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ABSTRACT

The need for eco-friendly fuels for transport vehicles has spurred the search for new
molecules and their viable and cost-effective synthesis method. Several research groups are
working on the production techniques of dimethyl carbonate (DMC) and its usage as a fuel
additive for vehicles. DMC can also be used as a reactant for the synthesis of diphenyl
carbonate, glycerol carbonate, etc. DMC is commercially synthesized by using various
methods, such as phosgenation, oxidative carbonylation, methyl nitrite carbonylation, etc.
Although each production method has its own drawbacks, transesterification of propylene
carbonate (PC) with methanol is considered to be a promising and feasible method for the
synthesis of DMC. This route is sustainable, clean, with no formation of any harmful or waste
by-product. Recently, utilization of CO, for the synthesis of chemicals has attracted a lot of
attention. DMC can also be produced from CO,, although this route has thermodynamic
limitations.

An exhaustive review of the literature reveals that only a few catalysts have been
tested for the DMC production via transesterification and direct CO, conversion reactions.
Considering various possibilities, the main aim of the present work was to prepare and
characterize various catalysts (CeO,-based mixed oxide, hydrotalcites and supported
catalysts) with different physico-chemical and textural characteristics; and to evaluate
catalytic activity for the synthesized catalysts for DMC synthesis via transesterification and
direct conversion of CO; reactions. It was also aimed to optimize the operating conditions
such as temperature, pressure, molar ratio, amount of catalyst and to study the kinetics and
thermodynamics of the DMC synthesis; and to explore the catalytic stability and recyclability
of the synthesized catalysts, and to investigate the possible mechanism, kinetics and
thermodynamics of DMC synthesis with different reactions.

Work of the transesterification reaction of PC for DMC production

Transesterification reaction of PC with methanol for the DMC production was studied
with four different sets of catalysts, namely: Ce-M (M=Co, Fe, Cu and Zn), Ceria-
Lanthanum, Ceria-Zinc-support mixed metal oxide and copper-zinc-aluminium hydrotalcite
catalysts.

Ce-M catalysts (M=Co, Fe, Cu and Zn) were synthesized by sol-gel method and
characterized by various techniques. BET surface area of CeCo, CeCu, CeFe and CeZn
catalysts was found to be 40, 46, 24, and 37 m*/g, respectively. CeCu catalyst having highest
basicity was found to be most effective during transesterification of PC to form DMC.
Highest DMC yield of 71.9% and PC conversion of 65.4% was obtained with CeCu catalyst
at the optimum reaction condition.

A series of cerium-lanthanum catalysts were prepared using co-precipitation method.
Catalytic activity was found to increase with an increase in the reaction temperature, reaction
time and methanol/PC molar ratio and was found to be maximum in terms of DMC
yield=74%, propylene glycol (PG) yield=65% and PC conversion=72% at optimum reaction
conditions of reaction temperature=170°C, reaction time=6 h and methanol/PC molar
ratio=10. Best catalytic activity was found for the catalyst having Ce/La molar ratio of 1/4.

Ceria and zinc oxide were impregnated onto various oxide supports such as alumina
(AlLO3), silica (SiO,) and titania (TiO;) in the molar ratio of 1:1:2 by deposition-
coprecipitation method (CZA, CZS and CZT having supports Al,Os;, TiO, and SiO,,
respectively). CZS having highest basicity and surface area showed best catalytic activity.
The basic strength of SiO; also helps in improving the highest catalytic activity.

Cu-Zn-Al (CZA) hydrotalcite catalysts prepared by the co-precipitation method and
calcined at 300°C, 500°C and 800°C (named as CZA300, CZA500 and CZA800) were used
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Abstract

for the synthesis of DMC from methanol and PC. Pore volume distribution analysis revealed
that the CZA300 and CZA500 have bimodal pore distribution with pores centered at 36+1 A
and 131£2 A. Overall, an increase in the calcination temperature decreased the quantity of
basic and acidic sites. Values of specific rate of reaction with CZA300 catalysts at 120°C,
140°C and 160°C were found to be 0.56, 0.58 and 0.65 h™', respectively. PC conversion of
70% and DMC selectivity of 94% was observed at the optimum operating condition of
reaction time=4 h, methanol/PC molar ratio=10, catalyst dose=3 wt.% of PC and
temperature=160 C.

Values of the frequency factor (k,) and the activation energy (E,) were found to be
0.375 h™" and 2.294 kJ/mol for CeCu catalyst, whereas respective values for CZA300 catalyst
were found to be 0.225 h™' and 12.72 kJ/mol. Among all the catalysts tested, Ce-Zn/SiO,
showed highest PC conversion of 89% and DMC yield of 78%. Overall supported catalysts
seem to be better option for use in the transesterification reaction of PC with methanol for
DMC synthesis.

Work of the direct conversion of CO, to DMC

DMC synthesis via direct conversion of CO, was studied with different sets of
catalysts namely: ceria-zirconium, ceria-manganese and ceria-calcium catalysts.

The catalysts CeO,, ZrO; and Ce sZr;sO, were synthesized by hydrothermal method.
The basic sites density and the acidic site density of synthesized catalysts were in the order:
710, < Ce0, < Cey5Zr 50,. Under optimized reaction condition of reaction temperature=120
°C, reaction time=24 h, catalysts dose=1.25 g and pressure=150 bar, the optimum yield of
DMC was obtained as 2.56 mmol/g-cat for Ce sZr(sO, catalyst.

Cerium-zirconium mixed oxide catalysts were also synthesized using an exo- and
endo-templating method applying different Cex-Zr« (x=0 to 1) molar ratios. Polymer based
activated carbon spheres were used as exo-template, and pluronic was used as endo-template.
The Cey-Zr 1« (x=0.5) catalyst showed the highest basic sites and acidic site among all the
catalysts, and giving the highest DMC yield.

MnOx-CeO; catalysts were synthesized by surfactant-template method with different
ratio of Mn/Ce. The optimum yield of 2.514 mmol was found with Ce;-Mny j,5 at a pressure
of 150 bar, reaction temperature 140°C, catalysts dose 1.25 g and reaction time 24 h. A series
of Ce0,.Ca0 catalysts with different Ce/Ca ratio (Ces-Ca;, Ce;-Ca;, and Ce-Cas) were
synthesized by surfactant-template method. Hexadecyltrimethyl ammonium bromide (CTAB)
was used as the template. Ce-Ca, catalyst was found to possess highest activity owing to its
high surface area, acidity and basicity as compared to other catalysts.

Basic thermodynamic calculation shows that DMC synthesis from CO, and methanol
at 393 K becomes spontaneous at pressure > 6.3x10* MPa which is very difficult to achieve.
The Peng—Robinson—Stryjek—Vera equation of state (PRSV-EoS) along with the van der
Waals one-fluid (IPVDW) mixing rule, were used to calculate the fugacity coefficient of
species in the mixture which in turn was used to calculate equilibrium conversion at various
temperatures. The values of the heat of reaction (AH) and Gibbs free energy change (AG))
for Ceg 5Zro 50O, (hydrothermal method) using the data points at T=120-150°C were found to
be -45.66 kJ/mol and 25.04 kJ/mol, respectively. Similarly, for CeysZrys0; (templating
method), the respective values were found to be -139.76 kJ/mol and 1.54 kJ/mol,
respectively.

Overall, Ceg,-Lagg and Ce-Zn/SiO, were found to be the best catalysts for DMC
production via transesterification reaction, whereas Ce;-Ca; and CesZr(sO, were the best
catalysts for direct CO; conversion reaction for DMC production.
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Chapter-1
INTRODUCTION

1.1. GENERAL

In the last few decades, environmental impact of chemical substances and their effect
on human health has become a critical issue. Owing to this problem, the environmentally
benign clean processes and green chemicals are being developed. Green chemistry is one of
the approaches which can help in achieving this goal. Synthesis of green organic chemicals
must avoid use of toxic raw material and chemicals, must be atom efficient and use
renewable materials, eco-compatible solvents and avoid auxiliary substances, use catalysts
rather than stoichiometric reagents, produce compounds better than existing ones which are
biodegradable and non-toxic, reduce energy requirements and produce no waste [Tundo,
2001; Tundo and Selva, 2002]. The need for eco-friendly fuels for transport vehicles has
spurred the search for new molecules either as a fuel or an additive to fuels, and methods for
their viable and cost-effective synthesis, purification and scale-up design for commercial
production. For gasoline as a motor fuel, a number of additives as an oxygenate are being
used. For example, methanol, ethanol, dimethyl ether (DME) and methyl tert-butyl ether
(MTBE). Dimethyl carbonate (DMC) has also emerged as an alternative oxygenate. Several
research groups are working on the production of DMC and its usage as a fuel additive for
vehicles [Keller et al., 2010].

CO,, a green house gas, is considered to be largely responsible for the phenomena of
global warming and as an agent of climate change. Over the last two decades, mitigation of
CO; emission has become an important area of research. CO, has a number of useful
industrial and domestic applications. All the application of CO, can be classified into two
categories namely physical and chemical applications. Physical applications include its usage
in enhanced oil recovery, beverage industry, supercritical CO; extraction, etc. It should be

noted that these applications do not directly reduce the emission in most of the cases.
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Chemical application involves use of CO; as a raw material for its chemical conversion for
the production of useful materials and molecules. Thus Chemical applications directly
contribute to reduction of CO, emission.

CO; is available as an abundant, cheap, non-toxic and inexpensive renewable resource
which can be utilized for the synthesis of a variety of chemicals. However, the transformation
of CO; to valuable products requires high energy. Therefore, this transformation can be based
on choosing high energy reactants or by selecting less energized products. Various catalysts
are also being used to lower this energy requirement barrier and enhance the productivity
using different routes.

CO, behaves as Lewis acid because of the lower electron density of the carbonyl
group in CO,. Methods are being developed to transform of CO, into DMC in the presence of
a catalyst. It may be denoted that CO, utilization requires intensive research as it gives a very
low DMC yield because of thermodynamic constraints [Cui et al., 2013]. The research has to
focus on the reaction schemes so as to shift the equilibrium of the reaction towards the

product side [Delledonne et al., 2001].

1.2. DIMETHYL CARBONATE

DMC is considered as an environment friendly green chemical which is widely used
in the synthesis of polymers, pesticides, flavoring agents, foodstuff, solvents, dyestuff and
composite materials due to its high versatility, excellent biodegradability, high oxygen
content and low bioaccumulation [Pacheco and Marshall, 1997; Ono, 1997; Delledonne et al.,
2001; Keller et al., 2010;]. Synthesis and application of DMC for various usages has attracted
considerable attention in recent years.
1.2.1. Properties of DMC

DMC is a transparent liquid with melting point of 4.6°C, boiling point of 90.3°C,
flash point of 21.7°C, auto-ignition temperature of 458°C, cetane number of 45, lower
heating value of 55.6 MBtu/gal, heat of combustion of 3452 kcal/kg, and specific gravity of

2
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1.07 [Keller et al., 2010]. It is miscible in organic solvents such as ketones, acetate esters and
water. It has excellent blending properties with gasoline. It has low toxicity with its lethal
dose (LDsp) for rats being 13.8 g/kg. Thus, the DMC is practically a non-toxic, volatile and
flammable organic compound, and is easily biodegradable.

1.2.2. Uses of DMC

DMC is used in the synthesis of diphenyl carbonate, glycerol carbonate and methyl
propionate. It contains high oxygen content on weight basis (53.3%) as compared to other
fuel additives such as methanol (50%), ethanol (34.89%), DME (35%) and MTBE (17.6%),
and is consequently used as an oxygenate in the gasoline-based fuels. Thus, DMC is a more
effective oxygenates then others, and it produces less CO emission and total hydrocarbons as
compared to traditionally used MTBE. High dielectric constant of DMC allows it to be used
as an electrolyte too [Wei et al., 2003; Keller et al., 2010].

DMC is used as a methylation agent for carbon, nitrogen and sulfur. It is used as an
alternative and replacement of phosgene for aromatic polycarbonate and isocyanate synthesis.
It is also used as an alternative compound to dimethyl sulfate or methyl iodide. DMC is used
as replacement to ketones and acetates in paints and adhesives due to its strong salvation
power. It is also used as a solvent in organic chemistry, polymer synthesis (polycarbonates,
polyurethanes, non-isocyanate polyurethanes), beauty and personal care products and as a
carrier in lithium-ion batteries, in the pharmaceutical preparations and detergent

compositions, etc.

1.3. METHODS FOR DMC SYNTHESIS

Various methods are used for the synthesis of DMC. These methods include
phosgenation, oxidative carbonylation, methylnitrite carbonylation urea methanolysis,
transesterification, CO, utilization process, etc. Phosgenation has been abandoned due to
extremely hazardous nature of phosgene. Methanol oxidative carbonylation, and methylnitrite

carbonylation are industrially developed processes for the synthesis of DMC.
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Transesterification of ethylene carbonate (EC), propylene carbonate (PC) and urea with
methanol; and direct CO, conversion techniques are in the developing stage for the synthesis
of DMC.

Methanol oxidative carbonylation process was commercialized for DMC production
by Enichem Company, Italy. In this process, DMC is produced via catalytic reaction between
carbon monoxide (CO), liquid methanol and oxygen in the presence of catalysts. Excess of
CO is used in this reaction and oxygen is the limiting reagent. This reaction is highly
exothermic (heat of reaction, AH,=-318 kJ/mol) and therefore, the temperature must be
carefully controlled. Reaction temperature is in the range of 100-140°C with the optimum
reaction temperature of 130°C and pressure in the range of the 20-40 bar with the optimum
pressure being 24 bar. Copper chloride is used as a catalyst. During this process, CO;, and
water are produced as by-products. CO; is recycled as a carbonaceous source for the carbon
monoxide synthesis and methanol is recycled back to the reactor. At the end of the reaction,
the reaction mixture contains 30-40% DMC, 50-70% methanol and 2—-5% water.

Methylnitrite carbonylation process was commercialized for DMC and dimethyl
oxalate (DMO) production by UBE group, Japan [Keller et al., 2010]. For this synthesis
route, nitrogen monoxide (NO), oxygen and methanol are used as feed materials and various
catalysts such as activated charcoal supported palladium chloride (Pd"Cl,) is used in a fixed-
bed reactor. The nitrogen oxide reacts with O, to form methyl nitrite (CH;0ONO), which
reacts further with CO in the second step, in presence of bimetallic catalyst at 100-120°C and
5-10 bar to produce DMC and original nitric oxide [Uchiumi et al., 1999; Keller et al., 2010].
It is necessary to remove the water formed in the first step from the reaction media in order to
carry out the DMC synthesis in a fully anhydrous media, in order to maximize the activity of
the catalyst in the second step. Contact between water, methanol and DMC is to be avoided
which results in separation problems because of the azeotrope formation. Strong toxicity of
the methylnitrite reactant and safety issue arising out of the probability of explosion due to

the use of the PdA/NO/O, mixture is major disadvantages of this process [Keller et al., 2010].
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Alcholysis of urea to produce DMC is a developing process which is not
commercialized yet. In this process, urea reacts with methanol in the presence of a catalyst at
160-190°C to produce DMC. Ammonia is obtained produced as a coproduct. No water is
formed in the process, and therefore, the separation and purification of DMC becomes simple
since no ternary azeotrope (DMC—methanol-water) is formed. This route of DMC production
has both ecological and economical benefits. Another advantage for this process is that the
ammonia, as a co-product, can be used as the starting material for the production of urea

[Hou et al., 2014]. Figure 1.3.1. shows the reaction steps involved in various routes for DMC

synthesis.
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Figure 1.3.1. Reaction steps involved in various methods of synthesis of DMC.



