B.13. DMC synthesis from PC/EC and methanol: Comparison with the 

literature reports 

Activity of Li-Al 500 as catalyst was very good under reflux conditions with EC/PC as the 

reactants. From the literature it was observed that for most of the catalysts higher temperature 

was required to achieve good EC/PC conversion and DMC selectivity. Table 2B.8 presents 

comparison of the activity obtained with Li-Al 500 with other MMOs used as catalyst in the 

literature. Since the temperature and reaction time used are different the reaction conditions are 

also mentioned in the Table.2B.8. Catalytic activity of Li-Al 500 was found to be superior 

compared to the most of the reported solid catalysts (Table 2B.8) under mild reaction conditions. 

Recently Li et al.20 studied Graphitic carbon nitride (g-C3N4) supported MgO for EC to DMC 

reaction and 81% EC conversion with 87% DMC selectivity was achieved at high reaction 

temperature (140oC) under 0.6 MPa CO2 pressure. Reaction was carried out in the presence of 

CO2 to avoid decomposition of DMC / PC at higher temperature.  Binary and ternary MMOs 

showed 55-72% PC conversion with 92-96 % DMC selectivity (Table 2B.8, Entry 2-5),15, 68-70 

however, high temperature (117-170oC) was necessary to achieve the result.  
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Table 2B.8: DMC synthesis from PC/EC and methanol: Comparison with the literature reports 

Entry Catalyst PC 

conversion 

(%) 

DMC 

selectivity 

(%) 

Reaction 

time 

(h) 

Reaction 

temperature 

(oC) 

TOF 

(h-1) 

Ref. 

1a,b MgO/g-C3N4 

(5 wt%) 

81 87 4 140 4.45 20 

2 CaO-ZrO2 55 95 4 117 - 68 

3 Cu-Zn-Al 

(3 wt %) 

70.6 92.4 4 160 5.99 15 

4 Ce-Cu 

(5 wt%) 

65.4 93 4 160 3.4 69 

5 Ce-La 

(5 wt%) 

72 96 6 170 - 70 

6 Mg-Al-La 

(10 w%) 

35 

89b 

89 

98 

4 

4 

100 

80 

33 

1.19 

16 

7 Mesoporous 

CeO2 

(5 wt%) 

18 

76b 

91 

92 

2 

2 

140 

140 

2.3 

8.36 

71 

8 Hydrotalcite 

Mg-Al=1:5 

(2.5 wt%) 

72 

82b 

97 

98.6 

4 

4 

130 

80 

7.4 

7.2 

22 

9 Na2WO4.2H2O 

(20 wt%) 

54a 

83b 

90 

100 

4 

5 

150a 

50 

0.7 

0.6 

72 

10 Li-Al cal 

(2.5 wt%) 

74 100 3 

 

70 9.99 This 

work 

11 Li-Al cal 

(2.5 wt%) 

85b 100 1 70 33.99 This 

work 

aCO2 pressure: 0.6 MPa 

b EC 
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From the Table 2B.8, Entry 6-9 it was observed that the activity of catalyst was lower with PC as 

reactant under similar reaction conditions. Thus PC conversion of 18-72% with 89-97% 

selectivity to DMC was obtained compared to 76-89% EC conversion with 92-100% DMC 

selectivity under similar reaction conditions.16,21,71,72 It may be noted that in some examples high 

EC conversion was observed at lower temperatures compared to that used for PC as reactant 

(Table 2B.8, Entry 6,8,9). Thus results obtained with Li-Al 500 catalyst are better than literature 

reports with PC and EC as reactants. 

 

2B.14. Conclusion 

A series of single- and mixed-metal oxides, derived from hydrotalcite precursors, consisting of 

metal cations (Mg, Li, Zn, Ni, Co and Al) were synthesized with the aim of modifying the acid-

base properties. These materials were tested for transesterification of EC/PC with methanol. The 

binary MMOs were found to be active than single metal oxides and the activity increased in the 

order: Ni-Al 500 < Co-Al 500 <Zn-Al 500 < Mg-Al 500 <Li-Al 500. The Catalytic activity 

towards PC was found to be low as compared to that for EC in all cases. This difference in 

activity may be due to steric hindrance associated with the bulky methyl group in PC as 

compared with the symmetrical EC. Among several metal oxide catalysts screened in this work, 

Li-Al 500 showed the highest EC/PC conversion (86 and 75% respectively with 100% selectivity 

to DMC). Results obtained in the present work with Li-AL 500 catalyst can also be attributed to 

the presence of higher amount of moderate and strong basic sites and high surface area of Li-Al 

500. Calcination temperature had significant influence on the activity and best results were 

obtained with Li-Al 500 catalyst. Activity decreased with increase in temperature beyond 500oC. 

The trend of activity was: Li-Al 300 < Li-Al 500 > Li-Al 700 > Li-Al 800. Li-Al 500 was active 
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towards transesterification of EC and various aliphatic alcohols to corresponding 

dialkylcarbonates. The Li-Al 500 was highly stable and gave good performance for 5 recycle 

experiments with slight drop in activity. 

 

2B.15. Overall Conclusion  

Transesterification of EC/PC was investigated using MgFeCe ternary hydrotalcite and Li-

Al 500 mixed metal oxide as catalysts. Catalysts were prepared based on the literature 

known methods and characterized in detail by various spectroscopic and other techniques. 

The activity of catalysts was found to be very high with very high selectivity to DMC. 

Stability of the catalyst was very good as found from the recycle study. Highlights of the 

work are as follows: 

2A. Synthesis of dimethyl carbonate by transesterification of EC with methanol using 

MgFeCe ternary Layered double hydroxide (LDH) catalyst 

 

 MgFeCe ternary LDHs were prepared based on literature method and characterized 

in detail by various spectroscopic techniques. 

 Molar ratio of Fe:Ce (Keeping molar ratio of Mg:Fe+Ce constant at 3:1) had 

significant influence on catalytic activity as well as surface and base properties of the 

LDH. 

 Best catalytic performance (87% EC conversion with 100% DMC selectivity) was 

obtained with Mg3Fe0.85Ce0.15 as the catalyst. 
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 Both the end members of this series Mg3Fe1 (LDH-1) and Mg3Ce1 (LDH-6) showed 

lower catalytic activity and selectivity to DMC. 

 Various trivalent metals were also used to modify the LDH with composition 

Mg3Fe0.85M0.15 [where M3+= La, Sm, Y and Cr] and the activity trend followed in 

order of La≈ Ce> Sm> Y> Cr. The results were found to be in good agreement with 

the electronegativities of incorporated third metal cations [M3+]. 

 Mg3Fe0.85Ce0.15 was recycled seven times showing high activity and maintaining high 

selectivity to DMC. XRD analysis after seven recycles indicated that the structure 

was intact after reuse. 

 To the best of our knowledge this is the first report on the use of ternary LDH 

(Mg3Fe0.85Ce0.15) as a catalyst with high activity, selectivity and stability at milder 

reaction conditions for this reaction. 

2B. Synthesis of dimethyl carbonate by transesterification of cyclic carbonate (EC/PC) 

with methanol using Li-Al mixed metal oxide catalyst  

 A series of metal oxides and mixed metal oxides were prepared from hydrotalcite like 

precursors consisting of Mg, Li, Zn, Co, Ni and Al. 

 Very good results were obtained with Li-Al mixed metal oxide. Effect of calcinations 

temperature on the activity and selectivity was investigated and best results (86% 

conversion of EC with 100% selectivity to DMC at 70oC in 1 h) were obtained with 

mixed metal oxide calcined at 500oC (Li-Al 500) as catalyst. 
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 Li-Al 500 gave 75% conversion of PC with 100% selectivity to DMC at 70oC in 3 h. 

This is one of the best results for synthesis of DMC from PC and methanol under 

mild reaction conditions. 

 Li-Al 500 was characterized in detail by various spectroscopic techniques. XRD 

analysis indicated the formation of -LiAlO2 phase on calcinations at 500oC.  High 

activity observed with Li-Al 500 was attributed to the presence of higher amount of 

moderate and strong basic sites and high surface area of Li-Al 500. 

 Li-Al 500 was highly stable and gave good performance for 5 recycle experiments 

with slight drop in activity. 
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Introduction 

Organic carbamates are important intermediates in the synthesis of pesticides, 

insecticides, herbicides, pharmaceuticals, plastics and often used as protecting groups for amine 

functionality.
1-3 

Methyl N-phenyl carbamate (MPC) is an important precursor for preparing 

methylene diphenyldiisocyanate (MDI) by condensation of MPC with formaldehyde, which is an 

important intermediate for the synthesis of polyurethanes (PUs).
4, 5 

As presented in the literature 

chapter (Chapter 1, Section 1.5.), aromatic carbamates (stable form of isocyanates) and 

isocyanates are exclusively produced  using phosgene as the reagent. Polyurethane industry 

accounts for 75% of phosgene usage worldwide and there is a need to the alternative and safer 

routes for these chemicals. Various routes have been developed for the synthesis of aromatic 

carbamates
6
 and methoxycarbonylation of aromatic amines with DMC has emerged as “The 

Green Route” for the synthesis of aromatic carbamates. One of the advantages of using DMC as 

a raw material is that only methanol is formed as the by-product. Methanol can be easily 

converted into DMC by Enichem process by oxidative carbonylation of methanol. Thus, the 

above two processes can be coupled to develop an atom efficient process for aromatic carbamate 

synthesis. Lot of work is being carried out on the development of efficient catalysts for this 

reaction.
7, 8 

At present lead,
8, 9

 zinc
7, 10-12 

compounds and other catalysts
13-15 

are often applied for 

this reaction (see Chapter 1 Section 1.5.4. for details). Among these catalysts, lead and zinc 

compounds, especially Pb(OAc)2 and Zn(OAc)2, often give the best activity for aromatic 

carbamate synthesis. Thus Ono et al.
8
 observed 96% conversion of aniline with 98% selectivity 

to MPC with Pb(OAc)2 as catalyst at a temperature of 160
o
C in 1 h. Though results are very 

good with Pb(OAc)2 as catalyst; its toxicity has limited further developments. Zinc acetate was 

also good catalyst and 93% conversion of aniline with 97 % selectivity to MPC was observed at 
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160
o
C in 1 h. Similarly Li et al.

16 
found that sublimed zinc acetate (Zn4O(OAc)6) was good 

catalyst for the reaction and pretreatment of the catalyst with DMC significantly shortened 

induction period showing 99% aniline conversion with 99% MPC selectivity in 2 h reaction time 

at 130
o
C. However, catalyst/product separation is difficult because of the homogeneous nature of 

the zinc acetate catalyst. To overcome the afore mentioned shortcomings, various supported zinc 

acetate based catalysts (Zn(OAc)2C/SBA-15, Zn(OAc)2/AC, Zn(OAc)2/α-Al2O3 and 

Zn(OAc)2/SiO2) have been developed showing good selectivity to MPC (78-98%).
12,17,18

 

However it was observed that zinc acetate leached out from the support and also significant drop 

in activity was observed during recycle study. The drop in activity was attributed to the 

conversion of zinc acetate in to ZnO. Thus there is a need to develop active, selective and 

recyclable catalyst for this important reaction. 

In this chapter we have investigated the synthesis of methyl phenyl carbamate by 

methoxycarbonylation of aniline with DMC using solid catalysts. All the catalysts were 

synthesized by reported procedures and characterized in detail by XRD, FT-IR, BET, TPD, TEM 

and XPS analysis. This chapter is divided in to two parts (A) synthesis of methyl phenyl 

carbamate by methoxycarbonylation of aniline with DMC using Zn (Proline)2 as the catalyst (B) 

synthesis of methyl phenyl carbamate by methoxycarbonylation of aniline with DMC using 

CeZnZr mixed metal oxide catalyst. 
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Chapter 3A 

Synthesis of methyl phenyl carbamate by methoxycarbonylation of 

aniline with DMC using Zn(Proline)2 catalyst 

 

3A.1. Introduction  

Zn (Proline)2 is an efficient, stable, inexpensive, recyclable, water compatible, Lewis acid 

catalyst which is not dissociated under reaction conditions.
19-22

 This complex is soluble in water 

but insoluble in organic solvents, which allows simple and quantitative recovery of the catalyst. 

Zn(Proline)2 is used as a powerful catalyst for a wide range of organic transformations including 

aldol, direct nitro aldol,
22, 23

 Hantzsch reaction,
24, 25 

and Knovenagel condensation.
26

 It has also 

been used for the synthesis of 1,5-benzodiazepines,
27, 28

 1,2-disubstituted benzimidazoles,
28

 

quinoxaline,
29

 pyrano[2,3-d]-pyrimidine,
30

 and pyrazoles.
31

 In this part of the thesis 

methoxycarbonylation of aniline and DMC was investigated using metal amino acid complexes 

as catalysts (Scheme 3A.1). For this purpose various metal-amino acid complexes were prepared 

by varying cations such as (M
2+

) = Zn, Co, Cu, Ni, and Mg and different amino acids available 

(Valine, Aspargine, Alanine, Isolucine, Phenylalanine and Proline etc.) and used as catalysts for 

the synthesis of MPC. 