Chapter 1: Introduction

Transesterification of PC or EC with methanol in the presence of catalysts is a
promising, clean and sustainable route for the DMC synthesis. DMC is the main product in
the transesterification of PC with methanol. Propylene glycol (PG) is obtained as a co-
product. In this reaction, the yield of DMC is higher than other routes. Also, the numbers of
byproducts are less. Therefore, the separation of components from the reaction mixture is
easy and economical as compared to other routes of DMC production. Although each
production method has its own drawbacks, transesterification of PC with methanol is a
promising and feasible method for the synthesis of DMC, especially in the framework of
green chemistry and environmentally benign production route as compared to other routes.
This route is sustainable, clean with no formation of any harmful or waste byproduct.
However, this route has associated complex thermodynamics and unfavorable chemical
equilibrium. A wide variety of catalysts such as ion exchange resins [Pyrlik et al., 2012], pure
metal oxide [Wei et al., 2003a], basic ionic liquids [Yang et al., 2010], mixed metal oxide
[Wang et al., 2006] and double metal cyanide [Srivastava et al., 2006] have been used for the
synthesis of DMC using transesterification reaction.

Several technologies are being used for synthesis of DMC. Among these
technologies, reaction of methanol with CO; is the most preferred route for DMC synthesis.
This route is very promising and sustainable as this eliminates the toxic feed stock such as
phosgene and carbon monoxide. Utilization of CO, generates economic benefits and helps in
managing green-house gas emission [Delledonne et al., 2001]. Synthesis of DMC from CO,
and methanol is an attractive method in which reaction occurs at 110-150°C temperature and
50 bar pressure in the presence of catalyst [Honda et al., 2014]. This route eliminates the
toxic feed stock such as phosgene and carbon monoxide. Although, this route is
environmentally friendly, the activation of CO,, thermodynamical limitations and low yield
of DMC are some of the major drawbacks associated with this route for DMC production
[Cui et al., 2013]. Deactivation of catalyst, difficult separation process, and recovery of

catalyst, etc. are some of the drawbacks of homogeneous catalytic systems.
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In another method, epoxide reacts with CO; to produce alkylene carbonates. In the
presence of methanol, in-situ ester exchange occurs with the formation of DMC. The reaction
is fast and exothermic, and epoxide itself works as the dehydrating agent. Various types of
side reactions also occur in which such coproducts as 1, 2 diols are formed [Sakakura et al.,
2007].

A comparative assessment of reaction condition, advantages and disadvantages of

various DMC synthesis methods is given in Table 1.3.1.

1.4. AN OVERVIEW OF RESEARCH WORK ON DMC SYNTHESIS

The critical literature review (chapter 2) focuses on the traditional and developing
technologies for the DMC synthesis. A search in the science citation index (SCI) database
was performed through SCOPUS with such keywords search as “dimethyl carbonate, DMC,
propylene carbonate, ethylene carbonate, urea, methyl carbamate, transesterification, carbon
dioxide, phosgenation, oxidative carbonylation, carbonylation of methylnitrite and CO,
conversion, etc. Conferences publications were excluded in this literature search. Figures
1.1.2a and 1.1.2b show the number of research publications and citations there on for various
processes employed for DMC synthesis in the last 20 years (1995-2015). This figure indicates
a spread of approaches undertaken by scientist and engineers for DMC synthesis. In the time
period 2010-2015, out of the total 148 papers published on DMC synthesis, papers on
phosgenation, methylnitrile carbonylation, oxidative carbonylation and CO, conversion are 2,
2, 29 and 52, respectively. Similarly, papers on transesterification of urea, EC and PC are 27,
23 and 13, respectively. Analysis of number of citations and publication data shows growing
interest for the DMC synthesis by oxidative carbonylation of methanol, transesterification of

PC with methanol and direct conversion of CO, to DMC.
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Table 1.3.1. Comparative assessment of DMC synthesis methods.

Synthesis Method Advantages Disadvantages  Refere
Methods Conditions nce
Phosgenation  Single step High yield of DMC  High energy Shaikh
Reaction: T=50- and cyclic and requirement, and
150°C activated carbonates  extremely Sivara
produced hazardous m,
phosgene, and 1996
purification, etc
Oxidative Two step Productivity is high  Selectivity and Ding et
carbonylation = commercial decreases the al.,
process, formation of 2014
T=130°C, P=24 water, separation
bar, low-grade is difficult,
thermal energy deactivate
catalysts
Methylnitrite ~ Two step No azeotropes used  Productivity is Yamam
carbonylation = commercial for separation, low oto,
process, T=100- Catalysts 2010
120°C and P=5- regeneration is easy
10 bar,
Urea Two steps viaa Low cost of starting Produced NH; Hou et
Methanolysis  methyl material (eg. urea), shift the reaction, al.,
carbonate (MC) no water formation second rate- 2014
process P=92 and easily separation controlled step
bar, T=265°C, and chemical
t=2 h equilibrium
formation
Conversion of High pressure is Low cost of COs, Thermodynamic  Keller
CO; required very promising, s limitationand et al,
sustainable and deactivate 2010
eliminating the toxic catalysts
feed stock
Transesterific Temp=170°C,  Co-product mono Thermodynamic  Srivasta
ation P=21 bar (CO,) ethylene glycol equilibrium shift va et
MeOH/PC=10, formed no waste and major problem al.,
renewable route and 2006

environment friendly

T=Temperature, P=Pressure
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Figure 1.1.2. (a) Number of research articles published and (b) number of citations on
DMC synthesis processes by phosgenation, methylnitrile carbonylation, oxidative
carbonylation and PC, EC and urea transesterification (Scopus database search on June
10, 2015).
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1.5. OBJECTIVES OF THE PRESENT STUDY

Based on the critical review of the literature and research gaps identified, it is found
that only a few catalysts have been tested for the DMC production via transesterification and
direct CO; conversion routes. Considering various possibilities, the following objectives are
set for the present study:

» To prepare various catalysts (CeO,-based mixed oxide, hydrotalcites and supported
catalysts).

» To perform physio-chemical characterization of the synthesized catalysts by using N,
sorption, X-ray diffraction, temperature programmed oxidation and reduction (Ho-
TPR), temperature programmed desorption (TPD) of NHj3 and CO,, atomic force
microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopic-energy dispersive atomic spectra (SEM-EDAX), transmission
electron microscopy (TEM), inductively coupled plasma atomic emission
spectroscopy (ICP-OES), atomic absorption spectroscopy (AAS), thermogravimetric
analysis (TG), etc.

» To evaluate catalytic activity of the synthesized catalysts for DMC synthesis via
transesterification and direct conversion of CO; routes.

» To optimize the operating conditions such as temperature, pressure, molar ratio,
amount of catalyst, and to study the thermodynamics and kinetics of the DMC
synthesis.

» To test the stability and recyclability of the synthesized catalysts, and to investigate

the possible mechanism of DMC synthesis.
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Chapter -2
LITERATURE REVIEW

2.1. GENERAL

Many techniques have been developed for the synthesis of dimethyl carbonate
(DMC). These include commercially developed technologies and newer alternative
techniques which are in the developing stages. The main aim of this chapter is to critically
review the literature on the synthesis of DMC using various techniques and the established
technologies. This chapter also aims to sean the available literature on the catalysts used for
the synthesis of catalysts used in the DMC production and their characterization. DMC
synthesis by transesterification reaction with propylene carbonate (PC); and by direct

conversion of carbon dioxide (CO,) have been exhaustively reviewed.

2.2. TRADITIONAL AND DEVELOPING METHODS FOR THE SYNTHESIS OF
DMC

Various traditional and developing methods are used for the synthesis of DMC. The
methanol oxidative carbonylation, methylnitrite carbonylation and old phosgenation
processes are full-scale commercial methods used for the DMC synthesis. Phosgenation
process is now abandoned because of the hazards associated with it and banned in the United
States and Europe. Transesterification of ethylene carbonate (EC), PC and urea with
methanol and conversion of CO, are in the developing stage for the synthesis of DMC.
Consequently, transesterification reaction and direct CO, conversion reaction are being
developed for their industrial feasibility. Transesterification and direct CO, conversion to
DMC have been proved to be the most effective methods for the synthesis of DMC. These
methods are environment-friendly and alternative method for the replacement of hazardous

and undesirable compounds, green chemistry, low cost and easy case of availability of the
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materials [Keller et al., 2010]. Methods used for the commercial production of DMC are
methanol oxidative carbonylation and methylnitrite carbonylation.
2.2.1. Phosgenation Process

This technology was used earlier for large scale production of DMC, however, it has
now been abandoned because of inherent toxic use of raw material. In this process, phosgene
and alcohols (methanol) react in two steps to produce DMC. First, phosgene reacts with
methanol to form chloroformates which react further with another molecule of methanol to

form DMC [Leino et al., 2010].

COC1, +CH,0H —>CH,C00C1 +H( 22.1)
CH,COOCI + CH;0H —(CH,0),CO+HCl (2.2.2)
Overall reaction can be written as:

C0dl, +CH,0H —(CH,;0),C0+2HCl (2.2.3)

Among many acid acceptors (pyridine, dimethyl aniline, quaternary ammonium bases
or inorganic bases such as oxides, hydroxides and carbonates), pyridine is preferred one
[Leino et al., 2010]. This reaction occurs below room temperature using anhydrous solvent
(such as toluene, benzene, dichloromethane and chloroform) in the presence of excess
pyridine or in excess of sodium hydroxide so as to trap the hydrochloric acid formed in the
reaction. Excess amount of pyridine, or sodium hydroxide shift the equilibrium of the
reaction towards DMC formation as well [Sheikh and Sivaram, 1996]. The temperature of the
reaction depends on the nature of the alkaline reagent. In the presence of pyridine or caustic
soda, a temperature below room temperature is required, whereas, the reaction temperature
should be above 50°C when calcium carbonate is used. In the absence of base, the reaction
requires high temperature (50-150°C) to occur, however, it results in poor carbonate yields

[Leino et al., 2010].
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Reactivity of phosgene is high, unwanted monomers also get produced [Keller et al.
2010]. Recovery and disposed of by product is additional step required in this reaction.
Overall, DMC production from methanol and phosgene as a reactant is about 82-85% [Aresta
and Galatola, 1999; Keller et al., 2010]. The main disadvantage of this method is that
phosgene as a reactant is extremely hazardous.

2.2.2. Methanol Oxidative Carbonylation

Synthesis of DMC using non-phosgene routes was developed in 1980 and
industrialized by EniChem Company, Italy in 1983. This industrial process was based on
methanol oxidative carbonylation with copper chloride as a catalyst. After completion of this
reaction, separation of DMC was done using distillation process [Romanao et al., 1980]. CO,
and water are by-products in which CO, is recycled for synthesis of CO. Product stream
contains ~50-70% methanol, 30-40% DMC, and 2-5% water [Keller et al., 2010].

Synthesis of DMC by methanol oxidative carbonylation method is completed in two
step oxidation and reduction. In the first step, cupric chloride reacts with oxygen in presence
of methanol and copper methoxychloride is formed. In the second step, copper
methoxychloride react with CO and DMC is formed, copper chloride is regenerated and then

used in new catalytic cycle.

2CH,OH + 2CuCl + %02 — 2CI(CH,0)Cu + H,0

(2.2.4)
CO+2CI(CH0)Cu —(CH,0),C0+2CuCl (2.5)
The overall reaction is given below:
CO + 2CH,0H +%Oz — (CH,0),CO + H,0 (2.2.6)

Excess of CO is used in this reaction and oxygen is the limiting reagent, which must
be fed at carefully controlled rate. This reaction is highly exothermic (~76 kcal/mol of DMC)

and takes place at 100-140°C and 20-40 bar [Delledonne et al., 2001; Leino et al., 2010].
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Various types of bimetallic chloride, single metal chlorides are used as catalyst for this
reaction.

In this reaction, DMC selectivity is low due to formation of dimethyl ether, methyl
chloride and water. Dimethyl oxalate (DMO) is produced as a coproduct [Matsuzaki and
Nakamura, 1997; Romano et al., 1980]. Methanol oxidative carbonylation process suffers
from various problems such as low per-pass conversion from formation of chlorine gas which
causes corrosion in the reactor section, and separation problem due to formation of
azeotropes between DMC, water and methanol.

Table 2.2.1 gives literature review on the synthesis of DMC by methanol oxidative
carbonylation process using various catalysts, process parameters and reaction conditions.
Many authors have worked on different catalysts which were synthesized using different
methods, different calcination temperatures and DMC/methanol azeotropes. Furthermore,
many authors studied the effect of temperature, total pressure, amount of catalysts, etc. Some
of the authors worked on increasing the selectivity and decreasing the formation of water.
Various authors used Cu-NaOH/activated carbon [Han et al., 2001], CuCl, immobilized on
MCM-41/ MCM-48 [Cao et al., 2003], CuBr,—PyIL/SBA-15 [Wang et al., 2010], Cu-SiO,-
TiO, cogelled xerogel [Ren et al., 2011] and PdCl,—~CuCl,-KOAc/AC@ALOs [Ding et al.,
2014] for the synthesis of DMC. Anderson and Root [2004] used Cu'X and CuZSM-5 based
catalysts synthesized by solid—state exchange method and reported a rate equation for DMC
synthesis. Engeldinger et al. [2010] synthesized reduced CuY (copper with NHy-Y-zeolite)
catalyst by incipient wetness impregnation method and used it for the DMC synthesis in
micro flow reactor at a low pressure (P=3 bar) and 130-150°C temperature. Funakawa et al.
[2005] used Au/carbon catalysts for the electrochemical carbonylation of methanol to

produce DMC.
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Table 2.2.1. Oxidative carbonylation of methanol.

Catalyst Method Reactor/Reaction Process parameter and brief description  Yield (%) Reference
Condition
Cu/MWCNT Conventional Continuous flow, » Methyl formate (MF), DMC and CO, Spmc=30 Merza et al.,
and Cu- incipient Hy-Reduced formed in this reaction as product. Ypmc=1.2 2014
Ni/MWCNT  wetness  catalyst, > Molar ratio of CH;OH/CO/0,=2/1/1,
impregnation T=120°C, Flow > Pro d bl i hani
: posed possible reaction mechanism
rate=16 ml/min
PdC1,—CuCl,— impregnating Continuous flow, » PdCl,—CuCl,~KOAc/AC@AI1,04 Sco=71 Ding et al.,
KOAc/AC@A active carbon T-160°C, ) catalyst showed high DMC selectivity, = Ycuon=97 2014
10, GHSV=T100h", 5 Molar ratio of CH;OH/CO/0,=3.6/2.3/1,
P=3 bar, »  The catalytic mechanism catalyst was
proposed
Cu- Cation Continuous flow, » Dimethoxy methane (DMM) and MF - Vélez et al.,
ChnOptllOllte exchange and T=150°C, produced as product and no DMC was 2012
impregnation GHSV=7100 h™', formed
P=3 bar,
Cu-SiO,-TiO, Sol-gel Batch reaction, > Synthesis of Silica—Titania matrix using Spyc=97 Ren et al.,
COgelled method T:120°C, PCOIZ sol_gel method. CMCOHZI?) 2011
xerogel bar, Po,=1 bar, 10 35 Proposed structure of Silica-Titania Spmm=3.2
?_ﬂlnslel:han()l’ matrix and study for DMC synthesis
Continuous flow
Cu'/SiO,- Sol-gel and  Batch reaction, » Molar ratio of CO/O,=2/1, Somc=79 Hua-Yan et
ZrO, ion-exchange T=140°C, > silica-zirconia mixed oxide Cmeon=10  al,, 2011
method Pco=1.6 bar, >  Calcined -450°C
P0,=0.8 bar, 10
ml methanol,
t=1.5 h, Stirr=500
rpm
cu'y (CuCl, Solid-state  Continuous flow, » Molar ratio of CH;OH/CO/0,=4/10/1,  Spmc=75 Zhong et al.,
with Zeolite) ion- T=140°C, » Calcined =300-500°C Cumeon=4.4 2010
exchanged  SV=5600h", Somm=26
reaction
CuBr,— Conventional Batch reaction, » Synthesis of SBA-15 and ionic liquid. Somc=98 Wang et al.,
PyIL/SBA-15 impregnation T=120°C, » Pco /Poy=2:1 Cmeorn=9.5 2010
method methanol=10 ml, Spvm=0.5
PCO:24 bar, t=2 h,
CuY (Copper Incipient- Flow micro- » Molar ratio of CH;0H/CO/0,=15/30/1  Spmc=12 Engeldinger
with NH4-Y-  wetness- reactor, T=130- or 15/30/0 Spme=77 etal., 2010
zeolite) impregnation 150°C, P=3 bar, 3 (alcined temperature=400°C Spmm=17
Hz-Reduced SMF:1
catalyst Cymeon=10
Co-Schiff Stepwise T-120°C, P,,=30 » Molar ratio of CO/O,=2/1, Cmeon=25.4 Zhu et al.,
Base/ Zeolite method bar, t=4 h, Pco=20 » (Calcination temperature:4()()oc’ Spmc=99.5 2009
bar, Po;=10bar 5 Amount of catalyst=1 g,
» Acetonitrile=25 mL,
» Methanol=40 mmol
CuCl/SiO,—  Conventional Batch reactor, T- » Studies on quantum-chemical Spmc=96.5 Renetal.,
TiO, & microwave 120°C, Py,=30 calculations and Cu-O corridation. Spmm=3.2 2009
heating bar, t-1.5 h, » Calcination temperature=550°C. Smr=0.3
methods Pco=20 bar, » Optimized geometry of the clusters
P02:10 bar
calculated by DFT
Cu-exchanged Solid-state ~ T=130°C » Proposed Mechanism for DMC - Zhang and
zeolite Y ion exchange synthesis, Bell, 2008a
of H-Y CH;OH/CO/0,/He=4.0/9.0/1.0/19.3,
zeolite » Calcination temperature=650°C,
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Catalyst Method Reactor/Reaction Process parameter and brief description  Yield (%) Reference
Condition
Ionic liquid - Batch reactor, » Effect of molar ratio of CO/O,, Spmc=97.8  Dong et al.,
T=120 °C, » CO/0=2/1, Cmeon=17.2 2008
Pioa=24 bar, t=2 » Methanol=4 g Spmm=2.8
h, Pco=20 bar,
P,=10 bar
Cu-Y Zeolite - - » DFT study for DMC synthesis, - Zheng and
»  Proposed reaction mechanism Bell, 2008b
CuCl/1,10- Conventional Batch reactor, T- » Molar ratio of CO/0,=9/1, Spmc=96.8 Mo et al.,
phenanthroline impregnation 120°C, Py,=30  » Methanol=60 mL, Cwmeon=15.5 2007
immobilized method bar, t=5 h, Pco=20 3 Stirring speed=1000 rpm/min. Yomc=78.2
on polystyrene bar, Po,=10bar Polymer supported catalysts synthesis
Cu- Incipient Continuous flow, » Molar ratio of Spmc=96.8  Richter et
impregnated  wetness T=140-170°C, CH;0H/CO/0,=6.67/3.33/1, Calcination Cmeon=12  al., 2007a
zeolite Y impregnation Spacq ; temperature=650°C, ypmc=78.2
;S?;?;FZSO b, » Proposed reaction mechanism
Cu- Incipient Continuous flow, » CH;0H/C0/0,=6/8/1, Cal- 700-750 °C Spmc=52 Richter et
precipitated  wetness T=140-170°C, for 15 h, Synthesis. Proposed reaction ~ Cmeon=12 al., 2007b
zeolite Y impregnation Space .
velocity=3000 n, mechanism. Normal pressure
Cu-exchanged Solid-state  Continuous flow, » Effect of catalysts activity, - Zhang et al.,
Y,ZSM-5,  ionexchange T=130°C > Selectivity as Cu-Y > Cu-ZSM-5 > Cu- 2007
and Mordenite method MOR,
» Molar ratio of
CH;0H//CO/0,/He=4/9/1/19.3,
» To study the effect of reactant
Cu-Y Zeolite Vapor-phase Catalysts » Possible locations for Cu+ in faujasite by - Drake et al.,
exchange characterization DFT study. 2006
method > DFT simulation of DMC, DMM, and
MEF,
» To study the amount of DME produced
CuCl/Schiff Batch reactor, » Molar ratio of CO/0,=2/1, Spmc=98.3 Mo etal.,
base T=120°C,P=24 » Study of Schiff base promoters with Cmeon=23.7 2006
bar, t=2 h, different-donor abilities effect the
Stirr=1000 rpm .
catalytic performances
Cu-ZSM-5 Solid-state  Continuous flow, » Proposed reaction mechanism for DMC - Zhang et al.,
ion exchange T=130°C synthesis 2006
Cu/Si0, Chemical Continuous flow, » To study the molar ratio of Spmc=90 Drake et al.,
vapor T=130°C, CH;0H/CO/0,=4/9/1, 2005
deposition  residence » High DMC activity correlated with Cu
time=3.5 s, dispersion.
Au/Carbon - - » Unique electrocatalysis for the - Funakawa et
anode by electrochemical carbonylation of al., 2005
electrochemic methanol to DMO and DMC.
al potential » DMC found higher potential and DMO
found lower potential
Cu'Xand Solid-state ~ Continuous flow, » Proposed reaction mechanism and - Anderson
CUfZSM-S ion exchange T:1300C, pathways for DMC Synthesis from and Root,
Zeolite Pco=0.4-2.0 bar 2004

oxidative carbonylation of methanol
using CuZSM-5,
Finding rate equation expression.
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Catalyst Method Reactor/Reaction Process parameter and brief description  Yield (%) Reference

Condition
Carbon- Impregnation Continuous flow, » Vapor-phase oxidative carbonylation of Spycmeon=9 Cao et al.,
supported Method T=140°C, methanol, 6 2004
Wacker-type Pco=0.4-2.0bar, 5 Molar ratio of CO/0,=3.67/1 Coearr=18
(CuCl,-PdCl,- t=1.2h",
KOACc/AC) GHSV=1680 h’'
Copper Conventional Continuous flow, » MeOH/CO/0,=4/16/1, Spmc=89.3 Hanetal,,
chloride impregnation T=130°C, P=1 » OH/Cu molar ratio depends upon the Cmeon=23.7 2003
hydroxides method bar, DMC vyield. Ypomc=20.9
(CuCl,/NaOH/
AC)
CuCl,-PdCl, Impregnating Continuous flow, » Effect of Cu/Pd on DMC synthesis Spmc=89.3 Yangetal.,

method T=140°C, > CO/0=2/1 ChMeor=9 2003a

PCO:0.4—2.0 bar, YDMC:20c9

t=1.2h",

GHSV=700 h"
CuCl,-PdCl,- Impregnating Continuous flow, » MeOH/CO/0,=7.34/3.67/1 Spmc=97.7 Yangetal.,
Activated method T=130°C, Cymeori=7.3  2003b
carbon Pco=0.4-2.0 bar,

t=1.2h",

GHSV=4300 h'!
CuCl, Conventional Continuous flow, MeOH/CO/0O,/N,=4/18/1/2 Spmc=97.5 Caoetal.,
immobilized impregnation P=10 bar, Cumeon=12.6 2003
on MCM-41/ method T=130°C,
MCM-48 GHSV=1200 h"!
CuCl,-PdCl,/ Conventional Continuous flow, » CO/0,=2.8/1, - Ruixia et al.,
Activated impregnation P=10 bar, » Effect of K, Na and Li on DMC 2003
carbon method T=150°C, N synthesis, Reasons of deactivation of

GHSV=1500 h catalyst, activity and stability
PdCl,—CuCl,— Impregnation Continuous flow, » CO/0,=2.8/1, - Jiang et al.,
CH3;COOK/A. method P=10 bar, > Proposed reaction mechanism, Effect of 2002
C. T=150°C, N K on DMC synthesis

GHSV=1500h"",

LHSV=4h’,
poly (N-vinyl- Combination Batch reactor, » CO/O0,=11.5/1, Spmc=98.3 Huetal.,
2- of an T=120°C, > Proposed reaction mechanism Cmeon=12.09 2002
pyrrolidone)- alcoholic Pco=27.6 bar, Yomc=61
CuCl, solutions Poy=2.4 bar, t=5

method h,

Cu- Conventional Continuous flow, » MeOH/CO/0,=4/16/1, Spomc=83 Han et al.,
NaOH/Activat impregnation P=10 bar, »  Effect of Cu and NaOH on DMC Cumeor=13 2001
ed Carbon method T=120°C,

synthesis

Stirr=Strring speed, T=Temperature, P=pressure, Spyc=Selectivity of DMC, Ypyc= Yield of DMC, Cyeon=
Conversion of methanol, Cal=Calcination temperature.
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2.2.3. Methanol Carbonylation of Methylnitrite

This process was commercialized for DMC production by Ube Industries Ltd. Japan.
In this process, nitric oxide (NO) is used as a redox coupling agent for the synthesis of DMC
and dimethyl oxalate (DMO) is formed as a coproduct [Pacheco and Marshall, 1977].
Presently the carbonylation of methylnitrite is mainly used for the synthesis of DMO.

In this process, CO and O are also used as raw materials. DMC formation takes place
in two steps. In the first step, nitrogen oxides react with O, to form methyl nitrite (CH;ONO)

and water. This step is completed without catalyst at a temperature of 60°C.

2NO + 140, - N,0,

(2.2.7)
N0, +2CH,OH —2CH,0ONO +H,0O
(2.2.8)
Overall reaction of methyl nitrite production is as follows:
1
2NO + 140,+2CH,OH — 2CH,0NO + H,0 (2.2.9)

In the second step, CO reacts with methyl nitrite in the presence of bimetallic catalyst
at 100-120°C temperature and 5-10 bar pressure to produce DMC and original nitric oxide

[Uchiumi et al., 1999; Keller et al., 2010].

PdCl,
CO +2CH,ONO——=—(CH,0),CO+2NO (2.2.10)

After completion of the reaction, the water formed is removed. Methanol
carbonylation of methylnitrite process suffers from various problems such as difficulty in
separation of produced DMC, NO toxicity and CH3ONO reactivity [Pacheco and Marshall,
1997; Keller et al., 2010].

Some authors used this reaction for the DMC synthesis using various catalysts such as
Pd/NaY [Yamamoto et al., 1997], copper impregnated on activated carbon or supported
catalyst [Tomishige et al., 1999a], Pd catalyst [Matsuzaki, 2003], Pd-(AC/Si/Al/NaY/Si-Al)
[Yamamoto, 2010] and a combination of palladium and copper oxide (CuCl,-PdCl,/Li-Al-O)
[Ge et al., 2012]. Table 2.2.2 summarizes the literature on the synthesis of DMC using

methanol oxidative carbonylation by methylnitrite process using various catalysts.
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Table 2.2.2. Oxidative carbonylation process.

Catalyst Method Reactor/Reaction Process parameter and brief Yield (%) Reference
Condition description
Pd/NaY Ion- Fixed bed flow reactor, » Characterization of Spmc= > 85%  Yamamoto
exchange Cat=5.0 g, T=110°C, synthesized Catalysts’ Syn=76% et al., 1997
technique CO/CH;ONO/CH;0H/N,= » Effect of Pd loading on Sco=88%

}7’/18/5/74’ GHSV=8000 h' zeolite for DMC synthesis,

’ » Effect of calcinations
temperature, Proposed
mechanism of DMC synthesis

Pd Conventio Fixed bed flow reactor, » Effect of support in fixed bed Ypyc=6.14 Matsuzaki
catalyst nal Cat=1 Wt%, TZIZOOC, reactor for DMC synthesis’ YDMo:0.25 and
method  CO/MN/N,=20/10/70, > Proposed a reaction mol/1 Cat h Nakamura,
GHSV=4000 h™', . : 1997
mechanism using Pd
catalysts,
» Comparison to other method
in DMC
CuCly/Ac Impregnat Fixed bed flow reactor, » Activity of CuCly/AC Spmc=2.5 Tomishige et
tivated ion Cat=0.93 g, P=5 bar, Catalysts for DMC synthesisj Il'll'l’lOl.h_1 al., 1999a
Carbon  method T=110°C, GHSV=10000 Study of rate of formation of Svn=0.9
(AC) h', or DMC mmol.h™!
%I;iOH/CO/NZ/Oz 212108 » Effect of Cu loading on AC, rsncr?l O?f-l
CH;0H/CO/Air=2/2/1,
Pd Impregnat Fixed bed flow reactor, » Study of catalysts - Matsuzaki,
catalyst ion deactivation, 2003
method > High DMC selectivity.
Pd- Impregnat Fixed bed flow reactor, » Effect of support on catalytic Ypyc=6.14 Yamamoto,
(AC/SI/A ion Cat=0.5 g, P=2-5 bar, activity and Stabi]ity, Yomo=0.25 2010
I/NaY/Si- method  T=120°C, >  Effect of pressure on DMC mol/1 Cat h
Al) CO/MN/N,=20/10/70, svnthesis
GHSV=4000 h", Y : .
» Proposed a reaction
mechanism for DMC in
absence/presence of chlorine
ion.
CuCl,- Ceramic Fixed bed flow reactor, »  Effect of support and Syn=95%, Geetal.,
Pdclz/Ll- method Cat=0.93 g, P=2 bar, calcinations temperature on 2012
Al-O and T=120°C,

the catalytic properties and

impregnati CO/MN/N,=5/80/15, used for DMC synthesis

on method CH;0H=10 mL
GHSV=8000 h™',

*DMM=dimethoxy methane, MF=Methyl formate, DME=Dimethyl ether, STY=Space time yield, Syn=
Selectivity of MN, Sco=Selectivity of CO, Ypuc=Yield of DMC, Ypno=Yield of DMO.

2.2.4. Transesterification of Urea with Methanol

Synthesis of DMC from urea and methanol is a two-step process. First urea is
converted to methyl carbamate at low temperature and without any catalyst. In the second
step, methyl carbamate reacts with methanol at 160-190°C temperature in the presence of a

catalyst to produce DMC and ammonia.

NH,CONH, +CH,0H —>NH,COOCH, +NH, 021
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CH,0COCH, +NH, —CH,O0COOCH, +NH, (2.2.12)

Ammonia is removed from the reaction and no azeotrope forms between the methanol
and water. Thus, the separation of DMC is easy as compared to other processes. This route is
cheap and environment-friendly, as no toxic gas forms.