 

Scheme 3A.1: Synthesis of aromatic carbamates by reaction of aromatic amine and DMC 
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3A.2. Materials 

Zn(OAc)2 (99.8%), Aniline (99%), N-N-dimethyl aniline (99.8%), N-methyl aniline 

(99.2%), DMC (99.5%), Mg(NO3)2.6H2O (99.5%), Zn(NO3)2.6H2O (99.5%), Co(NO3)2.6H2O 

(99.8%), Ni(NO3)2.6H2O (99%), were obtained from Loba Chemical Co., India. Ca(NO3)2 (99%) 

and Cu(NO3)2.4H2O (99%) were purchased from Merck India. Glycine, Phenylalanine, Alanine, 

Valine, Leucine, Aspargine and proline were purchased from Spectrochem Pvt. Ltd. 

 

3A.3. Catalyst preparation 

Zn (Proline)2 and other M(amino acid)2 complexes were synthesized by reported 

method
19,20 

and detailed synthesis procedure is given below. Schematic diagram of Zn(Proline)2 

complex synthesis is given below Fig.3A.1. 

 

 

 

 

 

 

 

Figure 3A.1: Schematic diagram of Zn (Proline)2 complex synthesis 
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3A.3.1. Synthesis of M (Proline)2 complexes 
21 

Proline (20 mmol) was dissolved in absolute ethanol (50 mL) containing potassium 

hydroxide (20 mmol) and magnetically stirred for 15 min in a round-bottomed flask at room 

temperature. In order to maintain the metal to ligand ratio of 1 : 2, 10 mmol of M
2+

(NO3)2.xH2O 

was dissolved in a small quantity of double distilled water and added drop wise to the Proline 

solution. The contents were vigorously stirred at room temperature for 6 h by using a magnetic 

stirrer. The obtained solid was collected by filtration and dried at 70
0
C in vacuum for 6 h.  

 

Figure 3A.2: M (Proline)2 complexes
32

 

Fig. 3A.2 represents the M (Proline)2 complex structure, where Metals (M
2+

) used for the 

synthesis are: Zn, Co, Cu, Ni, Mg and Ca.  

 

3A.3.2. Synthesis of Zn (amino acid)2 complex 
22

  

The amino acids (0.002 mol) were deprotonated by KOH (0.002 mol) in aqueous medium 

until the pH of the solution was 8-9. Then, aqueous solution of zinc acetate (0.001) was prepared 

which were added drop wise to prepared amino acid solution with vigorous stirring. The 

synthesized complexes were found to be insoluble in the commonly known organic solvents. The 

obtained solid was collected by filtration and dried at 70
0
C in vacuum for 6 h. All the metal 

complexes prepared are stable to air and moisture and decompose at very high temperatures 

(>300
0
C).

22
 Amino acids used for the synthesis are: Valine, Aspargine, Alanine, Isolucine, 
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Phenylalanine and proline  List of the metal amino acid complexes prepared is given in Table 

3A.1 and the structures obtained are given in Annexure 1a-f. 

Table 3A.1: List of catalysts prepared 

Metal  Amino acid 

Zn  Valine, Aspargine, Alanine, Isolucine, 

Phenylalanine and Proline  

 Zn, Co, Cu, Ni and Mg  Proline 

 

3A.3.3. FT-IR of M(Proline)2 and Zn(amino acid)2 

All synthesized M (amino acid)2 complexes were characterized by FT-IR (Fig. 3A.3-4) 

which are in accordance with the literature reports.
20,21
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Figure 3A.3: FT-IR of M (Proline)2 complexes. 
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Figure 3A.4: FT-IR of Zn (Amino acid)2 complexes. 

 

The IR spectrum of the all synthesized compound (Fig. 3A 3-4) exhibited strong absorption 

bands at ~3400 cm
-1

 assigned to the OH stretching of the coordinated water molecule. 

Absorption band in the region 3332 to 3000 cm
-1

 follow the well-resolved NH stretching bands 

as expected from the zwitterionic RNH3
+
group. All complexes have broad strong bands at about 

1587
-1

 and 1400 cm
-1

, which are assigned to COO asymmetric and symmetric stretching 

vibrations. The most important absorption bands of these complexes 500-200 cm
-1

 are assigned 

to the M-N and M-O stretching vibrations. Comparison of these spectra with those of reported 

metal complexes confirm the formation of M(Proline)2 and Zn (Amino acid)2 complexes.
20,21
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3A.4. Experimental setup and procedure for the synthesis of MPC from 

aniline and DMC 

 

 

Figure 3A.5: Experimental set-up for synthesis of MPC from aniline and DMC. 

 

The reaction of aniline and DMC was carried out in a 50 mL stainless Steel (SS-316) Parr 

autoclave as shown in Fig. 3A.5. In a typical experiment aniline 25 mmol, catalyst 1.25 wt% 

(w.r.t. aniline) and DMC 250 mmol were charged to the Parr reactor. The contents were heated 

to the desired temperature with slow stirring (~100 rpm). Once the temperature (170
o
C) was 

reached the reaction was started by increasing stirring speed to 1000 rpm and the reaction was 

carried out for desired time duration (3 h). After completion of the reaction, the reactor was 

cooled to room temperature and the catalyst was recovered by centrifugation.  

 

3A.5. Analytical methods 

The quantitative analysis of the reaction mixture was carried out by using gas 

chromatograph (Agilent 6890N); equipped with an FID detector and an innowax capillary 

Aniline: DMC: 

1:10 

Cat: 1.25 wt% of 

aniline 

Temperature :170
o

C 

 
RPM:1000 
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column (30 m length × 0.53 mm ID ×~1μm film thickness). The standard gas chromatograph 

operating conditions used for the analysis of reactants and products are given in Table 3A.2. 

Table 3A.2: Conditions for gas chromatograph analysis 

Inlet Temperature: 250
o
C 

Pressure : 10 psi 

Split ratio: 50:1 

Oven Ramp 
o
C Temp.

0
C Hold time (min) 

 40 2 

30 220 15 

Total Run time 17 min 

Flame ionization Detector Temperature: 250
o
C 

Hydrogen: 40 ml/min 

Zero air: 400 ml/min 

 

Preliminary experiments were carried out using Zn (Proline)2 as the catalyst. Reaction conditions 

used were: aniline: 25 mmol, DMC: 250 mmol, aniline: DMC mole ratio of 1:10, catalyst 

loading of 1.25wt% (w.r.t. aniline), and temperature: 170
o
C: and reaction time: 3 h. GC analysis 

(Fig. 3A.6) indicated the formation of MPC as the major product. Distinct separation of all 

reactants and products was observed using the analytical method developed. Conversion of 

aniline was very high (~98%) and small amount of N-methylaniline (NMA) and methyl-N-

methyl-N-phenylcarbamate (MMPC), NN-dimethyl aniline (NNDMA) were formed as by-

products. Formation of all products was confirmed by GC-MS (Agilent Technologies 6890N 

(GC) 5973 (MSD) equipped with an HP-5 capillary column) analysis (See Annexure 2-5).  
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Authentic sample of MPC and MMPC was not available commercially and hence the product 

obtained from the reaction mixture was separated by column chromatography. For this purpose 

(2.5%) Ethyl acetate in Pet ether solvent mixture was used for the separation of pure MPC and 

MMPC from the reaction mixture. 
1
H NMR analysis of the MPC and NNPC separated and 

presented in Annexure 6 and 7 confirmed the formation of MPC and MMPC as the products. 

Pure MPC and MMPC thus obtained were used for the quantitative analysis of the reactions 

carried out in this work. 

 

Figure 3A.6: A typical gas chromatogram for methoxycarbonylation of aniline and DMC using 

Zn (Proline)2 as catalyst. 

 

3A.6. Quantitative analysis of reaction mixture  

3A.6.1. External standard method 

Quantitative analysis of the reaction mixture was carried out by using external standard 

method. In this method known quantities of reactants (aniline) and products (MPC, MMPC, 
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NMA and NNDMA) were dissolved in appropriate solvent (DMC) in 25 ml volumetric flask to 

make total volume 25 ml. Weight of each component was noted. Four such, samples with 

different concentration of reactants and products were prepared. The quantities were chosen such 

that they covered maximum and minimum amount for each component. Analysis of these 

samples was done on GC and calibration curve was generated and amount/area i.e. response 

factor was calculated. The response factor generated was used for quantitative analysis of 

reaction mixtures. In this analysis method the reaction sample to be analyzed and standard 

samples prepared are different and hence this method is called as external standard method. 

𝐴𝑛𝑖𝑙𝑖𝑛𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒
× 100 

𝑀𝑃𝐶 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)     =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑀𝑃𝐶 𝑓𝑜𝑟𝑚𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒
× 100 

𝑀𝑀𝑃𝐶 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑀𝑃𝐶 𝑓𝑜𝑟𝑚𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒
× 100 

𝑁𝑀𝐴 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)     =
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁𝑀𝐴

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒 
× 100 

𝑁𝑁𝐷𝑀𝐴 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)   =
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁𝑁𝐷𝑀𝐴 𝑓𝑜𝑟𝑚𝑒𝑑

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑖𝑙𝑖𝑛𝑒
× 100 

 

3A.7. Screening of catalysts for methoxycarbonylation reaction of aniline with 

DMC  

Methoxycarbonylation of aniline and DMC involve parallel and consecutive reactions 

(Scheme 3A.2) and selectivity pattern significantly depends on the acid base properties of the 

catalyst used.
13,14
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Scheme 3A.2. Schematic of methoxycarbonylationof aniline with DMC and the possible by-

products form during reaction. 

 

Recently Jain et al.
39 

have reported efficient synthesis of aliphatic and aromatic carbamates at 

room temperature using L-proline/TBAB (tetrabutyl ammonium bromide) catalyst system. L-

proline was insoluble in DMC and hence TBAB was used phase transfer catalyst to improve the 

solubility of L-proline and improve the yield of product carbamate. However authors have 

reported good activity of catalyst for the synthesis of aromatic carbamates at room temperature; 

it is quite contradictory to other reported literature reports.
 
According to Margetić and co-

workers
40

 aromatic amines such as aniline did not react with dimethyl carbonate at room 

temperature. Few experiments on methoxycarbonylation of aniline and DMC were carried out 

using L-proline/TBAB catalyst system at room temperature as well as at 90
o
C (reflux 

temperature) for 6 h. However, no product was detected in all these experiments (Table 3A.3, 

Entry 2-3). However, when reaction was carried out using same (L-proline/TBAB) catalyst 

system at 170
o
C; aniline conversion of 98.8% was observed with 2.4% selectivity to MPC (Table 

3A.3, Entry 4). In light of this, experiments were planned to investigate activity of L-proline 

alone as catalyst and zinc complex of L-proline at 170
o
C and the results are presented in Table 

3A.3. 
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Table 3A.3: The effect of various catalysts on the synthesis of MPC from aniline and DMC 

Entry Catalyst Reaction 

time (h) 

Conversion 

(%) 

Selectivity (%) 

MPC MMPC NMA NNDMA 

1 Without catalyst 3 - - - - - 

2
a
 L-proline/TBAB 6 - - - - - 

3
b
 L-proline/TBAB 6 - - - - - 

4 L-proline/TBAB 3 98.8 2.4 58.6 3.3 34.2 

5 Proline 0.5 39 45 24 29.3 0.6 

6 Proline 1 54 21.6 49 26 2.6 

7 Proline 2 72 14 60.5 17 8.4 

8 Proline 3 96.8 3.5 76 9 11.2 

9 Zn (Proline)2 3 98.6 97.8 0.17 0.7 0.42 

10 Zn (OAc)2 3 98 98.4 0.07 0.6 0.5 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst: 1.25wt%, temperature: 

170
o
C, MPC: methyl-N-phenyl carbamate, MMPC: methyl-N-methyl-N-phenylcarbamate, 

NMA: N-methyl aniline, NNDMA: NN-dimethyl aniline,  

a: L-proline: 5 mmol, TBAB: 5 mmol, temperature: RT (by reported method) 

b: L-proline: 5 mmol, TBAB: 5 mmol, temperature: 90
o
C 

 

The activity of Zn(OAc)2, Proline and synthesized Zn(Proline)2 complex were studied and the 

results are presented in Table 3A.3. Reaction did not proceed in the absence of catalyst 

indicating catalyst is essential for the reaction. Zn(OAc)2 is known to be active and selective 
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catalyst for the reaction and 98% conversion of aniline with 98.4% selectivity to MPC was 

observed in 3 h reaction time (Table 3A.3, Entry 10). The performance of Zn (Proline)2 complex 

was comparable to Zn (OAc)2, however with L-Proline alone as catalyst, the selectivity pattern 

was different. Thus 96.8% conversion of aniline with 3.5% selectivity to MPC, 76% selectivity 

to MMPC, 9% selectivity to NMA and 11.2% selectivity NNDMA was observed (Table 3A.3, 

Entry 8). Therefore few experiments were carried out with Proline as the catalyst at different 

time intervals. Proline exhibited poor selectivity towards MPC (45 %) showing 39 % aniline 

conversion in 0.5 h (30 min) reaction time. With further increase in reaction time (1-3 h) aniline 

conversion increased from 54 to 96.8%, with drop in MPC selectivity (21.6-3.5%) (Table 3A.3, 

Entry 5-8). Decrease in MPC selectivity was due to formation of alkylation by-products (NMA, 

MMPC and NNDMA). It is well known that DMC can act as alkylating or 

methoxycarbonylating agent depending on the nature of catalyst.
41-43 

Proline is an unusual 

naturally occurring amino acid with a secondary α -amino group, which makes it more basic than 

many other α-amino acids.
19 

Probably these basic sites are responsible for increase in the 

formation of alkylation by-products and affect the selectivity to MPC. 