However, this process suffers from the requirement of high molar ratio of
methanol/urea, unfavorable thermodynamics and low product selectivity due to formation of
various byproducts such as N-methyl carbamate, N-methyl urea and methyl carbamate.

A number of investigations have been reported recently which have tried to overcome
these limitations. Work done by various authors is summarized in Table 2.2.3. Various types
of catalysts such as mixed metal oxide [Wu et al., 2014b; Wu et al., 2014a; Wang et al.,
2012a; Joe et al., 2012; Wang et al., 2009], pure metal oxide [Wang et al., 2010; Zhang et al.,
2010; Wang et al., 2006; Wang et al., 2005; Wang et al., 2004], ionic liquids [Wang et al.,
2009] and hydrotalcites [Wang et al., 2010] have been used for the DMC production from
urea and methanol.

2.2.5. Transesterification of EC or PC with Methanol

DMC can be produced by the transesterification reaction between methanol and PC or

methanol and EC. During transesterification of PC with methanol, DMC is the main product

and propylene glycol (PG) is a co-product.
C,H,0, +CH,0H —H,COCOOCH, +CH,CHOHCH,OH (2.2.13)
This process of DMC formation is sustainable and clean and environmentally benign
as compared to other routes, and has gained the attention of a number of researchers. This
route has these advantages: first, it is free from corrosion of equipment; second, there is no

waste formation; and the third, it has higher conversion.

20



Chapter 2: Literature Review

Table 2.2.3. Literature review of transesterification activity of urea methanolysis with

various catalysts.

Catalyst Reactor and Method of Reaction condition %Yomc / Referenc
catalyst %Cpc/ es
%Spmc™
Zn/Al mixed  Stainless steel autoclave with T-180°C, MeOH/urea=20, Ypmc=31.4 Wu et
metal a magnetic stirrer. (batch C/U=8.33 wt%, t=10 h. Cal=350- Y =066.6 al.,
reactor) 1000°C Ty=98.0 2014a
No catalysts  Stainless steel autoclave T-265°C, MeOH/urea=14, Ypmc=98 Hou et
(batch reactor) C/U=8.33 wt%, t=2h., P=92 bar, al., 2014
Solvent=Acetone
Zn0O—-Ca0O Stainless steel autoclave with T-180°C, MeOH/urea=20, Ypumc=41 Wu et
a magnetic stirrer. (batch C/U=8.33 wt%, t=10 h. Cal=1000 Yy =51 al.,
reactor) °C, Ty=92 2014b
ZnO-Al,O;  Batch and continuous Reactor T—180°C, MeOH/urea=20, Ypmc=35 Wang et
C/U=25.3 wt%, t=10 h. Cumc=55 al., 2012
Cal=600°C, P=15 bar Yammc=7
Fe, O3/ HMC Stainless steel autoclave with T-180°C, MeOH/urea=12, Ypuc=34 Zhang et
M-49 a magnetic stirrer. (batch C/U=160 wt%, t=8 h. Cyc=34 al., 2012
reactor) Cal=1000°C, Somc=98
ZnO (X)— Stainless steel autoclave with T-170°C, MeOH/urea=20, Ypmc=29 Joe et al.,
CeO, (1-X) a magnetic stirrer with reflux C/U=8.3 wt%, t=4 h. Cal=500 °C, 2012a
column. P=20 bar @CO,
Zn0O—-CeO,— Stainless steel autoclave with T-170°C, MeOH/urea=20, C/U=25 Ypmc=50 Joe et al.,
MO (MO-  a magnetic stirrer with reflux wt%, t=4 h. Cal=500°C, P=20 bar Cyc=40 2012b
Single metal)  column. @CO, Yammc=7
Zn/Fe mixed Stainless steel autoclave with T-190°C, MeOH/urea=20, Ypmuc=31 Wang et
oxide a magnetic stirrer with reflux C/U=13.3 wt%, t=10 h. Cuc=46 al.,
column. Cal=500°C, P=20 bar @CO, Yammc=7 2010b
La (NO3); Stainless steel autoclave with T-190°C, MeOH/urea=20, Ypuc=54 Wang et
based oxides  a magnetic stirrer with reflux C/U=13.3 wt%, t=8 h. Cal=800°C, Cyc=85 al., 2010
column. P=20 bar @CO, Yaumc=14
ZnO Isothermal fixed-bed reactor T-180-200°C, t=4.7 mol/h Zhang et
Kinetics Study using al., 2010
MATLAB
Zn/Al, Zn/Cr Stainless steel autoclave with T-190°C, MeOH/urea=20, Ypmc=32 Wang et
and Zn/Fe a magnetic stirrer with reflux C/U=13.3 wt%, t=10 h. Cyc=67 al.,
(HTLc) column. Cal=500°C, Y ammc=9 2010d
ZnO Stainless steel autoclave with T-170°C, Stirr-650, Cal-500°C, Yomc=43 Wang et
composite a magnetic stirrer t=8 h.,MeOH/urea=20, C/U=16.6 Cmc=60 al.,
wt%, 2010e
Ionic liquids 500 mL stainless steel reactor ~ T-160C, MeOHrea=37, Ypmc=26 Wang et
with a mechanical stirrer and C/U=16.6 wt%, t=4 & 8 h. (liquid Spymc=100 al., 2009
electric heater. emimBr—ZnCl,)

Compounds 350 mL stainless steel reactor ~ T-190°C, Stirr-650, Ypumc=31 Zhao et
of Zinc with a mechanical stirrer and MeOH/MC=20, C/U=135 wt%, Cuc=51 al., 2008
electric heater. t=10 h. Cal-500°C, Y ammc=9
CaO, MgO, Stainless steel autoclave with T-200¢, MeOH/MC=8  wt%, Ypmc=17.5 Wang et

710, a magnetic stirrer with reflux C/U=6.67 wt%, t=10 h, Stirr-650. Cmc=44.3 al.,
column. Spmc=39.5 2006a

Ca0,Ti0,, Stainless steel reactor with a T-150°C, Stirr-1000 rpm, Ypmc=28 Yang et

CaCl,, MgO mechanical stirrer and electric  MeOH/urea=15 molar  ratio, al., 2006

heater.

C/U=18 wt%, t=10 h.
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Catalyst Reactor and Method of Reaction condition %Y pmc / Referenc
catalyst %Cpc/ es
%Spmc™*

polyphosphor 750 mL-stainless steel reactor ~ T-140°C, MeOH/urea=14 molar Ypyc=07.4 Sun et

ic acid (PPA)  with a mechanical stirrer and ratio, C/U=18 wt%, t=4 h. P=8 bar Cy=44.3 al., 2005
electric heater. @CO,, Stirr-1000 rpm, Spmc=39.

Zn0O 250 mL Stainless steel T-170°C, MeOH/urea=20 molar Ypyc=70 Wang et
autoclave with a magnetic ratio, C/U=25 wt%, t=8 h. P=8 bar Cy =48 al.,
stirrer with reflux column. @CQO,, Stirr-1000 rpm, Yammc=15 2005a

Ca0O, ZnO, Stainless steel autoclave with T-180°C, stirr=500 rpm, Ypmc=37 Wang et

MgO, ZrO, a magnetic stirrer with reflux. =~ MeOH/urea=8, C/U=8.33 wt%, Ync=99 al., 2004
(batch reactor) t=10 h. Cal=600°C, Cmc=42

*T=Temperature, P=Pressure, Stirr=Strring, MeOH/urea=Methanol/urea molar ratio, C/U=wt% of urea,
Ypomc=DMC Yield (%), Spmc=DMC Selectivity (%), Cymc=methyl carbamate conversion (%), Sgc=EG
Selectivity (%), Yec=EG Yield (%), t=reaction time.

Transesterification of PC/EC with methanol for the production of DMC has been
investigated using various homogeneous and heterogeneous catalytic reactions. Previous
studies showed that the surface acid and base functionalities play major role during the
transesterification reaction for the DMC production. A comparative assessment of the
transesterification of PC/EC with methanol using catalysts is given in Tables 2.2.4 and 2.2.5.

Some investigators have reported on the favorable activity of CaO and CaO-ZrO,
based catalysts for the transesterification of PC/EC with methanol. However, the regeneration
and reusability of the catalysts was found to be poor [Wang et al., 2005a; Wang et al., 2005b;
Wang et al., 2005c]. The decrease in the CaO specific surface area due to agglomeration and
blockage of the active sites caused appreciable decrease in the catalytic activity of CaO
during its reuse in the transesterification reaction. Other catalysts such as quaternary
ammonium salt, [Jeong et al., 2005], ion exchange resins [Pyrlik et al., 2012], ionic liquids
[Ju et al., 2007; Dharman et al., 2009; Yang et al., 2010], ionic liquid supported on metal
oxide [Kim et al., 2010a; Kim et al., 2010b; Kim et al., 2011], and mixed metal cyanide
[Srivastava et al., 2006] have also been used for the transesterification of PC/EC with
methanol. Many of these catalysts take long reaction times, and the addition of more than one

solvent and requirement of high temperature during synthesis of DMC. The reusability of the

catalysts is also not satisfactory.
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Table 2.2.4. Literature review of transesterification activity of PC with various

catalysts.
Catalyst Reactor and Method of Reaction condition %Y pmc / References
catalyst %Cpc/
%Spmc™*
CaO/C and 250 mL flask equipped with T-50°C, MeOH/PC=4, CaO/C Ypmc=43 Wei et al.,
CaO reflux condenser, C=1.8 wt% and Ca0=0.90 wt%, 2003a
t=1 h.
MgO and CaO  batch reactor and direct use after T-20°C, MeOH/PC=4, CaO/C  Sppuc=80 Wei et al.,
heating C=1.8 wt% and Ca0=0.90 wt%, Ypmc =46 2003b
t=2 h. Cpc =55
Ca0O-ZrO, Reactive distillation reactor and T=150°C, P=5 bar (N;), Cpc=97 Wang et al.,
co-precipitation method MeOH/PC=4, C=15g rate of 2005a
methanol=15 ml/h, t=12h,
Quaternary Stainless steel autoclave  T-140C, P=21 bar using CO,  Spyc=81 Jeong et al.,
ammonium equipped with a magnetic stirrer, MeOH/PC=8, C/PC=8 wt%, t=6  Spc=70.4 2005
salt Commercial use h. Cpc =59
Ca0-Zr0O, Batch reactor/distillation reactor  T-160°C, P=5 bar (N;) Cpc=56/97 Wang et al.,
and co-precipitation MeOH/PC=6, C=0.5g/15g, 2006b
LHSV=0.03 h"', =2 h/12 h.

Fe-Zn double Teflon-lined steel autoclave T-170°C, P=21 Dbar (CO,) Ypmuc=87 Srivastava
metal cyanide MeOH/PC=10, C=24.5 wt% of et al., 2006
PC t=8 h.

Ca0O-ZrO, Batch reactor /distillation reactor ~ T-150C, P=5 bar (Ny)  Cpc=56/97 Wang et al.,
and co-precipitation, physical MeOH/PC=6, C=0.5g/15¢, 2006¢
mixing, impregnation methods LHSV=0.03 h", t=2/12 h.
Ionic  liquids 50 mL Stainless steel autoclave T-180°, P=35.5 bar (CO,)  Spmc =81 Ju et al,
(cations and equipped with a magnetic stirrer MeOH/PC=8, C/PC=8 wt%, t=6  Spg=91 2007
anions) and Commercial used h. Cpc =75
Au/Ce0O, Autoclave reactor and T=140°C, MeOH/PC=10, Ypmc =35 Juarez et
Deposition-precipitation method C/PC=11 wt%, t=6 h. Spmc =55 al., 2009
Cpc =63
Verkade bases Autoclave and commercial T=40°C, MeOH/PC=16, C/PC=1 - Williams et
sources wt%, t=1 h. al., 2009
KF/Al,O4 Double necked round bottom  T=80°C, MeOH/PC=10,  Spmc =98 Murugan et
flasks equipped with condenser C/PC=1.22 wt%, stirr-300 rpm, Cpc =71 al., 2010a
t=4 h.
Mg-Al-COs 25mL-Round bottom flask and T=130°C, MeOH/PC=10, Spmc =97 Murugan et
Coprecipitation C/PC=4 wt%, stirr-500 rpm, t=4  Cpc=72 al., 2010b
h.
Ion exchange Autoclave/continuous flow fixed T=130°C, MeOH/PC=8, C/PC=7  Spmc =95 Pyrlik et
resins bed reactor wt%, t=2 h. Spg=20 al., 2012
Cpc=55
Waste eggshell ~ Round bottom flask T=25°C, P=1 bar MeOH/PC=8, Ypmc =80 Gao and
C/PC=0.8 wt%, t=2 h. Yo =66 Xu, 2012
Cpc-83

*T=Temperature, P=Pressure; Stirr=Strring; MeOH/PC=Methanol/PC molar ratio; C/PC: wt% of PC,
Ypmc=DMC Yield (%),Spmc=DMC Selectivity (%); Cpc: PC conversion (%); Spg=PG Selectivity (%); Ypc=PG
Yield (%); t: reaction time.
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Table 2.2.5. Literature review of transesterification activity of EC with various

catalysts.
Catalyst Reactor and Method of Reaction condition %Y pmc /Y0Cec/ References
catalyst %Spmc™*
Mg-Al (HTLc) Flask with reflux T=100-160°C, MeOH/EC=4, Spmc=40 Watanabe et al.,
C=89 mg, t=3 h. Skg =99 1998
Cgc=54
K,CO;, KOH, Stainless steel autoclave  T=25°C, MeOH/EC=4, C=0.1g, Spmc=61 Han et al., 2001
LiOH and NaOH P=50 Psig using N,, t=2 h. Cgc =62
Mg-/Ni Smectite Stainless steel autoclave T=150°C, MeOH/EC=8, C=0.45 g, Spomc=89 Bhanage et al.,
t=4 h. Sk =96 2002
Cgc =62
Amberlyst A-21 SS-316 high-pressure T=90-120°C, MeOH/EC=4,16, Spmc=95 Dhuri and
reactor C=11.24-44.97 kg/m3 g, t=4 h. Cgc =36 Mabhajani, 2006
Tonic liquid Stainless steel autoclave T=100-160°C, MeOH/EC=8, C=2 Spomc=99 Ju et al., 2007
(EMImCI, mmol, P=100-400Psig using CO,, Sgg =100
EMImBF,) t=6 h. Crc=61
Poly-4-vinyl Stainless steel autoclave T=140-150°C, MeOH/EC=8, Yomc=82 Jagtap et al.,
pyridine C=20 wt of EC, t=4 h. Y =75 2008
Cgc =96
Tonic liquid Multimode microwave  T=80-120°C, MeOH/EC=8, C=2 Y pmc=82 Dharman et al.,
reactor mmol, t=0.5-6 h. Yec =85 2009
Na/NH,/Mg/K 2 L glass batch reactor T=70 °C, MeOH/EC=4, C=10 Y bomc=65 Stoica et al.,
Dawsonites wt%, t=6 h. 2009
DABCO/ basic - T=70°C, MeOH/EC=15, C=1 Yomc=81 Yang et al.,
ionic liquids mol%, t=6 h. Cec =90 2010
Ionic liquid Stainless steel autoclave T=160°C, MeOH/EC=8, C=0.2 g, Yomc=86 Kim et al.,
/amorphous silica P=13.4 bar, t=6 h. Yig =84 2010a
Cgc =93
Tonic liquid Stainless steel autoclave T=160°C, MeOH/EC=8, C=0.2 g, Yomc=74 Kim et al.,
/commercial silica with magnetic stirrer P=13.4 bar using CO,, t=6 h. Y =73 2010b
Cgc =81
Zinc-yttrium 50 ml flask as reactor T=65°C, MeOH/EC=8, C=2.5 Ypomc=72 Wang et al.,
oxides wt% of EC, t=2 h. YEg =70 2011
Cge =71
Ionic liquids on 50-mL Stainless steel ~ T=180°C, MeOH/EC=8, C=0.2 g, Ypmc=76 Kim et al., 2011
MCM-41 autoclave P=11.7 bar using CO,, t=4 h. Y =76
CEC =78
Imidazolium on Fixed bed reactor/ 50 mL T=110°C, MeOH/EC=10, C=0.2 Yomc=82 Wang et al.,
poly- styrene resin st ainless-steel reactor mmol or 1 mol%, t=1.2 h. Fixed Spmc =99 2012
bed reactor -200 h Crc =84
MgO with Flask as a reactor T=140°C, MeOH/EC=8 (5mL), Spmc=96 Cuietal., 2013
mesoporous silica C=30 mg, P=12 bar@CO,, t=6 h. Cgc =92
Mesostructured 80 mL stainless steel T=160°C, MeOH/EC=10, C=0.1 g, Yomc=81 Xu et al., 2013
graphitic carbon autoclave, P=6 bar using CO,, t=6 h. Spmc =99
nitride Cgc =82
N-hetero- cyclic - T=180°C, MeOH/EC=3, C=5 Y pmc=86 Du et al., 2015
carbene mol%, t=10 h.
Ceria mesoporous 80-mL Stainless steel T=140°C, MeOH/EC=10, C=0.1 g, Yomc=73 Xu et al., 2014
autoclave P=6 bar using CO,, t=2 h. Somc =96
Cgc =76

*T=Temperature, P=Pressure, Stirr=Strring, MeOH/EC=Methanol/EC molar ratio, C/EC=catalyst dose wt.% of
EC, Ypmuc=DMC Yield (%), Spmc=DMC Selectivity (%), Cgc=EC conversion (%), Sgc=EG Selectivity (%),
Yes=EG Yield (%), t=reaction time.
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2.2.6. Direct Synthesis Processes
2.2.6.1. Direct conversion of CO, to DMC

Utilization of CO, and reducing CO, emission are important issues from the
sustainability point of view. CO, along with alcohol was used for the direct synthesis of
carbonates in 1980 [Delledonne et al., 2001]. This route for the synthesis of DMC using CO;

and methanol seems to be an attractive method, and is currently pursued very vigorously:

2CHSOH + C02 ﬁCHS(E(XX:HZ + HZO (2.2.14)

The above reaction occurs at a temperature of 110-150°C and a pressure of 50 bar in
the presence of a catalyst [Honda et al., 2014]. To overcome the problem of limited
equilibrium conversion, application of dehydrating agents, use of highly effective catalysts
and high CO,; pressure have been used to shift the thermodynamic equilibrium towards DMC
side. Synthesis of DMC from CO, without use of a dehydrating agent leads to very low DMC
yield and low CO; conversion. Two types of dehydration systems (namely reactive and non-
reactive) are being investigated. Inorganic absorbent system, membrane separation and gas-
phase system are non-reactive dehydration systems. Butylene oxide, acetals, ortho ester,
trimethyl phosphate (TMP), dicyclohexylcarbodiimide (DCC) and CHslI are used as reactive
dehydration reagents|[Honda et al., 2014].

Although this route is environmentally friendly, the, low yield of DMC is the major
drawback. Various homogeneous catalysts such as thallium(I)hydroxide, tin(IV)tetralkoxides,
dialkytin dialkoxides, bases, C, N-chelated organotin(IV)trifluoro methane sulfonates [Svec
et al., 2012] and titanium(IV)tetralkoxides have been studied for increasing the DMC yield.
[Knifton and Duranleau, 1991; Kizlink, 1993; Kizlink and Pastucha, 1995; Fang et al., 1996]

Deactivation of catalyst, difficult separation process, and recovery of catalyst, etc. are
some of the drawbacks of the homogeneous systems. Subsequently, various heterogeneous
catalysts have been investigated for DMC synthesis such as CeO; [Chen et al., 2014], ZrO,

[Chen et al., 2014], CegsZry 50, [Zhang et al., 2009; Lee et al., 2012], Gd-Ce 4Zr( 60, [Lee et
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al., 2012], Cu-CeO, [Wada et al., 2013], Sn-SBA-15 [Ballivet-Tkatchenko et al., 2011], and
C, N-chelated organotin(IV)trifluoro methane sulfonates [Svec et al., 2012] have been
reported for DMC synthesis.

Various types of catalysts have been synthesized by various routes and tested for their
catalytic activity at varied conditions for this reaction. Several authors have worked on
supported catalysts such as Cu-Fe/Si0O,, graphene/Cu-Ni, Sn-SBA-15, SnO, and ZrO;
supported on silica, Cu-activated carbon at different pressures and temperatures [Bian et al.,
2011; Tkatchenko et al., 2011; Ballivet-Tkatchenko et al., 2011; Zhou et al., 2012]. Some
authors used ionic liquid supported on metal oxide and tested for DMC synthesis [Yuan et al.,
2009; Zhang et al., 2011]. CeO, synthesis using different methods such as Ce-Zr synthesized
by sol-gel, complex decomposition and conventional methods have also been used for the
DMC synthesis by this route [Tomishige et al., 2002; Zhang et al., 2009; Hofmann et al.,
2012]. In other studies, CeO, was tested in batch and continuous reactors under 200 bar
pressure and 125°C temperature [Santos et al., 2013; Wang et al., 2013; Honda et al., 2014].
Ce-Zr catalyst was synthesized by sol-gel, complex decomposition and conventional methods
and was tested in a batch reactor under 60-200 bar pressure, 80-160°C temperature [Hofmann
et al., 2012; Zhang et al., 2009; Tomishige et al., 2002]. Table 2.2.6 provides a comparative
assessment of work done on DMC synthesis by CO, conversion.

Few investigators have proposed a possible mechanism for the synthesis of DMC
from CO; with methanol [Bian et al., 2010]. Initially, methanol is activated to CH3O  in the
presence of base catalyst. CH30  further reacts with CO, to produce methoxide which reacts
with methyl iodide dehydrating agent and HI and DMC gets formed. Regeneration of
dehydrating agent to form a water molecule is an important step in this reaction. In this
mechanism, some side reactions may also be forced to reduce the water formation. Methyl

iodide was used as a dehydrating agent [Fang and Fujimoto, 1996; Honda et al., 2014].
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Base + CH,OH — CH,O" + H-Base

(2.2.15)

CH,O +CO, - CH,0CO0O (2.2.16)
CH,0COO +CH,] >DMC +T (2.2.17)
I'+ H - Base - HI + Base (2.2.18)
HI+CH,OH <CH,I+H,0 (2.2.19)
K,CO, +2HI -KI+CO, +H,0 (2.2.20)

Currently, the focus of research is on the development of highly efficient
heterogeneous catalysts, maximization of CO, conversion, increasing DMC yield,
overcoming thermodynamic limitations, reducing the severing of reaction conditions, etc.
2.2.6.2. Reaction of epoxide and CO,

In this process, epoxide reacts with CO; to produce alkylene carbonates followed by

in-situ ester exchange in the presence of excess methanol to form DMC.

? PN
CO, + HZC—\CH2+ CH;OH =C|) 7
H,C—CH, (2.2.21)
0O 0O
O)J\o CH;0H_  HO OH X O)J\O
Hzc—(/:H2 (|:H3 <|3H3

(2.2.22)
This process does not require a dehydrating agent. In this reaction, coproduct 1,2-

diols gets formed which is recycled. However, excess methanol is required in this reaction

which is not favorable for ester exchange between DMC and methanol. Also, various types of

side reactions such as ring opening of epoxide by methanol also occurs [Sakakura et al.,

2007].
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Table 2.2.6. DMC synthesis from CO, with methanol.

Catalyst Method Reactor/Reaction Process parameter and brief Yield (%)  Reference
Condition description
bis [2- Polyphosphor Stainless steel autoclave » Dicyclohexyl Yomc=58 Shi et al.,
(1H- ic acid T-80°C, P-10 bar, t=6 carbodiimide as promoter 2014
benzimida (PPA)- h, MeOH/ DCC=100, » Effect of temp, pressure,
zol-2-yl) catalyzed Catalyst dose=1 mmol, time, catalyst amount and
benzoato]  condensation reusability.
nickel (II) » Proposed mechanism for
(NiL2) DMC synthesis
CeO, Conventional  Stainless steel autoclave » 2-cyanopyridine (CP) as Y=1.4 Honda et
method T=110-150°C, P=50 hydration agent, Cmeon=1.7 al., 2014
bar, t=24 h, » Proposed mechanism for
MeOH/CP=2, Catalyst DMC synthesis with DFT
dose=0.34 g,
KBr- Conventional  Stainless steel » Effect of temp, pressure, Ypuc=12 Kumar et
Polyethyle method autoclave,  T=100°C, catalysts amount, reaction .8 al., 2014
ne glycol P=200 bar, t=2 h, time, catalyst amount and Spyc =98
reusability
CeO, Sol-gel Stainless steel » Studies of DMC formation - Chen et al.,
versus Method autoclave,  T=140°C, using FTIR with 2014
over ZrO, P=50 bar, t=2 h, intermediates.
Catalyst dose=0.1 g » Formation of mechanism
using FTIR
K,CO4 - Stainless steel > 1,2-cyclohexanediol Ypmc=554 Yang et al,
autoclave, CH;0H/ (CHD) and DMC Ycmp 2013
CHO=5, T=150°C, synthesis from =63.40
P=26, t=6h, Catalyst Cyclohexane oxide (CHO)
dose=0.28 g/2.0 mmol and CO,,
» Optimization of reaction
and proposed reaction
mechanism
CeO, - Continuous and batch » Proposed Eley—Rideal and - Santos et
steel autoclave, Langmuir—Hinshelwood al., 2013
T=125°C, P=200 bar, mechanisms,
stir=200 rpm, Catalyst » Fitting the reaction data in
dose=4.6 g, models,
CO,/CH;0H=1.1-4, » Finding and Optimization
of activation, enthalpy and
Gibbs  energy  using
reaction parameter
CeO, Template- Stainless steel » Proposed a mechanism Ypyc=1.38 Wang et al.,
nanocrysta  free autoclave,  T=140°C, over CeO, catalyst, 2 mmol 2013
Is hydrothermal P=50 bar, CH;OH=15 » Morphology  correlated
method mL, t=2 h, Catalyst with acidity and basicty
dose=0.1g and used for DMC
synthesis
Zirconium Conventional  Stainless steel > Proposed a mechanism Yppc=26 Unnikrishna
phenylpho  method autoclave, T=170°C, over ZrPP catalyst, mmol/g, etal., 2013
sphonate P=50 bar, CH;OH=16 » To check the reusability of Cyeop=31.
phosphate mL, t=8 h, Catalyst the catalyst\ & mol%
(ZrPP) dose=0.16 g
Mg-Al Sol-gel Continuous flow > Design of more-efficient Ypyc=12%  Stoian et al.,
hydrotelcit method reactor, T=130°C, P=50 heterogeneous  catalysts 2013
e-silica bar, CH;O0H=16 mL, and reaction systems for
lyogels t=8 h, Catalyst valorizing CO, as a
dose=0.16 g potential source of
economic
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Catalyst Method Reactor/Reaction Process parameter and brief Yield (%)  Reference
Condition description
Tonic - Stainless steel » Optimization of DMC Ypyc=1.5 Sun et al.,
liquid autoclave,  T=140°C, using Pressure, amount of mmol 2013
P=30 bar, CH;0H=25 catalysts, amount of ionic  Spyc=95%
mL, t=6 h, Catalyst liquid, reaction time, and
dose=0.066 mol recyclability of catalyst.
» Proposed a  reaction
mechanism using ionic
liquid.
CeO, Conventional  Stainless steel » Effect of presence of Ypuc=94 Honda et
method autoclave, Catalyst nitrile in the direct mmol al., 2013
dose=0.34 g, synthesis of DMC.
CH;OH/Nitrile=2/1,
P=50 bar, T=100"C
Cu-Ce Coprecipitati ~ Stainless steel Effect of Cu on DMC Ypyc=0.4 Wada et al.,
oxide on Method autoclave, T=80°C, synthesis, mmol 2013
P=13 bar, CH;0H=25 Optimization of reaction
mL, t=2 h, Catalyst parameter for DMC
dose=0.10 g synthesis,
» Proposed reaction
mechanism
Ce-Zr Oxalate gel Batch reactor with » Proposed reaction Ypmc=0.65 Hofmann et
method Teflon, P=65 bar, mechanism. % mass al., 2012
T=160°C, Catalyst » Kinetics study using fraction
dose=0.05 g, thermodynamic models,
» Study of enthalpies of the
reaction component
C,N- - Stainless steel > Synthesized and their Ypyc=2.3 Svec et al.,
chelated autoclave, CH;OH=20 characterization such as mmol 2012
organotin mL, DMC/Cat=1.15, NMR, XRD etc.
av) CO,=32.7¢g
trifluorom
ethanesulf
onates
Cu- Impregnated  Continuous flow > Catalytic performances on Spyc=85.9  Zhou et al.,
Fe/Si0O, method reactor, T=120°C, time, reduction %, 2012
P=120 bar, t=6 h, Space temperature. Cumeon=5.3
velocity=360 h', » Correlated with catalytic 7%
Catalyst dose=0.16 g properties such as acidity,
basicty
Z10p— Co- Stainless steel > Effect of the catalyst and Ypyc=1.32 Eta et al,
MgO precipitation  autoclave,  T=120°C, the ionic liquid on DMC mmol 2011
P=80 bar, CH;OH=10 synthesis,
mL, t=9 h, Catalyst » Effect of temperature and
dose=0.5 g, ionic ionic liquid loading,
liquid=3.2 g, » recyclability of ionic
liquid
Graphene  Modified Stainless steel » Synthesis of DMC using Spyc=92%  Bian et al.,
/Cu-Ni Staudenmaier autoclave, T=120°C, CO, and methanol. 2011
method P=12 bar, CH;0H
/CO=2 mL, t=3 h,
Catalyst dose=3.0 g,
Ga,0;/Cey,  Sol-gel/ Stainless steel > Synthesis of catalyst and Ypyc=0.7 Lee et al.,
6210402 Impregnation  autoclave, CH;0H=30 characterized. to 2.4 2011
method mL, T=170°C, P=60 » DMC yield -correlated mmol
bar, t=3 h, Catalyst with catalysts acidity and
dose=0.7 g, basicity.
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Catalyst Method Reactor/Reaction Process parameter and brief Yield (%)  Reference
Condition description
Di-n- - - » Proposed mechanism for - Laurenczy
butyltin direct organic carbonate etal., 2011
(Iv)- synthesis promoted by di-
catalyzed n-butyltin (IV) species and
molecular representation,
» Possible monomeredimer
equilibria and HP-NMR
spectroscopy.
Sn-SBA- Templating Stainless steel > Synthesis of DMC using Ypuc=8 Tkatchenko
15 method autoclave, CH;O0H=16 supported catalysts with mmol etal., 2011
mL, T=150°C, turnover number
Pcoz:40g/200 bar, t=15
h, catalyst dose=0.1 g,
CeZr; O, Sol-gel Stainless steel » Effect of molar ratio of Cyeon=11 Zhang et al.,
and method autoclave, CH;0H=8 Ce/Zr metal on DMC % 2011
[EMIM]Br mL, T=150°C, P=200 synthesis,
/CeqsZrg 5 bar, t=24 h, Catalyst » Trimethoxymethane used
0O, dose=0.1 g, for removal of formed
water,
» Optimization of reaction
conditions
SnO, and Stainless steel » Effect of silica as support Ballivet-
7rO, as autoclave, CH3;OH=20 on DMC synthesis, Tkatchenko
support mL, T=150°C, P=200 > Recyclability of catalysts etal., 2011
Silica bar, t=2 h, -catalyst used for DMC.
dose=0.55 g,
Organotin - Stainless steel » Effect of Sn on the Ypuc=04 Fan et al.,
compound autoclave, CH;OH=20 catalytic =~ reaction for mmol 2010
immobiliz mL, T=180°C, P=180 DMC synthesis.
ed on bar, t=10 h, catalyst » Optimization of DMC
mesoporo dose=0.1 g, yield using temperature,
us silicas pressure and methanol
amount. Catalytic stability
Cu- Incipient Fixed bed flow, » Effect of calcinations Spyc=90.1 Bain et al.,
Activated  wetness CH;0H=20 mL, temperature, reaction time, % 2010
Carbon impregnation T=120°C, P=12 bar, reaction temperature,
CH;0H/CO,=2/1, t=4 Some  byproduct was
h, Catalyst dose=3.0 g, formed as MF and DME.
CosPW, - Stainless steel > Higher temperatures Spyc=609%  Aouissi et
Oy autoclave, CH;OH=20 favour the formation of SyF=14% al., 2010
mL, T=80°C, P=2.5 dimethoxymethane Sovv=17%
bar, t=5 h, -catalyst (DMM) and  methyl
dose=0.1 g, formate (MF),
» Effect of calcinations
temperature, reaction
temperature, pressure
Cu— - Continuous Flow » Proposed reaction Spyc=89.3 Bian et al,
Ni/thermal reactor, CH;0H=20 mechanism, Effect of % 2009
ly mL, T=100°C, P=12 temperature, pressure, Cyeon=4.9
expanded bar, t=5 h, -catalyst time, etc. 7%
graphite dose=0.1 g, » Stability of catalyst in this
CH;0H/CO,=2/1, reaction.
Cu- Traditional Continuous tubular > Proposed reaction Spyc=90.2 Bian et al,
Ni/Natural wetness fixed-bed reactor, mechanism, Effect of % 2009
expanded  impregnation CH;OH=20 mL, temperature, pressure, Cyeon=10.
graphite method T=140°C, P=16 bar, time, etc. 13%
CH;0H/CO,=2, t=5 h, » Stability of catalyst in this