In case of Zn (Proline)2 complex aniline conversion was high (97.6%)  with 98.7% selectivity to 

MPC (Table 3A.3, Entry 9); which is very close to that of the best homogeneous reported 

catalyst, i.e. zinc acetate (Table 3A.3, Entry 10). Proline is the most prominent amino acid for the 

coordination with Zn. Its secondary amino group and carboxylate function being ideally suited 

for Zn
2+

 in low coordination number, which makes Zn complex a moderately soft Lewis acid.
19

 

The moderate Lewis acid site of Zn (Proline)2 complex lead to the improved activity of catalyst 

towards methoxycarbonylation. Thus the improved performance observed with Zn (Proline)2 

may be because of the tuning of acid/base properties.  
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3A.8. Screening of M(Proline)2 complexes for methoxy-carbonylation of 

aniline with DMC 

In order to evaluate the performance of metal complexes as catalysts; various M 

(Proline)2 complexes with different M
2+

 metals (Ni, Co, Cu, Mg and Ca) were synthesized and 

screened for this reaction and the results are presented below in Table 3A.4. 

Table 3A.4: Screening of M
 
(Proline)2 complexes for methoxycarbonylation of aniline with 

DMC. 

Entry M
 
(Proline)2  

complex 

Aniline 

Conversion  

(%) 

MPC 

Selectivity  

(%) 

Sum of the selectivity’s 

of by-products  

(%) 

1 Zn (Proline)2 98.6 97.8 2.1 

2 Co (Proline)2 88.9 96 3.8 

3 Cu (Proline)2 58 94.5 5.1 

4 Ni (Proline)2 21 94.6 4.9 

5 Mg (Proline)2 16.4 95.8 3.9 

6 Ca (Proline)2 - - - 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst: 1.25wt%, reaction time: 3h, 

temperature: 170
o
C 

 

All synthesized M
 
(Proline)2 complexes were screened for methoxycarbonylation reaction and 

the results are presented in Table 3A.4. From the results it was clearly observed that the activity 

increased in the order: Mg (Proline)2 < Ni (Proline)2 < Cu (Proline)2 < Co (Proline)2 < Zn 

(Proline)2 with aniline conversion  in a range of 16.4 to 98.4% and selectivity to MPC >94% for 
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all the complexes screened. However Ca (Proline)2 was found to be inactive for the 

methoxycarbonylation of aniline (Table 3A.4, Entry 6). From the literature reports it was 

observed that the amino acids are known to form very weak complexes with alkali metal ions 

Mg(II) and Ca(II), showing the lower stability due to the large ionic radii.
34,35 

It may be noted 

that alkali metals don’t have outermost valance shell d orbital and hence they are not able to 

form stable metal complexes.
34 

This might be possible reason behind inactivity of Ca(Proline)2 

for methoxycarbonylation reaction. It is well known that stability of complexes increases with 

decrease in atomic size. In transition metal complexes (Co, Ni, Cu and Zn) Zn
2+

 possesses small 

atomic size as compared to other transition metals (1.52, 1.49, 1.45 and 1.42 A° respectively).
36

 

Zn
2+

 with filled d electronic shell forms very stable complex
36

 and its moderate Lewis acid site 

lead to the improved activity of catalyst towards methoxycarbonylation reaction observed 

(98.6% aniline conversion and 97.8% MPC selectivity) under identical reaction conditions. Best 

results were obtained with Zn among various divalent M (Proline)2 complexes investigated and 

hence Zn complexes of various amino acids were also screened for the reaction. The results are 

presented below. 

 

3A.9. Screening of different Zn(amino acid)2 complexes for methoxy-

carbonylation of aniline with DMC 

Zn(amino acid)2 complexes were screened as catalysts for the methoxycarbonylation of 

aniline with DMC and the results are summarized in Table 3A.5. Among various Zn (Amino 

acid)2 complexes, Zn (Proline)2 complex showed highest activity (Table 3A.5, Entry 1) with very 

high selectivity to MPC as the product and aniline conversion varied with the type of amino acid 

used. These results indicate that the nature of amino acid (chain length, secondary or primary 
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amine group and its affinities towards the Zn
2+

) used plays an important role in the activity of the 

catalyst.
22, 23 

Table 3A.5: Screening of various Zn (Amino acid)2 complexes for methoxycarbonylation of 

aniline and DMC. 

Sr.No. Zn (Amino acid)2 

complexes 

Aniline 

Conversion  

(%) 

MPC 

Selectivity  

(%) 

Sum of the 

selectivity’s of 

other byproducts 

(%) 

1 Zn-(Proline)2 98.6 97.8 2.1 

2 Zn-(Phenyl alanine)2 93.9 98.5 1.3 

3 Zn(Isoleucine)2 91.30 97.1 2.7 

4 Zn(Valine)2 49.82 82.3 17 

5 Zn(Alanine)2 27.19 71 28 

6 Zn(Aspargine)2 5.39 35 64.2 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst: 1.25wt%, reaction time: 3h, 

temperature: 170
o
C 

Proline is cyclic amino acid and contains secondary amine group; which has high affinity 

towards Zn
2+

. In Zn (Proline)2 complex the cyclic nitrogen atom of proline is directly attached to 

the Zn and forms stable complex and results in better activity towards methoxycarbonylation 

reactions. In case of other amino acids (aliphatic and aromatic) free amine functional (primary 

amine) group forms weak or non-covalent interactions with Zn
2+ 

leading to lower ability to form 

a stable complex and results in lower activity compared to Zn (proline)2. From the Table 3B.5 

(Entry 3, 4 and 5) it was observed that the activity increases with increase in chain length of 

aliphatic amino acid. The activity increased in the order: alanine < valine < isolucine. In case of 
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Aspargine (Table 3A.5, Entry 6) electron withdrawing (-NH2) groups are present on side chain of 

amino acid, which lowers activity of metal complex. Among all Zn (amino acid)2 complexs, Zn 

(Proline)2 showed the best activity, hence the detailed parametric study was carried out using 

Zn(Proline)2 complex. 

 

3A.10. Effect of reaction conditions 

The effect of Aniline:DMC molar ratio, reaction temperature and catalyst loading was 

investigated in detail for methoxycarbonylation of aniline with DMC using Zn (Proline)2 catalyst. 

All the experiments in this study were carried out with sampling in a time range of 1-5 h. 

conversion/selectivity Vs time profiles were obtained under various reaction conditions and are 

presented below. 

 

3A.10.1. Effect of catalyst loading 

Effect of catalyst loading on the reaction was investigated using Zn (Proline)2 catalyst 

(catalyst loading of 0.67-2.5 wt%) at 170
o
C temperature. Experiments were carried out at 1, 2, 3 

and 4 h reaction time for each catalyst loading to understand the reaction profile at different time 

intervals. Results obtained are presented in Table 3A.6. From the results it was observed that the 

aniline conversion was low (56.4%) with catalyst loading of 0.67 wt% in 1 h reaction time. With 

increased in reaction time (2-4 h) aniline conversion increased (66.7-91.8%) with slight decrease 

in MPC selectivity (96-93.9%). Decrease in MPC selectivity was observed due to the formation 

of alkylated by-products during reaction. Similar trend in aniline conversion and MPC selectivity 

was observed for catalyst loadings 1.25 and 2.5 wt% in 1-4 h reaction time (Table 3A.6, Entry 6-

14). Aniline conversion increased with increase in catalyst loading. Thus aniline conversion 
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increased from 81.5 % at catalyst loading of 0.67 wt% in 4 h to 99.2% in 4 h at a catalyst loading 

of 2.5 wt%, however, selectivity to MMPC increased to 6.7%. 

Table 3A.6: Effect of catalyst loading on methoxycarbonylation of aniline with DMC 

Entry 

 
 
 
 

Catalyst 

loading 

(mg) 

Reaction 

time 

(h) 

Aniline 

conv. 

(%) 

Selectivity (%) 

MPC  MMPC  NMA  NNDMA  

1 0.67 1 56.4 97.3 0.2 2.1 0.4 

2  2 66.7 96 1.2 1.7 0.9 

3  3 81.5 94.3 2.2 1.2 1.6 

4  4 91.8 93.9 3.1 0.6 1.9 

6 1.25 1 70.6 98.9 0 0.98 0.09 

7  2 95.7 98.5 0.2 0.74 0.1 

9  3 98.6 97.8 0.4 0.6 0.23 

10  4 99 96.7 1.7 0.3 1.2 

11 2.5 1 82.65 99.2 0.1 0.23 0.04 

12  2 96.8 99.4 0.31 0.12 0.08 

13  3 98.4 94.2 4.8 0.8 0.18 

14  4 99.2 91.5 6.7 0.5 0.9 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst [Zn (Proline)2]: 0.67-2.5 

wt%, reaction time: 1-4 h, temperature: 170
o
C 
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From the Fig. 3A.7 it was clearly observed that optimum results were obtained with catalyst 

loading of 1.25 wt% (98.6% conversion of aniline with 97.8% selectivity to MPC in 3 h reaction 

time) and hence further study was carried out with the same catalyst loading. 
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Figure 3A.7: Effect of catalyst loading on activity and selectivity of MPC 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst [Zn (Proline)2]: 0.67-

2.5wt%,  reaction time: 3 h, temperature: 170
o
C. 

 

3A.10. 2. Effect of Aniline:DMC molar ratio 

The effect of Aniline:DMC molar ratio (1:5-1:20) on the methoxycarbonylation reaction 

was investigated at 170
o
C with 1.25 wt% catalyst loading and the results obtained are presented 

in Table 3A.7. At lower aniline:DMC ratio (1:5) selectivity to MPC was marginally lower and 

N-methylated by-product formation was observed (Table 3A.7, Entry 1-4). Also, selectivity to 

MPC decreased (94.1% to 85.6%) with increase in reaction time (1 to 4 h) at aniline:DMC ratio 
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of 1:5. In contrast MPC selectivity was in a range of 96-99% during 1 to 4 h reaction time at 

aniline:DMC ratio of 1:10 and 1:20. 

Table 3A.7: Effect of aniline:DMC molar ratio on methoxycarbonylationof aniline with DMC 

Entry Aniline: 

DMC 

ratio 

Reaction 

time 

(h) 

Aniline 

conv. 

(%) 

Selectivity (%) 

MPC  MMPC  NMA  NNDMA  

1 1:5 1 72.9 94 0.2 5.4 0.3 

2  2 86 91.2 1.8 4.6 2 

3  3 87.3 88 4.5 3.8 3 

4  4 90.3 85.6 6.2 2.4 5.4 

5 1:10 1 70.6 98.9 0 0.98 0.09 

6  2 95.7 98.5 0.2 0.74 0.1 

7  3 98.6 97.8 0.4 0.6 0.23 

8  4 99 96.7 1.7 0.3 1.2 

9 1:20 1 86.6 99.2 0 0.5 0 

10  2 94.1 99 0.2 0.45 0.1 

11  3 97.8 98.5 0.85 0.24 0.13 

12  4 98.2 97.8 1.5 0.15 0.2 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, Aniline/DMC: 1:5-1:20, catalyst [Zn 

(Proline)2]: 1.25 wt%, reaction time: 3 h, temperature: 170
o
C 

The results clearly indicate influence of aniline concentration and aniline:DMC ratio on the 

activity and selectivity. From Fig.3A.8 it was observed that aniline conversion (87.3-97.8%) and 

selectivity to MPC (88-98.5%) increased with increase in aniline:DMC molar ratio (1:5-1:20) in 
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3h reaction time (Table 3A.7, Entry 3, 7 and 11). The reason is that the excessive DMC increases 

the conversion of aniline and favor shifting of the reaction equilibrium to MPC synthesis. Good 

results were observed with aniline:DMC ratio of 1:10 (98.6% conversion with 97.8% selectivity 

to MPC in 3 h) and hence further work was carried out with this ratio. 
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Figure 3A.8: Effect of aniline:DMC ratio on activity and selectivity of MPC 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, Aniline/DMC: 1:5-1:20, catalyst [Zn 

(Proline)2]: 1.25 wt%, reaction time: 3 h, temperature: 170
o
C. 