catalyst dose=1g,

reaction and investigation
of support and catalysts
structure.
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Catalyst Method Reactor/Reaction Process parameter and brief Yield (%)  Reference
Condition description
Tonic Conventional Cyclic voltammetry of » Proposed electrochemical Ypyc=3.9 Yuan et al.,
Liquid method CO;, in ionic liquid, reaction mechanism, %, 2009
electrochemical » Effect of temperature, S=88.4%
reaction time. Influences of
CH;0K and Ionic liquid
and electrochemical
synthesis.
CegsZrypsO Complex- Stainless-steel » Effect of complex for Ypuc=1.75 Zhang et al,,
5 decompositio  autoclave reactor, synthesis of catalysts, mmol 2009
n method CH;0H=8 g, Cat=0.5g, » Proposed structure of
T=80-180°C, P=200 complex for salicylic acid,
bar, t=24h. » Correlated with catalysts
properties
V-doped co- Continuous tubular » Synthesis of bimetallic Spyc=89.9 Bian et al,
Cu-Ni/AC  impregnation fixed-bed reactor, catalyst and supported % 2009
CH;0H=8 g, Catalyst activated carbon. Cwmeon=7.7
dose=1 g, T=110, » Reduced catalysts used for 6%
P=12 bar, t=3h. synthesis of DMC with
CH;0H/CO,=2 low pressure.
Cu- Incipient Continuous reactor » Interaction between the Spyc=92% Bian et al.,
Ni/Carbon impregnation CH3;0H=8 g, Catalyst metal particles and the Cyeon=4.5 2009
nanotube dose=1 g, T=120°C, supports, %
P=12 bar, t=3 h. > Proposed reaction
CH;0H/CO,=2 mechanisms using Cu-Ni
catalyst
Sn- SBA- Wetness Stainless-steel » Effect of Sn on SBA-15 - Fan et al.,
15 impregnation  autoclave reactor, and their characterization, 2008
T=200°C, P=180 bar, » Effect of CO, pressure and
t=10 h, Catalyst reusability of catalysts
dose=0.1 g,
CH;0H=16g
H;PW,0;  Sol-gel Stainless-steel » Correlated with acidic and  Ypumc=5 La et al,
o/CeT1;—y,  method autoclave reactor, basic properties of mmol 2007
0, T=170°C, P=50 bar, catalysts with DMC
CH;0H=6.4 g, t=12 h, synthesis,
Catalyst dose =0.5 g
Cuw/ Impregnation ~ Continuous reactor » Photo catalytic synthesis Ypuc=4%, Wang et al,,
(Ni,V,0) method CH;0H=8 g, catalyst of DMC from CO, with Spyc=90% 2007
semicondu dose=1 g, T=120- methanol,
ctor 140°C, P=12 bar, t=3h. > Effect of temperature on
complex DMC synthesis,
CeO, - Stainless-steel » Rate of DMC synthesis Ypuc=0.3 Yoshida et
autoclave reactor, and activity over surface mmol 1., 2006
T=130°C, t=2 h, area and low temperature
CH;0H/CO,=1, reaction with ethanol and
catalyst dose=0.05 g, methanol over CO,
n-Bu,Sn - Stainless-steel > Given a molecular Ypyc=0.02  Ballivet-
(OCHs), autoclave reactor, structure of catalyst, mmol Tkatchenko
[n-Bu, T=110°C, P=200 bar, » IR and NMR study of et al., 2006
(CH;0) t=16 h, CH;0H/CO,=1, catalysts. Kinetics study of
Sn],O catalyst dose=0.05 g, synthesis of DMC.
Cu- Conventional Continuous tubular >  Drift study of the CO, and  Yppmc=6 Wu et al,
Ni/VSO method fixed-bed reactor, methanol with catalyst. mmol 2006
T=100-180°C, P=9 bar, » Effect of crystalline Spyc=90%
t=16 h, catalyst structure,
dose=0.5 g, » Optimization of condition

CH3OH/C02:2

such as temperature,
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Catalyst Method Reactor/Reaction Process parameter and brief Yield (%)  Reference
Condition description
Potassium  Commerciall  Stainless-steel » Reaction kinetics and Ypyuc=16.2 Cai et al.,
methoxide y autoclave reactor, mechanism, % or 0.071 2005
T=80°C, P=73 bar, » Effect of reaction mmol
t=10 h, catalyst conditions such as  Spuc=100
dose=0.05 g, temperature, %
» Given activation energy
for DMC synthesis.
H;PO,/V, Impregnation Continuous tubular » Optimum composition of Ypyc=4.5 Wu et al,
(OF method fixed-bed micro- H;P0O4/V,05with % 2005
gaseous reactor, P/V=0.15-0.50  showed Spmc=92.1
T=140°C, P=6 bar, effective  activation of 2%
t=10 h, Cat=0.5 g, both CO, and CH;0OH.
CH;0H/CO,=2 » Direct interaction between
V and P is essential for the
formation acidic sites.
Cu- Ions Membrane catalytic » Influences of operating Spuc=89.9 Li et al,
KF/MgSi  exchange/im  reactor, T=130°C, P=10 conditions on the %, 2003
O pregnating bar, CH;0H/CO,=2 conversion of methanol Cyeon=4.8
method and the selectivity. 3%

CeO,- Calcining the Stainless steel autoclave » Model scheme of DMC Ypyc=0.73 Tomishige
710, hydroxides reactor, CH;0H=6.1 g, formation from methanol,  mmol, et al., 2002
Cat=0.5 g, T=110°C, » DMP adding for the

P=60 bar, t=2 h, formation of DMC
H;PO4/Zr  Impregnation Stainless steel autoclave »  Proposed a  reaction Ypuc=0.3 Ikeda et al.,
0, method reactor, CH;OH=6.1 g, mechanism using mmol, 2001
Cat=0.5 g, T=170°C, H;PO4/ZrO; catalyst,
P=40 bar@ room temp, » Effect of P/Zr molar ratio
t=2 h, and effect of acidity of the
reaction
Ni - Stainless steel autoclave »  Calculated equilibrium  Spyc=100 Zhao et al.,
(CH;00),. reactor, CH;0H=6.1 g, conversion of methanol % 2000
4H,0 Cat/CH;0H=1.25 M, > Proposed reaction
T=32°C, P=93 bar, mechanism,
t=12h, > Influences of methanol on
supercritical synthesis,
» FTIR used for estimation
of DMC
Zirconia Commercial  Stainless steel autoclave » Acid-Base Properties by Ypuc=0.42  Tomishige
reactor, CH;OH=6.1 g, TPD correlated by DMC mmol, et al., 2000
T=190°C, P=50 bar, synthesis,
t=16 h, Catalyst
dose=0.5 g,
Polymer- Ion exchange Stainless steel autoclave » DMF used as solvent, Yomc=19 Chu et al.,
Supported  method reactor, CH;OH=6.1 g, » Proposed reaction mmol, 2000
Todide T=150°C, P=35 bar, mechanism
t=6 h, Cat-3 g,
Zirconia Commercial Stainless steel autoclave »  Effect of reaction Ypuc=0.42 Tomishige
reactor, CH;OH=6.1 g, temperature, reaction time, mmol, etal., 1999
T=160°C, P=66 bar, » Correlated with acidic-
t=16 h, Catalyst basic and surface area
dose=0.04 g, catalysts.
Basic Commercial Stainless steel autoclave » Proposed reaction Ypyc=11.2 Fang et al.,
oxide reactor, CH;0H=6.1 g, mechanism, mmol, 1996
metals T=100°C, P=66 bar, » effect of CH;I as a

t=2 h, Cat=0.04 g,

promoter

*DMM=dimethoxy methane, DMM= Dimethoxy methane, DCC=Dicyclohexyl carbodiimide, DFT=Density
functional theory, CHO= Cyclohexane oxide, CHD=1,2-cyclohexanediol , MF=Methyl formate, Syn=
Selectivity of MN, DME=Dimethyl ether, STY=Space time yield, Sco=Selectivity of CO, Ypuc=Yield of DMC,
Ypmo=Yield of DMO, Spyc=Selectivity of DMC, Ycpp=Yield of CHO, Cat/CH;OH=Catalyst dose with respect

to methanol.
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Table 2.2.7. Synthesis of DMC from epoxide with CO,

Catalyst

Reactor and Method of Solvents

catalyst

Reaction condition

%Ypmc ! Refere
%Cpo/  nNCes

Ammonium
bromide/dicya
ndiamide—
formaldehyde
polymer
(ABMDFP)

2-
hydroxymethy
1-
functionalized
ionic liquids

C60 fullerenol

Zn-CO
(double metal
cyanide)

Triazine
frameworks

Quaternary
Ammonium
Ionic Liquids

Fixed-bed continuous flow PO

reactors, For PO
conversion: PO=14.3 mmol,
T=130°C, P=20 bar,
Cat=2.0 mol% on ILs, t=3.5
h, For DMC synthesis:
CH;O0H/EC =10, t=6 h,
T=150 °C, catalyst dose=2.5
mol% (0.1 g).

Fixed-bed continuous flow PO and

reactors, For PO
conversion: PO=14.3 mmol,
T=110°C, P=20 bar,
catalyst dose=1.0 mol% on
ILs, t=1 h,

For DMC synthesis:
CH;0H=8 g, t=6 h,
T=120°C, catalyst dose=1.5
mol% (Ils=1 mol%+
K,C05;=0.5%0.1), P=10-20
bar.

Stainless-steel reactor, P=20 PO

bar, PO=100 mmol,
Catalyst dose=100 mg,
T=120°C, t=5-22 h.

Stainless-steel reactor, P=40 PO

bar, PO=100 mmol,
Cat=100 mg, T=120°C, t=9
h.

Stainless-steel reactor,
catalyst dose=100 mg,
T=130°C, t=4 h, P=69 bar,
epichlorohydrin =18 mmol.

Stainless-steel reactor,
catalyst dose=0.6 mmol,
CH;0H/EO=12.5,
T=150°C, t=4-8 h, P=40-50
bar,

Effect of reaction parameter such as
temperate, pressure, catalyst dose and

time.

Recyclability of catalysts also study on

optimum reaction condition.

Proposed a reaction mechanism using

catalysts and DFT study.

Effect of reaction parameter such as
temperate, pressure, catalyst dose and

time.

Recyclability of catalysts also study on

optimum reaction condition.

Proposed a reaction mechanism using
catalysts with CO,, EC and EO
fixation also find out using DFT

model.

To study of optimization of reaction
condition such as temp, pressure,

catalysts amount and time.

Proposed a reaction mechanism using

epoxide.

To study of reusability of catalyst
under optimum condition 10 times.
The effect of additional solvent on
BisAG/CO; coupling reaction.

Effect of different solvent (epoxide)
for DMC yield, recyibility of catalyst

upto 8 times.
Synthesized catalysts were

characterizing various methods
Synthesized various type of ionic
liquid as bi-functional catalyst and
their characterization using various

techniques.

Optimization of reaction condition
such as temperature, reaction time,
pressure, molar ratio of CH;0OH/EO,
To study of recyclability of catalyst

upto 8 times.