 

3A.10. 3. Effect of Temperature  

The effect of reaction temperature on methoxycarbonylation was investigated in a 

temperature range of 160-190
o
C by keeping other reaction conditions same (Table 3A.8). Aniline 

conversion was lower at 160
o
C (45.2 %) at 1 h reaction and increased to 93.5% in 4 h with high 

selectivity to MPC (98-99.3%). Formation of methylated products was observed with increase in 

reaction time. Aniline conversion increased with increase in temperature and selectivity to MPC 
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decreased from 96.7% in 4 h at 160
o
C to 88.5% in 4 h at 170

o
C. MMPC was observed as major 

methylated by-product (6.7 %) at 180
o
C. 

Table 3A.8: Effect of temperature on Methoxycarbonylation reaction of Aniline with DMC 

Sr. 

No. 

Reaction 

Temperature 

(
o
C) 

Reaction 

Time 

(h) 

Conversion 

% 

MPC 

selectivity 

(%) 

MMPC 

selectivity 

(%) 

NMA 

selectivity 

(%) 

NNDMA 

selectivity 

(%) 

1 160 1 45.2 99.3 0 0.64 0 

2  2 88.5 99.0 0.04 0.5 0.02 

3  3 92.2 98.6 0.2 0.35 0.18 

4  4 93.5 98 0.7 0.23 0.3 

5 170 1 70.6 98.9 0 0.98 0.09 

6  2 95.7 98.5 0.2 0.74 0.1 

7  3 98.6 97.8 0.4 0.6 0.23 

8  4 99 96.7 1.7 0.3 1.2 

9 180 1 94.5 97.3 0.7 1.8 0.3 

10  2 98.2 95.2 2.3 1.2 1.4 

11  3 98.9 91.4 4.2 2 2.3 

12  4 99.2 88.5 6.7 1.5 3.1 

Reaction conditions: Aniline: 25 mmol, DMC : 250 mmol, catalyst [Zn (Proline)2] : 1.25wt%, 

reaction time: 1-4 h, temperature: 160-180
o
C 

 

From the Fig.3A.9 it can be seen that aniline conversion increased (92.2-98.6%) with increase in 

temperature from 160-170
o
C with slight drop in selectivity to MPC (98.6-97.8%) in 3 h reaction 
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time. Aniline conversion increased marginally with further increase in reaction temperature 170 

to 180
o
C (98.6-98.9%), however, selectivity to MPC decreased significantly (97.8-91.4%) with 

increase in N-methylated by-products (Table 3A.8, Entry 9-12). Presence of excess DMC results 

in the alkylation of MPC formed as main product at extended reaction times. Results clearly 

indicate influence of temperature on activity as well as selectivity pattern. From the literature 

reports it was clearly observed that with increase in a reaction temperature the formation of N-

methylated products also increases. Li et al.
37

 also observed that  aniline conversion  and MPC 

selectivity  increased with the increase of reaction temperature from 120 to 170
o
C, and best 

results were observed at 170
o
C (85% aniline conversion with 93% MPC selectivity). With 

further increase of reaction temperature >190
o
C, aniline conversion 72% and MPC selectivity 

63% decreased apparently with the formation of alkylated by-products in large quantity.
37
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Figure 3A.9: Effect of reaction temperature on activity and selectivity of MPC 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst [Zn (Proline)2] :1.25 wt%, 

reaction time: 1-4 h, temperature: 160-180
o
C 
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Thus 98.6 % aniline conversion with 97.8 % selectivity to MPC was observed under optimized 

reaction conditions: aniline: DMC ratio: 1:10, temperature 170
o
C, catalyst loading: 1.25 wt% and 

reaction time: 3 h.  

 

3A.11. Screening of aromatic amines for methoxycarbonylation reaction with 

DMC 

Substituted anilines (1a-g) were screened under optimized reaction conditions and the 

results are presented in Table 3A.9. 

Table 3A.9: Screening of aromatic amines for methoxycarbonylation reaction with DMC 

 

Entry Substrate Product Conversion 

of amines 

(%) 

Aromatic 

carbamates 

Selectivity (yield) 

(%) 

1 

 

 
 

98.6 97.8 (96.4) 
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2 

 

 

78 96 (74.8) 

3 

 
 

64 89 (56.9) 

4 

 

  

99 97.3 (96.3) 

5 

 
 

98 

 

 

 

 

 

94 (92.1) 

 

 

 

 

6 

 
 

99 98 (97) 
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7 

 

 

92 95.7 (88) 

a
Reaction conditions: Substrate: 25 mmol, DMC: 250 mmol, catalyst [Zn (Proline)2]: 1.25wt%, 

reaction time: 3h, temperature: 170
o
C 

 b
 yield based on GC and confirmation of product done by GC-MS analysis (Annexure. 8-12) 

 

Various substituted anilines bearing electron donating and withdrawing substituents on the 

phenyl ring were well tolerated under the present reaction conditions and provided the 

corresponding desired products (2a–g) in good to excellent yields (Table 3A.9, Entries 1–7). 

Lower yield of products observed with ortho substituted aniline (Table 3A.9, Entry 3) was due to 

steric hinderance of the methoxy group. With para-methoxy aniline 92.1% yield of product was 

observed compared to 56.9 % observed with o-methoxyaniline (Table 3A.9, compare Entries 3 

and 5).  

 

3A.12. Stability of the Zn (Proline)2 (leaching test) 

 

In order to check the leaching of the Zn (Proline)2 complex into the reaction mixture 

during the course of the reaction, reaction was carried out at 170
o
C for 1 h under standard 

reaction conditions. The reaction was then stopped and catalyst was separated by filtration of hot 

reaction mixture (~70
o
C temperature). The reaction mixture was charged to the reactor and 

reaction was continued for one more hour at 170
o
C.  The results are shown in the (Fig. 3A.10). 
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Reaction did not proceed further in the absence of Zn (Proline)2, indicating that Zn (Proline)2 

complex did not leach in the reaction mixture. In contrast standard reaction in the presence of the 

catalyst proceeded smoothly. The above study ensured that the methoxycarbonylation is 

catalyzed by purely by a heterogeneous Zn (Proline)2 catalyst. 

 

Figure 3A.10: Leaching of the catalyst 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, catalyst [Zn (Proline)2] : 1.25wt%, 

reaction time: 1- 2-3 h, temperature: 170
o
C. 

 

3A.13. Recycle study of Zn (Proline)2 

Reaction of aniline and DMC was carried out as per the procedure described earlier. The 

catalyst from the reaction mixture was recovered by centrifugation, washed with DMC, and then 

dried overnight at 100
o
C for 12 h. The recovered catalyst was used to perform a new reaction by 

charging aniline and DMC to the reactor. Catalyst activities as well as selectivity to MPC 

decreased significantly during recycle experiments. The results obtained are presented in Table 
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3A.10. In order to understand the reason for drop in activity ICP analysis of reaction mixture was 

carried out and 1.6 ppm leaching of Zn from the catalyst was observed during recycle 

experiments. Probably part of the complex is decomposing during recycle experiment. XRD 

analysis of the spent catalyst was also carried out to find out the changes taking during recycle 

experiments. 

Table 3A.10: Recycle study using Zn (Proline)2 catalyst 

 Aniline 

Conversion (%) 

MPC 

Selectivity (%) 

Fresh 98.6 97.8 

Cycle 1 72.5 83 

Cycle 2 48 62 

 

Reaction conditions: Aniline: 25 mmol, DMC: 250 mmol, Zn (Proline)2: 1.25wt%, reaction 

time: 3h, temperature: 170
o
C. 
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Figure 3A.11: XRD pattern of fresh, recycle Zn (Proline)2 and * ZnO phase 
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XRD analysis of the fresh and recycled catalyst was carried out and the results are presented in 

Fig. 3A.11. For comparison XRD analysis of ZnO is also presented in the Fig. 3A.11. From the 

XRD pattern it was clearly observed that the peaks corresponding to Zn(Proline)2 (47-1919 

JCDPS) decreased for the recycled catalysts, while peaks corresponding to ZnO (2θ=31.7, 34.2, 

and 36.1°) appeared in the recycled catalysts and the intensity was prominent for catalyst 

recovered after second recycle. Thus probably formation of ZnO during recycle study is the 

reason for deactivation of Zn (Proline)2 catalyst. Li et al.
12 

also observed deactivation of 

Zn(OAc)2 and supported Zn (OAc)2 catalysts during reuse in their study. They attributed 

deactivation of the catalyst to the formation of ZnO because of the interaction of Zn (OAc)2 with 

methanol. 

 

3A.14. Proposed reaction mechanism 

The reaction mechanism for carbamate (MPC) synthesis by reaction of amine with DMC 

over Lewis acid catalyst has been investigated widely.
12,17,38

 Based on the literature reports and 

results obtained in the present work a plausible mechanism has been proposed (Fig. 3A.12). Zn
2+

 

from Zn (Proline)2 complex represents Lewis acid sites suitable for the methoxycarbonyltion 

reaction. Activation of DMC (generation of carbocation of DMC) takes place by interaction of 

DMC and Zn
2+

 (Fig. 3A.12, Step I). The loan pair on nitrogen of aniline attacks carbocation 

generated from activated DMC (Fig. 3A.12, Step II). Further internal rearrangement (Fig. 3A.12, 

Step III) leads to the formation of MPC as the product and methanol as the by-product. After 

dissociation of product from the catalyst surface active catalyst is regenerated back for the fresh 

reaction cycle (Fig. 3A.12, Step IV). 
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Figure 3A.12: Proposed mechanism for the Zn (Proline)2 complex catalyzed synthesis of MPC. 

 

3A.15. Conclusions 

Methoxy carbonylation reaction of Aniline with DMC was investigated out using 

M(amino acid)2 complexes as catalysts. Various Zn (amino acid)2 complexes were prepared by 

precipitation method. From which Zn (Proline)2 showed the best catalytic activity towards MPC 

synthesis, hence detailed parametric study of reaction was carried out using Zn (Proline)2 

catalyst. Good results were observed with aniline:DMC ratio of 1:10, reaction temperature of 

170
o
C and reaction time of 3 h (98.6% conversion with 97.8% selectivity to MPC). The results 

clearly show that Zn (Proline)2 is an efficient, Lewis acid catalyst for methoxycarboxylation 

reaction. However, activity decreased during recycles experiments. Comparison of XRD analysis 

of the fresh and recycled catalyst indicated the formation of ZnO during recycle, leading to drop 

in aniline conversion during recycle. 
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Chapter 3 B 

Synthesis of methyl phenyl carbamate by methoxycarbonylation of 

aniline with DMC using Ce-Zn-Zr mixed metal oxide catalyst 

3B.1. Introduction 

From the literature report it was observed that there are few reports on mixed metal oxide 

catalysts for methoxycarbonylation of aniline with DMC (Chapter 1 section 1.5.4.). Kang et al.
44

 

used PbO as catalyst for the synthesis of MPC at 170
o
C for 4 h, the conversion of aniline was 

obtained 81%. Though PbO has an advantage over the other catalysts, its use should be limited 

because the lead compounds are toxic and not friendly to the environment. In addition, Li et al.
45

 

used In2O3/SiO2 as catalyst, and the catalytic activity was low and 59.4% yield of MPC 

observed. Zhao et al.
46

 studied ZrO2/SiO2 MMO catalyst for the reaction and 98.6% aniline 

conversion with 79.8% MPC yield was obtained at 170
o
C in 7h with DMC:aniline mole ratio of 

20 and catalyst loading of 20 wt%. According to authors strong Lewis acid sites present on 

ZrO2/SiO2 surface results in higher selectivity towards MPC. However, catalyst activity 

decreased after 1
st
 recycles experiment. Therefore, it is important to develop heterogeneous 

catalyst that is environment friendly, stable and exhibits better activity for the 

methoxycarbonylation reaction.  

CeZr mixed metal oxide is a known Lewis acid catalyst and is used as stable and active catalyst 

in many organic transformations.
48-50

 In recent years there are many efforts on the enhancement 

of Lewis acid sites by incorporating third metal cation into CeZr MMO lattice to improve the 

catalytic activity.
47-50,62 

Methoxycarbonylation of aromatic amines are also catalyzed by Lewis 

acid catalysts
46,51 

Based on the above discussion, the aim of this work was to develop highly 
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active and selective catalyst with proper balance of acid base sites on the catalyst. In light of this 

various Ce3ZnxZr1 catalysts were synthesized by co-precipitation method (x = 0 to1) and calcined 

at 550
o
C/6 h. Catalysts were further characterized by XRD, BET, TEM, NH3 TPD and XPS 

analysis in detail. Optimization of reactions was carried out and catalyst stability was also 

investigated.  