%Spmc™
Cpo=96 Meng
Spc=99  etal,

SDMC:99 2014

Cpo=90 Wang
Ypc=90 etal.,
SDMC:99 2014

Ypc=94  Sunet
al.,
2014

Cp0:93.6 Wei et
al.,
2013

Cpo=86, Roger
SDMC:15~ etal.,

2 2012
CEO:99 Liet
SDMC:74 al.,
SEG:72, 2011
SEC:22
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Catalyst Reactor and Method of Solvents Reaction condition %Ypuc /! Refere
catalyst %Cpo/  NCES
%Spmc™*
Ionic liquid  Cyclic voltammograms in PO DMC synthesized by electrochemical Ypyc=75. Yan et
(bmimBr) bmimBr, CH;0H=0.489 method using various types of 5 al.,
mol, PO=0.43, catalyst electrodes such as graphite, Pt, glass— Sgg=72, 2011
dose=0.059 mol, T=30°C, carbon, optimization of reaction Sgc=22
t=48 h. condition,
In this article shows the electrolysis,
redox reaction
Proposed reaction mechanism
Choline Stainless-steel reactor, PO Synthesized catalysts and their Yomc=65. De et
hydroxide/Mg catalyst dose=0.6 mmol, characterization 4 al.,
(@) CH;0H/EO=12.5, Influence of various reaction Spmc=66. 2009
T=120°C, t=6 h, P=25 bar, conditions such as temperature, molar 9
ratio CH;0H/PO, pressure and catalyst Cpo=98
dose, reaction time and reusability of
catalysts.
Tungstate- Stainless-steel reactor, PO, BO Optimization of reaction condition Cpo=92  Sankar
based catalyst dose=0.2 g, such as catalysts amount, molar ratio  Ypyc=24 et al,,
(Na;W0,.2H, CH30H/PO or BO=10, CH;0OH/EC, temperature and reaction 2006
0) T=150°C, t=15 h, P=34 bar, time,
Proposed a reaction mechanism with
intermediates
n-BuuNBr/n-  Stainless-steel reactor, SO Study the effect on catalyst precursors, Ypuc=84 Tian et
Bu;N catalyst dose=0.2 g, reaction time and temperature, Cs0=98 al,,
CH;0H/S0O=40, T=150°C, methanol/epoxide feed ratio in moles, 2006
t=8 h, P=150 bar, and CO, pressure.
A proposed a possible mechanism for
the present n-BuyNBr/n-Bu;N catalyst
KOH/4A Stainless-steel reactor, PO Effects of various conditions, such as  Ypc=58.7 Liet
catalyst dose=5 g, reaction time, reaction temperature, Yomc=16. al.,
CH;0H/P0O=0.86, molar ratio of the reactants and KOH 8 2005
T=180°C, t=6 h, P=30 bar, loading, and stability of KOH/4A Spmc=16.
catalyst on the yield of DMC were 8
investigated,
Effect of catalyst support on catalytic
activity.
Double metal Stainless-steel reactor, PO Synthesized single metal and Cpo=82.4 Jiang
(Metal halide CH3;0H/PO=4, P=25 bar, supported catalyst and their Spmc=22. and
and inorganic T=160°C, catalyst dose=5 characterization, 4 Yang,
alkali) wit%, Effect of reaction temperature, Sp=24.9 2004
calcinations of temperature on DMC Spc=42
yield, Ypmc=18
The reusability of the catalyst upto 6
times
KI supported  Stainless-steel reactor, EO Effect of different supports and effect Cpp=98.6. Chang
on ZnO CH;0H/PO=4, P=165 bar, of reaction temperature, pressure, 4 etal.,
(KI/ZnO) and T=150°C, catalyst reaction time and molar ratio of Ypmc=37. 2004
KI/ZnO with  dose=0.25 g, t=4 h, CH;0OH/EOQ, Proposed a reaction 5
K,CO; mechanism
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Catalyst Reactor and Method of Solvents Reaction condition %Ypmc ! Refere
catalyst %Cpo/  nNCes
%Spmc™*

KI and K,CO; Stainless-steel reactor, P=80 EO » Kinetics of DMC synthesis using EO - Cui et
bar, T=160°C, methanol and CO,. al.,
CH;0H/EO=10, catalyst » An isothermal kinetics model and an 2004
dose=1.0 g, isobaric kinetics model for the one-pot

synthesis of DMC were developed.
» Effect of temperature, pressure and
CO; density on the rate of reaction and

selectivity

1,8- Stainless-steel reactor, SO, » Effect of catalysts amount, reaction Yome > Kishim
Diazabicyclo- P=150 bar, T=150°C, temperature, pressure, 96 oto and
[5.4.0]undec- CH;OH/EO=10, catalyst » Study on phase behaviour, Ogawa,
7-ene (DBU) dose=1.0g,t=5h » Effect of epoxide and alcohol. 2004
Metal oxide  Stainless-steel reactor, P=80 All EO, » Effect of different alcohol, Proposed a Cpo=82.3 Bhanag
(MgO, Ca0O, bar, T=150°C, SO and reaction mechanism, Yomc=60 e etal.,
Zn0, Zr0,, CH;0H/EO=10, catalyst PO » Catalyst was characterized and 2001
La,0;, CeO, dose=1.0g,t=15h correlated with their properties.

& AlLO3) EO+PO+S0O=100 mmol, » To study the recyclability of the

CH;0H200 mmol. catalyst.

*PC=Propylene Carbonate, BO=Butylene oxide, EO=Ethylene oxide, PO=Propylene oxide, PG=Propylene
glycol, PC=propylene carbonate, CIPO= Epi-chlorohydrin, SO=Styrene oxide, CHO=Cyclohexane oxide,
DMC=Dimethyl carbonate, Ypuc=Yield of DMC, Cpo=Conversion of PO, Spc=Selectivity of PC,
Spg=Selectivity of PG.

Various types of heterogeneous catalysts have been used for the production of DMC from
CO; and epoxide. Meng et al. [2014] synthesized ammonium bromide/dicyandiamide—
formaldehyde polymer (ABMDFP) and used it in continuous flow system and optimized the
reaction conditions such as temperate, pressure, catalyst amount and time and recyclability of
catalysts. Various authors have synthesized ionic liquid-based catalysts used for the synthesis
of DMC from CO; with epoxide [Li et al., 2011; Yan et al., 2011; Wang et al., 2014]. Some
of the authors also worked on the mixed metal oxide based catalysts and optimized the
reaction conditions [Bhanage et al., 2001; Jiang and Yang, 2004; Wei et al., 2013]. Few
studies are reported on the supported catalysts for synthesis of DMC [Chang et al., 2004;
Sankar et al., 2006]. Table 2.2.7 compares various types of catalysts, operating conditions,
etc.

Many patents have been granted on the synthesis of DMC using different processes.
Table 2.2.8 complies different patents available on transesterification of EC,

transesterification of urea and direct conversion of CO, to DMC.
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Table 2.2.8. List of patents on DMC production.

Title Patent No Organization Authors and Year
Synthesis of dimethyl W02014072802A2 CSIR, New Delhi Ranade et al., 2014
carbonate and related
compounds
Process for making dimethyl WO2013175510A1 CSIR, New Delhi Srinivas et al.,
carbonate 2013
Methods for dimethyl EP1623758B1 Mitsubishi Heavy Osora et al., 2012
carbonate synthesis Industries Ltd.
Process for the production US20120283464A1 San Donato Milanese Ghirardini et al.,
of high-purity dimethyl EP20100790588 (Milano) 2012
carbonate
Synthesis of dimethyl US20110196167A1 King Abdulaziz City  Almusaiteer et al.,
carbonate carbon dioxide Science and 2011
and methanol Technology
Process for producing US20100099806A1 E. 1. Du Pont De Houze et al., 2010
dimethyl carbonate Nemours and
containing compositions Company, Delaware
Catalysts for dimethyl US7674742B2 Mitsubishi Heavy Osora et al., 2010
carbonate synthesis Industries Ltd.
Method and device for US7605285B2 Mitsubishi Heavy Kobayashi et al.,
manufacturing dimethyl US20070037998A1 Industries Ltd. 2009, 2007
carbonate
Catalyst for the synthesis of US7271120B2 Institute of coal, Sun et al., 2007
dimethyl carbonate from US20060047136A1 chemistry; and
urea and methanol, EP1629888A1 Feicheng acid
preparation and use thereof chemical Co. Ltd.
Method and device for WO02004092109A1 Mitsubishi Heavy Kobayashi et al.,
manufacturing dimethyl EP1616855A4 Industries Ltd. 2004
carbonate.
Process for the preparation ~ US005498744A Bayer Jentsch et al., 1996
of dimethyl carbonate Aktiengesellschaft
Process for the preparation ~ US005543548A Bayer Landscheidt et al.,
of dimethyl carbonate Aktiengesellschaft 1996
Process for cosynthesis of US004661609 Taxaco Inc. Knifton, 1987

ethylene glycol and
dimethyl carbonate
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2.3. MIXED OXIDE AND HYDROTALCITE CATALYSTS

In recent years there has been a strong interest in obtaining a fundamental
understanding of the chemical behavior of mixed-metal oxides at the nanometer size range.
Various types of mixed metal oxide-based catalysts are synthesized using various techniques
such as sol-gel, co-precipitation, hydrothermal, combustion, surfactant templating and
templating methods. These methods play very important role in the morphological, functional
and structural properties of mixed metal oxide catalyst.

Ceria (CeO;) and CeO,-based catalysts play a vital role in the emerging technologies
for energy-related and environmental applications. CeO, is a chemically stable oxide, with an
outstanding capacity to store or release oxygen due to the variation of the oxidation state of
cerium between +3 and +4, under various reductive or oxidizing conditions, and CeO, spread
over the high surface area is thermally stable. Ceria-based mixed oxides exhibit improved
oxygen storage capacity (OSC) and lower reduction temperatures as compared to pure ceria.

Catalytic performance can be compared by changing the properties of the metals by
doping the active cerium phase with metal (zirconium, zinc, yttrium, lanthanum, cobalt,
copper, iron, etc.) oxide nanoparticles. Ce-Zn mixed metal oxides are synthesized by various
methods, and preparation strategies (impregnation, grafting, co-precipitation, chemical vapor
deposition methods, hydrothermal synthesis, and sol-gel process). Ce-Zn mixed metal oxide
catalysts are widely used in the industrial production of chemicals, and intermediates. Major
applications include the oxidation CO to CO,, produced [Xie et al.,2014], esterification
[Wang et al., 2011], cyclo-hexanol dehydrogenation [Mishra and Rao, 2006], oxidative
reaction of CO; to produce C, hydrocarbons [He et al., 2013], oxidative steam reforming to
produce hydrogen [Ying et al., 2012], etc. Table 2.2.8 presents a comparative assessment of
the characteristics of Ce-Zn catalysts and their applications.

Hydrotalcite-like compounds (HTLc) have been used in various applications because
of their unique acid—base properties and their utility as bi-functional redox-base catalyst

[Centi et al., 2008]. HTLc can be represented in terms of composition by the following
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general formula: [M(IT),.xM(IIT),(OH):]*" (A™)x/n.mH,0, where M(II), M(III) are divalent and
trivalent citations in the octahedral position in hydrotalcite layers, x is the molar ratio of
M(IITI)/M(II) and A™ is the interlayer exchangeable anion [Zhao et al., 2013]. Thus, M(II) can
be Mg(Il), Zn(II), Ni(II), Ca(Il), Cu(II), Co(II), etc. M(III) is mostly Al(III), however, Fe(III),
Mn(III), La(Ill), etc. can also be used. Thus, a number of combinations of HTLc can be
prepared. Calcinations of these materials results in the loss of crystal water, hydroxyl,
interlayer anions and destroy hydrotalcite-like layered structures along with the formation of
metal oxides [Zhao et al., 2013].

Only a few authors have synthesized Cu-Zn-Al (hydrotalcites) based catalysts earlier.
They used these catalysts for different applications such as CO, or CO hydrogenation to
produce methanol or higher alcohol [Gao et al., 2013; Heracleous et al., 2013], hydrogenation
of fatty acid ester or dimethyl oxalate or glycerol [He et al., 2013; Zhang et al., 2012; Mehar
et al., 2009], steam reforming of methanol or ethanol [Cunha et al., 2012; Busca et al., 2006]
etc.

Table 2.2.9 presents in brief the work reported on the characterization of Cu-Zn/Al

(HTLc) catalysts and their applications.

2.4. RESEARCH GAPS

A critical literature review on DMC production from various routes shows that the
maximum work has been reported on the oxidative carbonylation of methanol,
transesterification and direct CO; conversion methods. For transesterification and direct CO;
conversion methods, one of the major challenges is to synthesize catalysts which have high
physcio-chemical and thermal stability during time-on-stream experiments and their
regeneration and reusability for the DMC production.

Various types of catalysts such as single metal oxides, mixed metal oxides, etc. have
been used in the DMC synthesis by transesterification of PC with methanol (chapter 2), Table
2.2.7. Only one study on the use of pure ceria is reported for the DMC synthesis by

transesterification with EC [Xu et al., 2014]. However, no study is reported on the use of
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ceria-based catalyst for the DMC synthesis by transesterification with PC. It may also be seen
in the literature review presented in Chapter 2, that the mixed oxides of metals Ce and La
have been used previously individually or in combination with other metals, however, mixed
oxides of Ce and La together have not been used for the DMC synthesis, although the ceria-
lanthanum based catalysts were prepared and used in various other applications.

Similarly, ceria-zinc oxide-based catalysts have been used in CO oxidation, steam
reforming, methanolysis, desulfurization, etc. (as shown in chapter 2, Table 2.2.8).
Comparative assessment of the characteristics of the ceria-zinc based catalysts and their
applications are (given in the Table 2.2.8). Shows table that the ceria-zinc oxide supported on
Al,05/S10,/Ti0, has never been used for the synthesis of DMC using transesterification
reaction. Most of the researchers also did not characterize the ceria-zinc catalyst. Thus, it is
found that the use of the ceria-zinc oxide catalyst supported on Al,O3/SiO,/TiO; for the
transesterification of PC with methanol is not reported till date.

Few authors have previously synthesized copper-zinc-aluminum hydrotalcite (HTLc)-
based catalysts and used them for different applications. Table 2.2.10 shows a comparative
assessment of the characteristics of copper-zinc-aluminum HTLc and their applications. It
may be seen that only a limited numbers of research articles are available on the use of HTLc
for DMC production [Watanabe et al., 1998; Stoica et al., 2009; Murugan and Bajaj, 2010b;
Wu et al., 2013]. Only Unnikrishnan and Srinivas [2012] and Murugan and Bajaj [2010b]
have used PC as a raw material for the synthesis of DMC using any type HTLc as catalyst. It
may be seen in Tables 2.2.6 and 2.2.7 that the copper-zinc-aluminum HTLc hasn‘t been used
for the synthesis of DMC using transesterification reaction. Thus, it is seen that no studies are
reported on the transesterification of PC by C-M, Ce-La, Ce-Zn mixed oxides and Cu-Zn-Al
HTLc catalyst.

During the synthesis of DMC by direct CO, conversion reaction, deactivation of
catalyst, difficult separation process, and recovery of catalyst, etc. are some of the drawbacks
of the homogeneous systems. Subsequently, various heterogeneous catalysts have been

investigated for DMC synthesis. Among these studies, only few studies are reported on Ce-Zr
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catalysts. Zhang et al. [2009] synthesized and characterized Ce sZrsO, catalyst and used it
for the DMC synthesis from CO,. However, Lee et al. [2012] synthesized Cey4Zr)s0>
catalysts by sol-gel method and transition metal oxides (Ga,0;, La;0s, Ni,03, Fe,03, Y;0s,
Co0304, and ALOs;) were further supported on CeosZro4sO, by an incipient wetness
impregnation method and used as catalysts for the DMC synthesis. These authors correlated
the amount of DMC formed in mmol/g-catalyst with basicity and acidity of the catalysts.
Chen et al. [2014] used CeO, and ZrO, catalysts individually for the direct conversion of CO,
with methanol into DMC, and studied their reaction mechanism. Thus, neither the effect of
operating parameters such as catalyst dose, reaction temperature and reaction time have been
studied earlier nor were these parameters optimized for the synthesis of DMC using CeO;-
71O, catalysts. Reusability of the catalysts has also not been studied. Also, a comparative
study on CeO,, ZrO, and combined CeO,-ZrO, catalysts for the synthesis of DMC from CO,
has also not been performed. Moreover, no studies are reported on Ce-Mn and Ce-Ca
catalysts for the DMC synthesis. In addition, thermodynamics and kinetic studies on
transesterification and direct CO, conversion methods using non-ideal conditions are not

reported much.
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Table 2.2.9. A brief summary of work done on the characterization of ceria-zinc based

catalysts for various applications.