 

3B.2. Materials 

DMC (99.5%), Zn (OAc)2 (99.8%), Aniline (99%), N-N-dimethyl aniline (99.8%), N-

methyl aniline (99.2%), DMC (99.5%), Mg(NO3)2.6H2O (99.5%), Zn(NO3)2.6H2O (99.5%), 

Co(NO3)2.6H2O (99.8%), Ni(NO3)2.6H2O (99%), NaOH (99.5%), Na2CO3 (99.5%), were 

obtained from Loba Chemical Co. ZrO(NO3)2.H2O (99.8%), Y(NO3)3.4H2O  IPA (99.5%), 

methanol (99.8%), Fe (NO3)3.9H2O (98%), toluene (99.8%) were purchased from Merck India. 

 

3B.3. Catalysts preparation (binary and ternary MMOs) 

Syntheses of binary and ternary mixed metal oxides (MMOs) was carried out by co-

precipitation method.
52-54

 The solution A contains mixture of binary/ternary metal precursors in 

appropriate molar ratios (as listed in Table 3B.1) dissolved in distilled water. Solution B contains 

NaOH (1.2 M) and Na2CO3 (0.1 M) dissolved in distilled water. The solutions A and B were 

simultaneously added drop wise in 100 ml de-ionized water with vigorous stirring at room 

temperature. During addition, pH of the solution was maintained at 10-11 by addition of 

appropriate amount of solution B. The formed suspension was continuously stirred for 30 min 

and aged at 70˚C for 12 h. Finally the solid formed was separated by filtration and washed 
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thoroughly with deionized water until pH of the water wash became neutral. Resultant solid was 

then dried at 100°C for 12 h and calcined at 550
o
C for 6 hours in air. 

Ce3ZnxZr1 mixed metal oxides were synthesized by same (co-precipitation) method, 

where x= 0 to1 mmol and the CeZr ratio was kept constant at 3:1. Catalysts synthesized 

were calcined at 550
o
C for 6 hours in air and labelled as named as Ce3Zr1, Ce3Zn0.25Zr1, 

Ce3Zn0.5Zr1, Ce3Zn0.75Zr1, Ce3Zn1Zr1 and Zn3Zr1 respectively. 

Single-metal oxides (CeO, ZrO2 and ZnO) were synthesized using the same protocol by 

using aqueous solution of the respective nitrate precursor. 

 

3B.4. Experimental Procedure 

The reaction of aniline and DMC was carried out in a 50 mL stainless autoclave (Parr 

reactor) with constant stirring. In a typical experiment aniline 25 mmol, DMC 500 mmol and 

(binary /ternary) mixed metal oxide catalyst 10 wt% relative to aniline, were charged to the 

reactor. The contents were heated to the desired temperature with slow stirring (~100 rpm). Once 

the temperature (180
o
C) was reached the reaction was started by increasing stirring speed to 

1000 rpm and the reaction was carried out for desired time duration (2 h).  The reactor was 

cooled to room temperature, the catalyst was recovered by centrifugation, and the quantitative 

analysis of the reaction mixture was carried out using Agilent 6890 GC (FTD detector, Innowax 

column). Confirmation of MPC was done by GC-MS analysis (Annexure 2). 

 

3B.5.Analytical methods 

Quantitative analysis by GC and confirmation of all products by GC-MS / NMR were 

carried out. All details are given in Chapter 3A .5 (Annexure 2-7). 
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3B.6. Screening of mixed metal oxides for methoxycarbonylation of aniline 

with DMC  

MMOs act as Lewis acid catalysts for various organic transformations.
55-58

 

Methoxycarbonylation of aromatic amines is also cataltzed by Lewis acid catalysts
46,51

 and hence 

selected MMOs synthesized were screened for MPC synthesis and the results obtained are 

presented in Table 3B.1. 

Table 3B.1:  Screening of binary /ternary MMOs for synthesis of MPC from aniline and DMC 

Entry Catalyst Conversion 

Aniline 

 (%) 

Selectivity (%) 

MPC Sum of other by products 

1 Ce3:Zr1 54 72 27.6 

2 Zn3:Zr1 43 62 38.2 

3 Y3:Zr1 42 52 47 

4 Ce3:Al1 33 60 39.4 

5 Zr3:Y1 30.5 42 57 

6 Zn3:Al1 20.5 34.2 65 

7 Ni3:Al1 19.8 12.5 86.2 

8 Co3:Al1 26.3 58 41.6 

9 Ce3:Zn0.5:Zr1 98.4 98.6 1.3 

10 Y3:Zn0.5: Zr1 64 78 21.3 

Reaction conditions: Aniline: 25 mmol, DMC: 500mmol, Aniline/DMC:1/20, Catalyst: 10 wt % 

relative to aniline, Reaction Time: 2 h, Temperature: 180˚C. 

Various mixed metal oxides used as Lewis acid catalysts in other transformation were screened 

for methoxycarbonylation of aniline with DMC. From the results presented in Table 3B.1 it was 
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observed that all catalysts were active for methoxycarbonylation and aniline conversion was 

observed in a range of 19.8 to 54% with DMC selectivity in a range of 12.5 to 72% with 

alkylated compounds as by-products (Table 3B.1, Entries 1-7). In all the cases NMA and MMPC 

was found to be the major by-product. Among all binary MMOs Ce3:Zr1 showed good activity 

(54% aniline conversion with 72% MPC selectivity) with 27.6% alkylated by-products (MMPC 

as major byproduct 12% along with NMA 9.6%). Very Low activity was observed with Ni3:Al1 

mixed metal oxide: 19.8% aniline conversion, 12.5% MPC selectivity with 86.2 % alkylated 

byproducts (NMA formed as a major byproduct with 52% selectivity). Thus aniline conversion 

and product selectivity pattern changed significantly with combinations of different metals used 

in the mixed metal oxides screened. Alkylation of aniline was the main side reaction with all 

catalysts investigated. The difference in activity and selectivity observed was due to the acid 

base properties of metal cations used. DMC is known to catalyze both methylation and 

methoxycarbonylation reactions and the activity is dependent upon the acid base properties of 

catalyst.
41-43

 Since N-methylation by-products were dominating selectivity, it was thought to 

modify acid base properties of the binary MMO by incorporation of third metal. Good results 

were obtained with Ce3:Zr1 and Y3:Zr1 MMOs and hence Zn was used as third metal; since it is 

amphoteric with mild Lewis acid properties. 

Aniline conversion as well as selectivity to MPC improved significantly with 

incorporation of Zn as third metal in Ce3:Zr1 and Y3:Zr1 MMOs (Table 3B.1, Entries 9 and 10). 

Best results (98.4% conversion of aniline with 98.6% selectivity to MPC) were obtained with 

Ce3:Zn0.5:Zr1 as the catalyst (Table 3B.1, Entry 9). The results clearly indicated positive effect of 

incorporation of Zn as third metal on aniline conversion and selectivity to DMC. In order to 

understand the role of third metal in enhancing activity and selectivity to DMC; systematic study 
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on the effect of third metal loading (Zn) on the performance of the catalyst was investigated in 

detail and the results are presented below. 

 

3B.7: Effect of Zn concentration 

Ce3ZnxZr1 MMOs were synthesized by co-precipitation method by varying Zn 

concentration (0-1 mole equivalent) and Ce:Zr molar ratio was kept constant at 3:1. All the 

MMOs were screened for methoxycarbonylation reaction and the results obtained are presented 

in Table 3B.2. 

Table 3B.2: Effect of Zn loading on the activity and selectivity with Ce3Zr1 catalyst 

Entry 

 

Zn loading 

(mol) 

Conversion 

(%) 

 Selectivity (%) 

MPC MMPC NMA NNDMA 

1 Ce3Zr1 (0) 54 72 12 9.6 6 

2 Ce3Zn0.25Zr1 (0.25) 81 87.6 5.6 2.9 3.7 

3 Ce3Zn0.5Zr1 (0.5) 98.4 98.6 0.24 0.6 0.1 

4 Ce3Zn0.75Zr1 (0.75) 94 92.6 3.2 1.2 2.7 

5 Ce3Zn1Zr1  92 90.8 4.2 0.95 3.4 

6 Zn3Zr1 43 62 3.5 27 7.2 

7 CeO2 10 75 - 24 - 

8 ZnO 4 68 - 32 - 

9 ZrO2 - - - - - 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Catalyst: 10 wt 

%  relative to aniline, Reaction Time: 2 h, Temperature: 180˚C. 
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From the results it was observed that Ce3Zr1 showed 54% aniline conversion with 72, 12 and 

9.6% selectivities to MPC, MMPC and NMA respectively. Aniline conversion as well as 

selectivity to MPC increased with incorporation of Zn in the MMO. Thus aniline conversion of 

81% with 87.6% selectivity to MPC was observed with Ce3Zn0.25Zr1 (Zn incorporation of 0.25 

mol) also selectivity to MMPC (5.6) and NMA (2.9) decreased significantly. Aniline conversion 

(98.4%) as well as MPC selectivity (98.6%) increased with further increase in Zn incorporation 

of 0.5 molar equivalent (Ce3Zn0.5Zr1) and decreased marginally with further increase in Zn 

content (Table 3B.2, Entries 4-6). Drop in MPC selectivity at higher Zn loading (0.75-1) was 

observed due to formation of alkylated by products (MMPC and NMA). Thus best results were 

obtained with Ce3Zn0.25Zr1 as the catalyst. 

In order to compare the activities of individual oxides, binary mixed metal oxides with best 

catalyst (Ce3Zn0.25Zr1) few experiments were carried out and the results are presented in Table 

3B.2 (Entries 6-9). It was observed that single metal oxide showed poor catalytic activity and 

selectivity for methoxycarbonylation. Thus aniline conversion was in a range of 4-10% with 

MPC selectivity in a range of 68-75%. ZrO2 was inactive for the reaction. Reaction carried out 

with Zn3Zr1 showed 43% conversion of aniline with 62% selectivity to MPC. In contrast best 

results (98.4% conversion of aniline with 98.6% selectivity to MPC in 2 h) were observed with 

Ce3Zn0.5Zr1 catalyst (Zn incorporation of 0.5). The observed variation in activity and selectivity 

observed may be due to the changes in structural and physiochemical properties of the catalyst 

with incorporation of Zn. Hence to understand the effect of Zn concentration in Ce3Zr1 MMO on 

the activity and selectivity pattern, all catalysts were characterized in detail and the results are 

discussed below.  
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3B.8. Result and discussion 

3B.8.1. Characterization techniques of Ce3ZnxZr1MMOs 

3B.8.1.1. XRD analysis  

 XRD analysis of all the Zn incorporated catalysts Ce3ZnxZr1 was carried out and the 

results are presented in Fig.3B.1. XRD of ZnO and CeO2 are also included for comparison. The 

lattice parameter (A
o
) and average crystal size calculated from XRD analysis are also presented 

in Table 3B.3. 
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Figure 3B.1: XRD patterns of all synthesized single, binary and ternary MMOs. 

XRD analysis of CeO2 has four main diffraction peaks cantered at 2θ=28.9, 33.4, 47.9 and 57.0°; 

which can be assigned to the fluorite-type cubic CeO2 structure. In XRD spectrum of Ce3Zr1 

peaks corresponding to CeO2 were observed. However, peaks corresponding to ZrO2 diffraction 

were not observed; indicating incorporation of Zr
4+ 

ions into the ceria lattice structure. This was 
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also confirmed by considerable shift of the 2θ (28.63 to 28.79°) values of Ce3Zr1 peak at higher 

diffraction position in comparison with pure CeO2 (JCPDS 34394). It was assigned to the lattice 

shrinking after the replacement of Ce
4+ 

(ionic radius: 0.097 nm) by smaller Zr
4+ 

ions (0.083 nm), 

revealing the formation of uniform Ce–Zr–O solid solution.
59-61 

Moreover, the lattice parameter 

A
o 
of Ce3Zr1 was 5.355A

o
 and crystal size 10 nm which was less compared to that of pure CeO2 

(5.381A
o
 and 18 nm respectively).This was in good agreement with the result obtained by CaO 

et al.
62

 

Table 3B.3 : Lattice parameter (A
o
) and average crystal size of synthesized mixed metal oxides 

Entry Sample Lattice 

parameter (A
o
) 

Average 

crystallite 

size 

(nm) 

1 CeO2 5.381 18 

2 Ce3Zr1 5.355 10 

3 Ce3Zn0.25Zr1 5.352 11 

4 Ce3Zn0.5Zr1 5.350 13 

5 Ce3Zn0.75Zr1 5.350 32 

6 Ce3Zn1Zr1  5.348 57 

7 Zn3Zr1 - 75 

                             Average crystal size: τ =Kλ/β cos θ 

From the comparison of the XRD patterns of Zn substituted MMOs (Ce3Zn0.25Zr1 and 

Ce3Zn0.5Zr1) with that of Ce3Zr1 (Fig. 3B.1), it is observed that the 2θ value for peak 

corresponding to (111) plane is shifted from 28.79 to 28.83
o
. The shift in the position probably 
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indicates the incorporation of Zn in the Ce3Zr1 lattice. In addition, the lattice parameter of Zn 

incorporated MMOs also declined from 5.355 A
o 

to 5.352-5.350 A
o
 implying the presence of 

ternary metal oxide solid Ce–Zn–Zr–O. Peaks of other crystalline phases, including ZnO (2θ = 

31.8, 34.3, 36.2, 38.1) were not observed in these two samples. This also indicates that Zn is 

homogeneously dispersed in the Ce3Zn0.25Zr1 and Ce3Zn0.5Zr1 MMOs. Decrease in lattice 

parameter (Table 3B.3) observed was due to the smaller ion radii of Zr
4+ 

(0.086nm), Zn
2+ 

(0.088 

nm) as compared to Ce
4+

 (0.101 nm).
59 

These results also indicate that there is strong interaction 

between Zinc and cerium for Ce3Zn0.25Zr1 and Ce3Zn0.5Zr1 which leads to the high dispersion of 

this Zn on Ce3Zr1 oxide. With further with increase in Zn concentration (Ce3Zn0.75Zr1 and 

Ce3Zn1Zr1); ZnO phase was clearly observed in these samples. This may be due to 

agglomeration of excess ZnO partials on Ce3Zr1 surface. XRD analysis indicates that ZnO is 

incorporated in the Ce3Zr1 phase till Zn concentration of 0.5 and peaks corresponding to ZnO 

were not observed. However, with further increase in Zn loading (0.75 to 1) peaks corresponding 

to ZnO were observed, indicating deposition of excess ZnO on Ce3Zr1 surface which lead to 

significant increase in crystal size 32-75nm. 

 

3B.8.1.2. TEM analysis  

TEM analysis of all Ce3ZnxZr1 mixed metal oxide catalysts prepared was carried out and 

the results are presented in Fig. 3B.2. 

The bulk surface of the Ce3Zr1 oxide was observed to be relatively uniform with spherical 

particles. Ce3Zr1 oxide was apparently nanocrystalline with an average particle size of 10-12 nm 

(Fig.3B.2A). In case of Zn incorporated MMOs Ce3Zn0.25Zr1 and Ce3Zn0.5Zr1 and Ce3Zn0.75Zr1, it 

was difficult to distinguish the Zn species from the Ce3Zr1 support (Fig. 3B.2 B, C and D). With 
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increase in Zn concentration Ce3Zn1Zr1 and Zn3Zr1 (Fig. 3B.2 E and F) agglomerated ZnO 

partials were clearly observed. Agglomeration of ZnO particles leads to increase in crystal size 

and lowering the uniformity on the surface.
60

 

 

 

Figure 3B.2: TEM images of A) Ce3Zr1  B) Ce3Zn0.25Zr1  C) Ce3Zn0.5Zr1  D) Ce3Zn0.75Zr1  E) 

Ce3Zn1Zr1  F) Zn3Zr1 

 

3B.8.1.3. Surface area and pore volume  

The physicochemical properties of the catalysts prepared were estimated and the results 

are presented in Table 3B.4. 
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Table 3B.4: Surface area and pore volume of synthesized Ce3ZnxZr1 MMOs. 

Sample Surface area 

m
2
/g 

Pore volume 

Cc/g 

Ce3Zr1 84 0.08288 

Ce3Zn0.25Zr1 90 0.084 

Ce3Zn0.5Zr1 94 0.088 

Ce3Zn0.75Zr1 73 0.079 

Ce3Zn1Zr1 69 0.012 

Zn3Zr1 58 0.068 

 

The specific surface area of synthesized Ce3Zr1 after calcination at 550
◦
C was 84 m

2
/g. The 

surface area increased with the incorporation of Zn in Ce3Zr1 from 90 m
2
/g for Ce3Zn0.25Zr1 to 94 

m
2
/g for Ce3Zn0.5Zr1. Surface area decreased significantly with further increase in Zn loading (73 

m
2
/g at Zn loading of 0.75 and 58 m

2
/g at Zn loading of 1), indicating that the ZnO particles are 

deposited on the external surface of Ce3Zr1. The deposition of ZnO particles leads to decrease in 

pore size of samples with increase in Zn loading. The size of the Zn particles outside of the 

Ce3Zr1 pores was unrestricted, and these particles were free to grow with increase in Zn loading, 

resulting in the observed significant increase in crystallite size from 32 to 75 nm (Table 3B.3, 

Entry 5-7); resulting in decrease in surface area. 

 

3B.8. 1.4. XPS analysis  

The XPS analysis of all the catalysts was carried out and the presence of all components 

was confirmed based on the binding energies values. The XPS analysis of Ce, Zn, Zr and O was 
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carried out in detail for all the samples and the results are presented in Fig. 3B 3-5 and Table 

3B.5. The XPS spectrum of Ce 3d was complex in nature and was fitted into ten peaks with the 

assignment defined in Fig.3B.3. These peaks are corresponding to five pairs of spin-orbit 

doublets, and were donated as vo (881.7 eV), v (882.9 eV), v′(885.7 eV), v″ (889.0 eV), v'''   

(897.6 eV), uo (899.1 eV), u (901.2 eV), u′ (903.0 eV), u″ (907.7 eV), and u''' (916.8 eV), The 

peaks denoted as “V” represent the Ce 3d 5/2 spin-orbit components and those labeled as “U” are 

attributed to the Ce 3d 3/2 spin-orbit components.
61,62 

The peaks labeled as Vo, V’, Uo and U’ 

are assigned to Ce
3+ 

species, while those labeled as V, V”, V”’, U, U” and U”’, are assigned Ce
4+ 

species. XPS analysis indicated that both Ce
3+ 

and Ce
4+ 

species were present in all samples.  

 

Table 3B.5. Surface composition and relative atomic ratio of Ce3d and O1s for the Ce3ZnxZr1 

MMOs determined from XPS measurements.   

Entry Sample %  

Ce
3+

 : Ce
4+

 

 

O
׳
: O

Ce ׳׳
3+

 Ce
4+

 O
O ׳

 ׳׳

1 Ce3Zr1 32 68 82 18 0.47 0.21 

2 Ce3Zn0.25Zr1 39 61 67 33 0.64 0.49 

3 Ce3Zn0.5Zr1 46 54 52 48 0.85 0.92 

4 Ce3Zn0.75Zr1 41 59 73 27 0.69 0.36 

5 Ce3Zn1Zr1 35 65 76 24 0.53 0.31 

6 Zn3Zr1 nd nd 85 15 nd 0.17 

Concentration of O 1s: O
׳
= O

׳
/ (O

׳׳
+O

׳
) and O

׳׳
= O

׳׳
/(O

׳
+O

׳׳
) 
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The relative percentages of Ce
3+

 and Ce
4+

 were calculated from the area ratio of Ce
3+

/ (Ce
4+

+ 

Ce
3+

) ×100, and Ce
4+

/ (Ce
4+

+ Ce
3+

)×100. For this purpose deconvolution of peaks (Fig. 3B.3) 

was carried out for all the samples and the results are presented in Table 3B.5. For Ce3Zr1 the 

Ce
4+

/ (Ce
4+

+ Ce
3+

) ratio was 68% and Ce
3+

/(Ce
4+

+ Ce
3+

) ratio was 32%. The percentage of Ce
3+ 

increased with Zn loading (Ce
3+

: 39 and 46%, Zn loading: 0.25 and 0.5 molar equivalent) till Zn 

loading of 0.5 with decrease in Ce
4+

 percentage (Ce
4+

:61-54%, Zn loading: 0.25 and 0.5 molar 

equivalent). With further increase in Zn loading (0.75-1 molar equivalent) decrease in Ce
3+

/ 

(Ce
4+

+ Ce
3+

) ratio with increase in Ce
4+

/(Ce
4+

+ Ce
3+

)  was observed (Table 3B.5, Entries 4 and 

5).
62 

The observed result was probably due to the synergistic effect between Zn and Ce, which 

leads to some electronic interaction.
62

 The mixing of Zn and Ce together can cause a redox 

reaction such as Zn
2+

+ Ce
3+

↔ Zn
+
+ Ce

4+
. The transformation of Ce

4+ 
to Ce

3+ 
can create the 

charge imbalance and oxygen vacancy on the surface, which facilitates the adsorption of oxygen 

species or activates reactants in the reaction.
62,63 

Zn incorporated in the lattice is maximum at Zn 

loading of 0.5 according to XRD analysis (See Section 3B.8), thus mixing of Ce and Zn will be 

maximum at this Zn loading. At higher Zn loading ZnO is deposited on the Ce3Zr1 surface and 

does not interact with Ce and leads tom decrease in Ce
3+

 concentration in these samples. 

Zhu et al.
62

 Observed the same phenomenon in Cux-Ce0.5-xZr0.5 catalyst used in the NH3-SCR of 

NO reaction. According to XPS studies, the synergistic effect between Cu and Ce leads to some 

electronic transfer, Cu
2+ 

+ Ce
3+

↔ Cu
+ 

+ Ce
4+

, increasing the amount of active oxygen species 

(oxygen vacancy). In addition, the synergistic effect also increased the acidity on the surface of 

catalyst, which is beneficial to the NH3-SCR reaction. 
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Figure 3B.3: Ce 3d 3/2, 5/2 XPS spectrum of synthesized Ce3ZnxZr1 MMOs 

 

The high-resolution XPS spectrum for the O 1s ionization for all Ce3ZnxZr1 MMOs prepared is 

presented in Fig. 3B.4. The O 1s peaks for all MMOs are numerically fitted with two 

components (Fig.3B.4). The primary band O
׳
 (529.7eV) is attributed to the O 1s ionization for 

oxygen of the metal oxides (lattice oxygen), while the shoulder O
׳׳
 (531.1 eV) at slightly higher 

binding energy is the result of chemisorbed oxygen (oxygen vacancy sites). We can notice that 

the O 1s ionization features for all of the catalysts are very similar (Fig. 3B.4). According to the 

literature, the chemisorbed oxygen species are more reactive than the lattice oxygen because of 
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its higher mobility.
64,65

 The relative concentration ratio of O
 ׳
to O

׳׳
 for all catalysts is summarized 

in Table 3B.5. The O
 ׳
to O

׳׳
 ratio for Ce3Zr1 is 0.21. The ratio increased with Zn loading (O

 ׳
to O

׳׳
 

ratio: 0.49 and 0.92, Zn: 0.25 and 0.5 respectively). However, the ratio decreased significantly 

with further increase in Zn loading (O
 ׳
to O

׳׳
 ratio: 0.36 and 0.31, Zn: 0.75 and 1.0 respectively). 

The results indicate that Ce3Zn0.5Zr1 contains more chemisorbed oxygen species than other 

mixed metal oxides prepared (Table 3B.5). 
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Figure 3B.4: O1s XPS spectrum of synthesized Ce3ZnxZr1 MMOs 
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Figure 3B.5 : XPS spectra of (A) Zr3d and (B) Zn 2p of all synthesized Ce3ZnxZr1 MMOs. 

XPS analysis of Zr 3d and Zn 2p carried out for all Ce3ZnxZr1 MMOs prepared are presented in 

Fig. 3B.5 A and B respectively. The binding energy of Zr in Ce3Zr1 and Zn3Zr1 observed at 

182.1eV is consistent with the reported value for pure ZrO2 (Zr
4+ 

182.1 eV).
 
However, the 
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binding energy of Zr in Zn incorporated mixed metal oxide samples were observed to be slightly 

lower and in a range of 180.9-181.7 eV. Based on this the oxidation state of Zr in Zn 

incorporated samples is mainly 3
+
. Moreover, the peak positions of Zr 3d for Zn incorporated 

samples has shifted toward lower binding energy than that for Ce3Zr1 and Zn3Zr1, suggesting that 

partial charge shift may occur from zinc and cerium species to zirconium species.  According to 

the literature, it may be have according to the two possible reactions as follows: Zn
+ 

+ Zr
4+ 

↔ 

Zn
2+ 

+ Zr
3+ 

and Ce
4+ 

+  Zr
3+ 

↔ Ce
3+ 

+ Zr
4+

.
62

 

 

3B.8.1.5. NH3-TPD analysis  

Acid properties of the synthesized Ce3ZnxZr1 MMOs were studied using NH3-TPD 

analysis and the results are presented in Fig. 3B.6. Quantity of NH3 desorbed from the weak (< 

250
o
C), moderate (250-450

o
C) and strong (> 450

o
C) acidic sites are shown in Table 3B.6. 

Table 3B.6:  Acid properties of synthesized mixed metal oxides 

Entry Sample name Desorbed NH3 

(μmol /g) 

Total amount 

of acid sites 

(μmol /g) Weak 

< 250
o
C 

Moderate 

250-450
o
C 

Strong 

 450
o
C 

1 Ce3Zr1 122 137 38 297 

2 Ce3Zn0.25Zr1 130 156 41 327 

3 Ce3Zn0.5Zr1 144 163 59 366 

4 Ce3Zn0.75Zr1 135 143 46 324 

5 Ce3Zn1Zr1 132 129 42 303 

6 Zn3Zr1 124 115 25 264 
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Figure 3B.6: NH3 TPD of Ce3ZnxZr1 MMOs. 

As shown in Fig. 3B.6 and Table 3B.6; total acidity present in the binary metal oxides Ce3Zr1 

and Zn3Zr1 was 297 and 264 μmol/g respectively. Among these the contribution of weak and 
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medium strength acid sites was high for both the samples. Total acidity increased with Zn 

incorporation till 0.5 molar equivalents (Table 3B.6 Entries 2 and 3). With further increase in Zn 

loading total acid sides decreased (Table 3B.6, Entries 4 and 5). Thus total Acid sites varied in 

the order: Ce3Zr1 < Ce3Zn0.25Zr1 < Ce3Zn0.5Zr1 > Ce3Zn0.75Zr1 > Ce3Zn1Zr1 > Zn3Zr1. Among all 

synthesized MMOs Ce3Zn0.25Zr1 showed the highest amount of weak (144 μmol/g) medium (163 

μmol/g) and strong (59 μmol/g) acid sites based on the area of NH3 desorption peak calculated by 

peak integral (Table 3B.6). Best result was observed with Ce3Zn0.25Zr1 mixed metal oxide as the 

catalyst and may be attributed to the presence of highest amount of total acid sites. 

Based on the characterization results and discussion above, it can be concluded that ZnO is 

incorporated in the Ce3Zr1 phase till Zn concentration of 0.5. However, with further increase in 

Zn loading (0.75 to 1) peaks corresponding to ZnO were observed (XRD Fig.3B.1.), indicating 

deposition of excess ZnO on Ce3Zr1 surface which lead to significant increase in crystal size 32-

75nm. Agglomeration of ZnO particles leads to increase in crystal size and lowering the surface 

area and pore size, which was clearly observed from TEM analysis (Fig.3B.2). On the other hand 

the synergic effect between Zn and Ce oxides leads to the enhancement of electronic interaction 

through the redox reactions of Zn
2+ 

+ Ce
3+

↔ Zn
+ 

+ Ce
4+  

thus, increasing the amount of active 

oxygen species (oxygen vacancy) (see Table 3B.5). This synergic effect also increases the 

acidity on the surface of catalyst, which increases the activity towards methoxycarbonylation. 

Replacing cerium ions by cation having small ionic radii (Zn) increases the ion mobility inside 

the modified lattice, resulting in the formation of a defective fluorite-structured solid solution, 

Such modifications in the defect structure of ceria confer new properties to the catalyst such as 

better resistance to sintering at high temperatures and high catalytic activity for various 

reactions.
67,

 The mixing of two different oxides could result in the formation of new stable 
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compounds that may lead to totally different physico-chemical properties and catalytic behavio
61-

63
 as observed in the present work. Best results were obtained with Ce3Zn0.5Zr1 MMO as the 

catalyst and hence detailed optimization study was carried out using this catalyst/ 

 

3B.9. Effect of reaction conditions 

The effect of aniline:DMC molar ratio, reaction temperature and catalyst loading was 

investigated in detail for methoxycarbonylation of aniline with DMC using Ce3Zn0.5Zr1 MMOs 

catalyst. All the experiments in this study were carried out with sampling in a time range of 1-5 

h. conversion/selectivity Vs time profiles obtained under various reaction conditions are 

presented below. 

 

3B.9.1. Effect of catalyst loading 

Effect of catalyst loading on the reaction was investigated using Ce3Zn0.5Zr1 MMO as the 

catalyst (catalyst loading of 5-15 wt%) at 180
o
C temperature (Table 3B.7). Experiments were 

carried out at 1, 2, 3 and 4 h reaction time for each catalyst loading to understand the reaction 

profile at different time intervals. Results obtained are presented in Table 3B.7 and aniline 

conversion profiles are presented in Fig. 3B.7. From the results it was observed that the activity 

was low with catalyst loading of 5 wt% in 1 h (60 % conversion with 92.7% MPC selectivity). 

Activity increased with reaction time and reached 98.2 % aniline conversion with 94.6 % 

selectivity to MPC in 4 h. MPC selectivity increased till reaction time of 3 h (97%) and 

decreased marginally at 4 h with increase in MMPC selectivity (Table 3B.7, Entry 4). 
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Table 3B.7: Effect of catalyst loading on methoxycarbonylation of aniline with DMC 

Entry Catalyst 

loading 

(wt%) 

Time 

(h) 

Aniline 

conversion 

(%) 

Selectivity (%) 

MPC MMPC 

 

NMA 

 

NNDMA 

 

1 5 1 60 92.7 0.9 5.2 0.2 

2 5 2 87 95.8 1 2.3 0.39 

3 5 3 92.5 97 1.2 0.9 0.7 

4 5 4 98.2 94.8 2.6 0.5 1 

5 10 1 73 97 0.08 1.9 - 

6 10 2 98.4 98.6 0.1 1.2 0.09 

7 10 3 98.6 96.6 1.4 1 0.6 

8 10 4 98.5 95 2.6 0.6 0.9 

9 15 1 84.8 97.6 - 2.3 - 

10 15 2 96.3 96.6 1.6 1.5 0.2 

11 15 3 98.2 95.7 2.3 1.2 0.3 

12 15 4 97.9 90.5 7.9 0.9 0.6 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Catalyst 

(Ce3Zn0.5Zr1)  : 5-15 wt % relative to aniline, Reaction Time: 1-4 h, Temperature: 180˚C. 

Aniline conversion increased with increase in catalyst loading with high selectivity to MPC. 

Drop in MPC selectivity because of the formation of methylated by-products was observed at 

longer reaction times and was prominent at higher catalyst loading. Thus 97.9% conversion of 

aniline with 90.9% selectivity to MPC, 7.9% selectivity to MMPC was observed with 15% 

catalyst loading at 4 h reaction time. Optimum results were obtained with catalyst loading of 10 
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wt% (98.4 % conversion of aniline with 98.6% selectivity to MPC in 2 h) and further work was 

carried out with the same catalyst loading. 
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Figure 3B.7: Effect of catalyst loading on aniline conversion w.r.t reaction time 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Catalyst 

(Ce3Zn0.5Zr1)  : 1.25-15 wt % relative to aniline, Reaction Time: 1-4 h, Temperature: 180˚C. 

 

3B.9.2. Effect of Aniline: DMC molar ratio 

The effect of aniline:DMC molar ratio on the activity and selectivity was investigated at 

180
o
C with 10 wt% catalyst loading. The results are presented in Table 3B.8 and Fig. 3B.8. 

Aniline conversion and selectivity to MPC increased with increase in aniline:DMC molar ratio. 

The reason is that the excessive DMC would ensure the high conversion of aniline and shifting 

the reaction equilibrium in favor of MPC synthesis. 
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Table 3B.8: Effect of aniline:DMC molar ratio on methoxycarbonylation reaction of aniline with 

DMC 

Entry 

 

Molar ratio 

Aniline:DMC 

Time 

(h) 

Aniline 

conversion 

(%) 

Selectivity (%) 

MPC sel. MMPC 

 

NMA NNDMA 

1 1:5 1 74 86 1.6 11 1.9 

2 1:5 2 96.6 87 2.6 7 3.2 

3 1:5 3 92.5 85 3.2 6.2 4 

4 1:5 4 96 82 6 4.6 5.9 

5 1:10 1 81.6 92 0.5 5.8 0.3 

6 1:10 2 89 93.2 0.67 3.4 0.8 

7 1:10 3 95.4 94 1.6 2.9 1.2 

8 1:10 4 98.2 93.3 3.8 1.3 1.5 

9 1:20 1 73 97 0.08 1.9 - 

10 1:20 2 98.4 98.6 0.1 1.2 0.09 

11 1:20 3 98.6 96.6 1.4 1 0.6 

12 1:20 4 98.5 95 2.6 0.6 0.9 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline: DMC molar ratio= 1:5 to 

1:20, Catalyst (Ce3Zn0.5Zr1)  : 10 wt%, Reaction Time: 1-4 h, Temperature: 180˚C. 

At lower aniline:DMC ratio (1:5) selectivity to MPC was marginally lower and N-methylated 

by-product formation was observed. Selectivity to MPC decreased with increase in reaction time 

(86 % at 1 h versus 82% at 4 h) at a aniline:DMC ratio of 1:5. In contrast selectivity was in a 
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range of 92-93% and 95-98, 6% during 1 to 4 h reaction time at aniline:DMC ratio of 1:10 and 

1:20 respectively. The results clearly indicate influence of aniline concentration and 

aniline:DMC ratio on the activity and selectivity. Good results were observed with aniline:DMC 

molar ratio of 1:20 (98.4% conversion with 98.6% selectivity to MPC in 2 h) and hence further 

work was carried out with this ratio. 
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Figure 3B.8: Effect of Aniline: DMC molar ratio 1:5-1:20 on aniline conversion w.r.t reaction 

time. 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/5-1/20, 

Catalyst(Ce3Zn0.5Zr1)  : 10 wt % relative to aniline, Reaction Time: 1-4 h, Temperature: 180˚C. 

3B.9.3. Effect of Temperature on activity and selectivity 

 The effect of temperature on methoxycarbonylation was investigated in a temperature range 

of 170-190
o
C by keeping other reaction conditions same. Results obtained are presented in Table 

3B.9 and aniline conversion profiles in Fig. 3B.9. 
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Table 3B.9: Effect of temperature on methoxycarbonylation reaction of aniline with DMC 

Entry Reaction 

temperature 

Time 

(h) 

Aniline 

conv.(%) 

Selectivity (%) 

MPC  MMPC  NMA NNDMA 

1 170 1 53.8 95.4 0.2 3.4 - 

2 170 2 80.5 97 0.6 2.2 0.2 

3 170 3 91.5 97 1 1.6 0.5 

4 170 4 98.3 96.2 1.5 1.3 0.9 

5 180 1 73 97 0.08 1.9 - 

6 180 2 98.4 98.6 0.1 1.2 0.09 

7 180 3 98.6 96.6 1.4 1 0.6 

8 180 4 98.5 95 2.6 0.6 0.9 

9 190 1 91 93 1.5 3.8 0.9 

10 190 2 97.5 96 1.6 1.9 1 

11 190 3 98 93.4 4 1.3 1.2 

12 190 4 98.5 86.7 7.8 0.8 2.3 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Catalyst 

(Ce3Zn0.5Zr1)  : 10 wt % relative to aniline, Reaction Time: 1-4 h, Temperature: 170-190˚C. 
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Figure 3B.9: Effect of reaction temperature on aniline conversion w.r.t reaction time 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Catalyst (Ce3Zn0.5Zr1)  : 10 wt%, 

Reaction Time: 1-4 h, Temperature: 170-190˚C. 

 

Aniline conversion increased (80.5-98.4% in 2 h) with increase in temperature from 170 to 

180
o
C with high selectivity to MPC (97-98.6 %).  Aniline conversion increased marginally with 

further increase in temperature to 190
o
C, however, selectivity to MPC decreased significantly 

with increase in N-methylated by products for 3 and 4 h reaction time (Table 3B.9, Entry 11-12). 

Results clearly indicate influence of temperature on the activity as well as selectivity pattern. 

Best results (98.4% conversion of aniline with 98.6% selectivity to MPC) were obtained at 

180
o
C in 2 h reaction time. 
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3B.10. Stability of the Ce3Zn0.5Zr1 MMO catalyst (recycle study) 

In order to check the stability of the Ce3Zn0.5Zr1MMO catalyst for methoxycarbonylation 

reaction of aniline with DMC, reaction was carried out at 180
o
C for 2 h under optimized reaction 

conditions. The catalyst from the reaction mixture was recovered by centrifugation, washed with 

DMC, and then dried overnight at 100
o
C for 12 h and calcined at 550

0
C/6 h in air. The recovered 

catalyst was used to perform new reaction by charging aniline and DMC to the reactor. Catalyst 

was recycled five times using the same procedure.  

Table 3B.10: Recycle study using Ce3Zn0.5Zr1 ternary mixed metal oxide catalyst 

 

 Aniline 

Conversion (%) 

MPC 

Selectivity (%) 

Fresh 98.4 98.65 

Recycle 1 97.54 97.47 

Recycle 2 94.17 97.20 

Recycle 3 91.97 97.54 

Recycle 4 91.93 96.61 

Recycle 5 90.54 96.04 

Recycle 6 89.2 96 

 

Reaction conditions: Aniline: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Catalyst 

(Ce3Zn0.5Zr1)  : 10 wt % relative to aniline, Reaction Time: 2 h, Temperature: 180˚C. 
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From the results presented in Table 3B.11 activity and selectivity was very high during recycle. 

Aniline conversion decreased from 98.4 to 89.2 with very high selectivity to MPC (96-98%). 

Slight drop in aniline conversion may be due to handling loss of the catalyst during recycle 

procedure. At the end of the 5 recycle experiments the XRD and TEM analysis of the used 

catalyst was carried out (Fig. 3B 10-11) and the results are compared with fresh catalyst sample. 

XRD analysis and TEM analysis of fresh catalyst and catalyst recovered after five recycle 

experiments showed similar pattern and did not show significant changes in the analysis. The 

results demonstrate good stability of the catalyst even after five recycle experiments. To the best 

of our knowledge this is the first catalyst with good activity and recyclability reported in the 

literature for methoxycarbonylation of aniline with DMC. 
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Figure 3B.10:  XRD patterns of Ce3Zn0.5Zr1 MMO fresh and used catalyst. 
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Figure 3B.11: (A) TEM and SAED image of fresh Ce3Zn0.5Zr1 (B) TEM and SAED image of 

used Ce3Zn0.5Zr1 

 

3B.11. Screening of aromatic amines 

Various aromatic amines were screened for methoxycarbonylation reaction using 

Ce3Zn0.5Zr1 MMO catalyst under optimized reaction conditions and the results are presented in 

Table 3B.11. 

B 

A A 

B 
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Table 3B.11: Screening of aromatic amines for methoxycarbonylation reaction using 

Ce3Zn0.5Zr1  

Entry Aromatic amines Conversion 

of amines 

(%) 

Aromatic 

carbamates 

Selectivity (%) 

1 o-Toluidine 82.5 94.2 

2 m-Toluidine 86.8 95 

3 p-Toluidine 90 95.7 

4 m-Anisidine 78 89 

5 p-Anisidine 98 94 

6 2,4 dimethyl aniline 64 96 

7 4-Chloroaniline 99.09 97.3 

8 4-Bromo aniline 99.40 98 

Reaction conditions: Amine: 25 mmol, DMC: 500 mmol, Aniline/DMC:1/20, Ce3Zn0.5Zr1: 10 

wt %  relative to aniline, Reaction Time: 2 h, Temperature: 180˚C. 

 

Various substituted aniline moieties bearing electron donating and withdrawing substituents on 

the phenyl ring were well tolerated under the present reaction conditions and provided 

corresponding carbamate derivatives in good to excellent yields (Table 3B.11, Entries 1-8). 

Different reactivity’s of O- and P- substituted methoxy aniline was observed due to steric 

hindrance of the substituted group (-OCH3). Ortho substituted methoxy aniline showed lower 

activity (82.5%) compared to para substituted methoxy aniline (90%) (Table 3B.11, Entry 1 and 

3) with comparable selectivity to corresponding carbamate derivative. 
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3B.12. Preliminary investigations to understand reaction pathways 

Methoxycarbonylaion of aniline with DMC as methoxycarbonylating agent produces 

methyl N-phenyl carbamate (MPC) and alkylated products (MMPC, NMA and NNDMA) 

depending on the reaction conditions (temperature, aniline, NMA and DMC concentrations etc.). 

Different reactions possible under reaction conditions and products formed are presented in Fig. 

3B.12. 

 

Figure 3B.12.: Schematic of methoxycarbonylation of aniline with DMC and the possible by-

products form during reaction. 

 

Methoxycarbonylation of aniline with DMC is a complex reaction with the possibility of various 

products as presented in Fig. 3B.12. Aniline is a hard base and leads to the formation of MPC as 

the product via methoxycarbonylation (Fig. 3B.12). N-methylation of aniline can lead to the 

formation of N-methyl aniline (NMA) as the product. Methyl N-methyl phenylcarbamate 

(MMPC) can be formed as product via two routes: 1) N-methylation of MPC formed as the 
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product or methoxycarbonylation of NMA as shown in the Fig. 3B.12. It is known that DMC can 

act as methoxycarbonylation as well as methylating agent depending on the reaction conditions 

and catalyst used.
14

 Tundo et al. observed that MPC obtained as the product undergoes 

methylation reaction preferably instead of methoxycarbonylation, favouring MMPC as the 

product.
14

 Finally N-methylation of NMA will lead to the formation of N,N-dimethylamine 

(NNDMA) as the product. In order to gain insight in to the product distribution and possible 

reaction path involved; few experiments were carried out using aniline, NMA and MPC as 

reactants and Zn(Proline)2 and Ce3Zn0.5Zr1 mixed metal oxide as catalysts and the results are 

presented in Table 3B.12 and 3B.13 respectively.  

 

Table 3B.12: Interaction of reactants/products under methoxycarbonylation conditions using Zn 

(Proline)2 catalyst 

Entry Substrate Conversion 

 (%) 

Selectivity (%) 

MPC MMPC NMA NNDMA 

1 Aniline+DMC* - - - - - 

2 Aniline+DMC 98.6 97.8 0.4 0.5 0.2 

3 NMA+DMC 20 0.1 41.3 - 58.3 

4 MPC+DMC              5 - 99.4 - - 

Reaction conditions: Substrate: 25 mmol, DMC: 250 mmol , Substrate/ DMC: 1:10, Catalyst 

Zn(Proline)2: 1.25 wt% relative to substrate, Reaction Time: 3 h, Temperature: 170˚C. 

*Without catalyst 
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Table 3B.13: Interaction of reactants/products under methoxycarbonylation conditions using 

Ce3Zn0.5Zr1 catalyst 

Entry Substrate Conversion 

 (%) 

Selectivity (%) 

MPC MMPC NMA NNDMA 

1 Aniline+DMC* - - - - - 

2 Aniline+DMC 97.4 98.7 0.24 0.49 0.1 

3 NMA+DMC 24.69 0.4 62 - 36 

4 MPC+DMC              4 - 99.3 - - 

Reaction condition: Substrate: 25 mmol, DMC: 500 mmol Substrate: DMC= 1:20, Catalyst 

(Ce3Zn0.5Zr1): 10 wt % relative to substrate, Reaction Time: 2 h, Temperature: 180˚C. 

*Without catalyst 

From the results presented in Tables 3B.12 (Zn (Proline)2 catalyst) and 3B.13 ( Ce3Zn0.5Zr1 

catalyst) it was observed that catalyst is necessary for the reaction. Reaction proceeded smoothly 

with aniline as reactant and Zn (Proline)2/Ce3Zn0.5Zr1 catalysts giving 98.6 and 97.4 % aniline 

conversion with 97.8 and 98.7% selectivity to MPC respectively. The selectivity to methylated 

by-products was very low with both the catalysts (Tables 3B.12- 3B.12).  With N-methylaniline 

(NMA) as the reactant the activity was low with both the catalysts. Thus 20 and 24.7% aniline 

conversion was observed with Zn (Proline)2 and Ce3Zn0.5Zr1 catalysts respectively with MMPC  

(41.3% and 62%) and NNMDA (58.3% and 36%) as the products. Formation of NNDMA was 

favored with Zn (Proline)2 as catalyst, while formation of MMPC was favored with Ce3Zn0.5Zr1 

as the catalyst. Interestingly MPC was stable under reaction conditions for both the catalysts and 

only 4-5% conversion was observed with selective formation of MMPC as the product. The 
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results indicate that aniline is reactive and both the catalysts are selective for the formation of 

MPC as the product with low selectivity to methylation by-products. NMA as reactant is less 

reactive still 20-25% conversion is observed and depending on the catalyst used 

mettoxycarbonylation or N-methylation of aniline is preferred. Interestingly MPC is stable under 

reaction conditions for longer reaction time. Depending on the reaction conditions used if N-

methylation takes in the initial phase of the reaction, then product distribution can vary 

significantly. In the present study high selectivity to MPC is observed at higher aniline:DMC 

molar ratio for both the catalysts (aniline:DMC 1:10 Zn (Proline)2 for and 1:20 for Ce3Zn0.5Zr1). 

Selectivity to MPC is significantly affected by a change in aniline:DMC molar ratio and 

temperature of the reaction. As per the industry requirement there is a need to reduce 

aniline:DMC ratio as low as possible. Experiments carried out in this section will be useful in 

understanding reaction pathways and good stability of MPC under reaction conditions is 

important observation. Further work is necessary to optimize MPC selectivity at lower 

aniline:DMC molar ratio.  

 

3B.13. Conclusion 

Various binary and ternary mixed metal oxides were prepared by co-precipitation method 

and screened for the reaction. Best results 98.4% conversion of aniline with 98.6% selectivity to 

MPC was observed with Ce3Zn0.5Zr1 MMO as the catalyst. The catalyst was characterized in 

detail by various characterization techniques. Characterization results elucidated the strong 

synergic interaction between active Zn and Ce3Zr1 support showing the high acid sites and 

oxygen vacancies on solid surface. Optimization of reaction conditions was carried out using 

Ce3Zn0.5Zr1MMO as the catalyst. Good results were observed with aniline: DMC ratio of 1:20 
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reaction temperature 180
o
C/2h (98.4% conversion with 98.6% selectivity to MPC in 2 h). 

Ce3Zn0.5Zr1 can be recycle up to 6 recycle experiments with slight drop in activity. Ce3Zn0.5Zr1 

catalyst is an efficient, stable, inexpensive and recyclable heterogeneous catalyst for 

methoxycarbonylation of aniline and DMC. 

 

3B.14.Overall Conclusions 

Methoxycarbonylation of aniline with DMC was investigated in details using 

Zn(Proline)2 and Ce3Zn0.5Zr1 as catalysts. Various metal-amino acid complexes and mixed metal 

oxides were prepared and screened for methoxycarbonylation reaction. Optimization of reaction 

conditions and recycle study was carried out for both the catalysts. Important highlights of the 

work are as follows: 

3A. Methoxycarbonylation of aniline with Zn(Proline)2 as the catalyst 

 Various metal-amino acid complexes were screened for methoxycarbonylation of aniline 

with DMC, where Zn(Proline)2 was found to be the best catalyst. 

 Optimization of reaction conditions was carried out with  Zn(Proline)2 as the catalyst and 

good results were observed with aniline:DMC ratio of 1:10, reaction temperature of 170
o
C 

and reaction time of 3 h (98.6% conversion with 97.8% selectivity to MPC). 

 Activity decreased during recycle study and XRD analysis of the fresh and recycled 

catalyst indicated the formation of ZnO during recycle, leading to drop in aniline 

conversion during recycle. 

3B. Methoxycarbonylation of aniline with Ce3Zn0.5Zr1 as the catalyst 
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 Various binary and ternary mixed metal oxides were screened for the 

methoxycarbonylation of aniline and Ce3Zn0.5Zr1 MMO was found to be the best catalyst. 

 Effect of Zn incorporation on the activity was investigated and 0.5 mole incorporation of 

Zn was found to be optimum for the reaction.  

 The catalyst was characterized in detail by various characterization techniques. 

 Strong synergistic interaction between active Zn and Ce3Zr1 support showing the 

higher acid sites and oxygen vacancies on solid surface.  

 Oxygen vacancies present on the catalyst surface aid activation of reactants and 

leading to high activity and selectivity. 

 Methoxycarbonylation activity was very poor with individual metal oxides (ZnO, 

CeO2 and ZrO2). Very high activity with  Ce3Zn0.5Zr1 MMO clearly demonstrated 

the importance of ternary mixed metal oxide and distribution of acid sites in 

achieving good results. 

 Optimization of reaction conditions was carried out using Ce3Zn0.5Zr1MMO as the catalyst. 

Good results were observed with aniline: DMC ratio of 1:20 reaction temperature 180
o
C/2h 

(98.4% conversion with 98.6% selectivity to MPC in 2 h). 

 Catalyst was recycled Six times with marginal drop in aniline conversion maintaining high 

selectivity to MPC (96-99%). 

 Interaction of aniline, MPC and NMA with both the catalysts under reaction conditions 

revealed that NMA gave NNDMA and MMPC as products.  

 With NMA as reaction Zn(proline)2 favoured formation of NNDMA as the product, 

while Ce3Zn0.5Zr1favoured MMPC as the product. 

 Interestingly with both the catalyst MPC was stable under reaction conditions. 
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Annexure  

 

1. Structures of Zn (amino acid)2 complexes 
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2. GC-MS spectra of MPC (70 eV, EI) 

 

 

 

3. GC-MS spectra of MMPC (70 eV, EI) 
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4. GC-MS spectra of NMA (70 eV, EI) 

 

 

5. GC-MS spectra of NNDMA (70 eV, EI) 
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6. 
1
H NMR of MPC 

 

1
H NMR (200 MHz, CDCl3)  ppm 7.23 - 7.48 (m, 4 H) 6.95 - 7.19 (m, 1 H) 6.79 (br. s., 1 H) 

3.78 (s, 3 H) 

7. 
1
H NMR of MMPC 

 

 
1
H NMR (200 MHz, CDCl3)  ppm 7.33 - 7.46 (m, 2 H) 7.23 (s, 3 H) 3.72 (s, 3 H) 3.32 (s, 3 H) 
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8. GC-MS spectra of methyl (3,4-dimethyl phenyl)carbamate (70 eV, EI) 

 

 

 

9. GC-MS spectra of methyl(4-chlorophenyl)carbamate (70 eV, EI) 
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10. GC-MS spectra of methyl(4-bromophenyl)carbamate (70 eV, EI) 

 

 

11. GC-MS spectra of methyl p-tolylcarbamate (70 eV, EI) 
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12. GC-MS spectra of methyl (4-methoxyphenyl)carbamate (70 eV, EI) 
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