Character Xie Rajg Mi Joeet Zhon Ying Wang Maet Mishr He This
ization et ure etal. al g et etal. etal al. aand etal. Work
technique al. etal. 2012 2012 al. 2012 2011 2010 Rao 2006
201 201 2012 2006
4 4
Ce CeO Ce- Zn0O Ce;. Ce;. SZng' Zn0- CeO, CeO Ce0Os-
0y- o ZnF, (X)— Zny Zngy /Al CeO, -ZnO ,/Zn ZnO/s
Zn 7ZnO O; CeO, Or5 Oy wt% O upport
O (1-X) oxide Ce— ALOs/
Zn-0O SlOz/ T
10,
XRD X X X X X X X X X X X
N2- X X X X X X
sorption
SEM X X X X X X X X X
FTIR X X X
TPD- X X X
NH;
TPD-CO, X X X
TEM X X X X
CHNS X
TPD- X
Methanol
Process CO Gas Desu Urea CO Oxid Esterifi Photo Cyclo Oxid Synthe
Oxi sens Ifuri metha Oxida ative cation catalyt hexan ative sis
dati or zatio nolysi tion stem ic ol react
on n ] refor oxidat dehyd ion
ming ion rogen of
ation CO,
End CO, Dime CO,, Hydr n-butyl C Dimet
Products thyl H,, ogen acetate Hydr hyl
H,, carbo H,0O ocar carbon
H, nate bons ate
O

*X denotes that particular study reported in the study. XRD=X-ray powder diffraction, SEM=Scanning electron
microscope; FTIR=Fourier transform infrared spectroscopy; TPD= Temperature-programmed desorption;
TEM=Transmission electron microscopy; CHNS=Elemental analysis.
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Table 2.2.10. A summary of work done on the synthesis and characterization of
synthesis and characterization of Cu-Zn-Al hydrotalcite catalysts for various

applications.

Characteri Gaoet Heatal., Cunhaet Zhanget Kaluzaet Heracleous Mecharet Venugopa This
zation al., 2013 al.,, 2012  al.,2012 al,2011 etal, 2013 al., 2009 etal,2009 Work
technique 2013

and Cu/Zn/ Cu/Zn/Al Cu/Zn/Al Cu/Zn/Al  Cu/Zn/Al  Cu/Zn/Al  Cu/Zn/Al Cu/Zn/Al/ Cu/Zn/Al
applicatio Al/Zr M

n

Cu:Zn:Al 2/1/0.7/  2/1/1 1.5/0.5/1 1/1/1 /1/1  1.5/1.5/1;t0  1/1/1  6/2.5/1:0/0.  1/1/1
ratio 0.3 2/2/0 5

Calcinatio 500 350 200, 600 500,600, 320 300 450, 600 400 300, 500,
n temp. 700 800
(°O)

XRD X X X X X X X X X
N2- X - X X X X X X X
sorption

SEM/TE X - X/X* X* - X - X X
M*

FTIR - - - - - - - - X
TPD-NH; - - - - - X X - X
TPD-CO, X - - - - - X - X
TPR-H, X X X X X X - X -
TGA X X X - X - - - X
ICP-AES - - X - - X X - -
XPS X X - X - - - X -
ESR/ X - - - - - - X* -
Chemisor

ption*

Process CO, Hydrogena Ethanol Hydrogenat Synthesis Cco hydrogenol Synthesis Synthesis

hydrog  tion of Steam ion of Hydrogenat  ysis of
enation fatty acid Reforming dimethyl ion glycerol
ester Oxalate
End Methan  Fatty Hydrogen Ethylene Methanol  Higher  propylene Dimethyl DMC
Products ol alcohol Glycol alcohol glycol ether

XRD=X-ray powder diffraction; SEM=Scanning electron microscope; FTIR=Fourier transform infrared
spectroscopy; TPD=Temperature-programmed desorption; TEM=Transmission electron microscopy;
CHNS=Elemental analysis; TGA=Thermogravimetric analysis; ICP-OES=Inductively coupled plasma atomic
emission spectroscopy; XPS=X-ray photoelectron spectroscopy; EPR=Electron paramagnetic resonance.
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Chapter — 3
EXPERIMENTAL

This chapter deals with the description of the materials and the experimental method
adopted for the synthesis of dimethyl carbonate (DMC). The details of the materials and the
methods related to the synthesis of various catalysts are also described in this chapter. The
details of the instruments and operating conditions used for the characterization of the
synthesized catalysts and the determination of propylene carbonate (PC), DMC, propylene
glycol (PG), and methanol are also described. The experimental procedures used for DMC

production using direct CO, conversion reaction are also discussed.

3.1. CHEMICALS AND REAGENTS

All chemicals used in the study were of analytical reagents (AR) grade DMC,
methanol, PC and PG were purchased from Sigma Aldrich chemicals, Germany.

The reagents such as copper nitrate trihydrate (Cu(NOs),.3H,O), zinc nitrate
hexahydrate (Zn(NO3);.6H,0), aluminum nitrate nonahydrate (Al(NO3);.9H,0), ferrous
nitrate nona-hydrate (Fe(NO3)3.9H,0) and cobalt nitrate hexahydrate (CO(NOs),-6H,0) were
purchased from Himedia Chemicals, India. Cerium nitrate hexahydrate (Ce(NO3)3;.6H,0),
manganese nitrate tetrahydrate (Mn(NOs),"4H,0), lanthanum nitrate hexahydrate
(La(NOs3)3:6H,0) and zirconium oxynitrate hydrate (ZrO(NOs),'xH,0O) were purchased from
Sigma Aldrich chemicals, Germany. Sodium hydroxide (NaOH) and sodium carbonate
(NayCOs) were purchased from VWR chemicals, Germany. Ammonia solution (25 wt.% in
H,0) and nitric acid (65 wt.% in H,O) were purchased from Rankem Chemicals, India. AL,O;
and TiO, were obtained grants by Evonik Degussa, Germany; SiO, was purchased from
Thomas Baker Chemicals, India. Preactivated (24 h at 110°C) Polymer-based spherical
activated carbon (PBSAC) spheres (Brunauer-Emmett-Teller (BET) surface area=1748 m?/g;

Barrett-Joyner-Halenda (BJH) volume=2 cm’/g; diameter=0.45-0.5 mm) were obtained
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grants from Bliicher, GmbH, Germany. Pluronic F-127 was purchased from BASF, GmbH,
Germany. Double distilled water and the Milli-Q water were obtained from the Milli-Q water
filtration station (Millipore) in the laboratory. This was used in the synthesis of the catalyst,

washing, etc.

3.2. SYNTHESIS OF CATALYSTS
3.2.1. DMC Synthesis using Transesterification of PC with Methanol
3.2.1.1. Ce-M catalysts (M=Co, Fe, Cu and Zn) mixed metal oxide using sol-gel method
Solid Ce-M catalysts (M=Co, Fe, Cu and Zn) were synthesized by complex
decomposition method using Ce(NO3);.H,0, Cu(NO3).H,0O, Co(NO3).H,O, Fe(NO3).9H,0,
Zn(NO3).6H,0O as precursors of metals and citric acid as complexing agent. In a typical
synthesis of CeCo, CeCu, CeFe and CeZn catalysts, a known amount of Ce(NOs);.H,O and
M(NO3).xH,O (x=hydrated nitrates) were mixed with 100 mL of ethanol [0.5 mol/L,
Ce/M=1.0 (molar ratio)] and put in to a 1000 mL beaker. Citric acid solution in ethanol (0.5
mol/L, 100 mL) was added drop-by-drop in the bulk solution over a period of 60 min under
vigorous stirring condition. The mixture was further stirred for 12 h at the room temperature.
The resulting solution was evaporated at 80°C for 18 h during which time the resulting sol
was converted into the dried xerogel. After grinding the dried xerogel, it was calcined at
100°C for 30 min and then at 500°C for 4 h. Thereafter, the calcined samples were used as
the catalysts for DMC synthesis using transesterification of PC with methanol.
3.2.1.2. Ceria-lanthanum mixed metal oxide using co-precipitation method
Ceria and lanthanum oxide solid solution were synthesized with different Ce/La
molar ratio (0.2; 0.4; 0.6; and 0.8) by co-precipitation method using liquid ammonia solution
as a precipitating agent. The cerium and lanthanum precursors namely Ce(NO3)3;.6H,O and
La(NO3)3.6H,0, respectively, were first dissolved separately in 100 mL double distilled
water at a given molar ratio and mixed together under continuous stirring at room

temperature. Liquid ammonia solution was added drop-by-drop in the mixed metal solution
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over a period of time until the pH of the solution reached ~8.5. The slurry which was
obtained in light yellow/orange color was washed several times with double distilled water
until it was free from anion impurities. The precipitate obtained was dried at 120°C under air
atmosphere in an oven for 24 h and thereafter calcined at 500°C for 4 h under air atmosphere
to obtain the ceria/lanthanum mixed oxides in solid phase.
3.2.1.3. Ce0,-ZnO-support mixed metal oxide using deposition-coprecipitation method

Ceria and zinc oxide were impregnated onto various individual oxide supports,
namely ALO;, TiO, and SiO,. These -catalysts were synthesized in the
Ce0,:ZnO:support=1:1:2 molar ratio by a deposition-coprecipitation method using liquid
ammonia as the precipitating agent [Reddy et al., 2008]. Metal precursors such as
hexahydrates of cerium nitrate and zinc nitrate with a 1:1 molar ratio were dissolved
separately in 100 mL of double distilled water and mixed together at room temperature. The
supporting oxide was dispersed in 100 mL of water, stirred vigorously and thereafter metal
precursor cerium-zinc solutions were mixed together in the molar ratio specified earlier. The
prepared mixture was diluted with 100 mL of double distilled water and stirred for 1 h.
Liquid ammonia was added drop by drop in the mixture under vigorous stirring condition
until the pH reached 8.5. The mixture was filtered and the filtered precipitate was washed
with double distilled water until it was free from all anion impurities. Thereafter, the solid
precipitate was dried at 110°C for 24 h and calcined at 500°C under air atmosphere for 4 h.
The composite oxides, thus formed, were denoted as CZA, CZT and CZS, where C, Z, A, T
and S denote Ce, Zn, Al, Ti, and Si, respectively.
3.2.1.4. Copper-zinc-aluminum (HTLc) using co-precipitation method

Cu/Zn/Al (HTLc) catalyst was synthesized using co-precipitation method using
Cu(NO3).3H,0, Zn(NO3).6H,0 and AI(NO3).9H,0 with molar ratio of Cu*":Zn*":AI** being
1:1:1. (8 g) NaOH (2 M) and (5.3 g) Na,CO; (0.5 M) solution were mixed together and the
mixed solution was added drop-by-drop in 100 mL water under vigorous stirring condition at

room temperature and the pH was maintained ~9.5. The formed solution was aged for 24 h
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under stirring condition, and then filtered and the precipitate on the filter paper was washed
with double distilled water until the pH of the filtrate became neutral. The resulting
precipitate was dried at 110°C for 24 h. This hydrotalcite material was calcined at 300, 500
and 800°C and was designated as CZA300, CZA500 and CZA800, respectively.
3.2.2. DMC Synthesis from Direct Conversion of CO, with Methanol
3.2.2.1. Ceria-zirconium based catalysts synthesized by hydrothermal method

CeO,, CesZrys0O, and ZrO, catalysts were synthesized using hydrothermal method.
Ce(NO3)3.6H,0 (0, 6, 12 mmol), and ZrOCl,.8H,0 (12, 6, 0 mmol) were dissolved separately
in 50 mL ethanol and then were mixed together in desired molar ratio under continuous
stirring at room temperature. Liquid ammonia solution was added drop-by-drop in the mixed
metal solution over a period of time until the pH became ~9.5. The resultant solution was
aged under continuous stirring at the same speed for 4 h. This solution was introduced in a
100 mL teflon-lined autoclave and kept at 120°C for 24 h, then left to cool naturally to room
temperature. The resulting slurry had yellow colour and it was centrifuged and the solid
retained by the centrifuge was washed several times with double distilled water until the pH
become neutral of the liquid. The resulting precipitate was dried at 110°C for 24 h in air.
Finally, the fresh samples were calcined at 500°C for 4 h in air atmosphere to obtain CeO,,
Ce.5Zr9 50, and ZrO; catalysts.
3.2.2.2. Ceria-zirconium based catalysts synthesized by carbon templating method

Cerium-zirconium mixed oxide catalysts with different Ce;«ZryO, (x=0 to 1) molar
ratios were synthesized using exo- and endo-templating method. For this, Ce(NOs), and
Zr(NOs); were dissolved separately in 100 mL in double-distilled water and were further
mixed together in the desired molar proportion Ce;ZrO, (x=0 to 1) under continuous
stirring at room temperature. Liquid ammonia solution was added drop-by-drop to the
precursor solution over a period of 0.5 h until the pH reached ~9.5 and a white/light yellow
precipitate was formed. The mixture was aged for 2 h under continuous stirring, and

thereafter was filtered. The precipitate retained on the filter was washed with double-distilled
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water until the pH of the filtrate became neutral. Finally, the filter cake was transferred to a
200 mL polypropylene (PP) bottle and double-distilled water was added to it until the total
weight of the mixture become 30 g. Thereafter, 2.5 mL HNO3 (65 wt.% in H,O) was added to
the mixture. The PP-bottle was transferred to an ultrasonic bath (Sonorex RK1, Fa. Bandelin)
where it was kept for 4 h until a clear sol was formed. Pluronic F-127 as triblockcopolymer
(TBC) was added such that the molar ratios of TBC to cerium along with zirconium
(nTBC/nCe+Zr) become 0.017. This ratio was the optimum to the sol as a endo-template
[With et al., 2010]. This mixture was again kept in the ultrasonic bath for 2 h for dissolving
the Pluronic F-127. 4.42 g preactivated (for 24 h at 110°C) polymer-based spherical activated
carbon (PBSAC) was added to the nanoparticle sol and was further dried at 60°C for 12 h.
The carbon spheres were then calcined at 600°C for 5 h under air flow (40 cm’/min) at a
heating rate of 3°C/min from room temperature to 600°C with a holding time of 1 h at 100°C
and 5 h at 600°C. After calcination, light yellow Ce;ZryO, mixed oxide spheres were
obtained. For characterization and catalytic experiments, Ce;ZryO, mixed oxides were
sieved to obtain the sphere in the size range of 0.2-0.4 mm.
3.2.2.3. Ceria-manganese-based catalysts synthesized by surfactant templating method
Ceria-manganese catalysts were synthesized by surfactant-template method with
different molar ratios of Mn/Ce and hexadecyltrimethyl ammonium bromide (CTAB) as the
template. In the synthesis of catalysts, CTAB, cerium nitrate and manganese chloride
(CTAB/(Ce+Mn)=0.8 molar ratio were dissolved in 100 mL double distilled water under
continuous stirring at room temperature. Liquid ammonia solution was added drop-by-drop in
the mixed metal solution over a period of time until the pH reached ~11.5. After further
stirring for 2 h, the resulting obtained suspension was transferred to a teflon-sealed autoclave
and aged for 48 h at 120°C. Finally, a brown color slurry was filtered and the filter cake was
obtained which was washed several times with double distilled 80% water with 20% acetone
to remove the surfactant until pH became neutral [Liu et al., 2012]. The washed cake (in the

form of particles) was dried at 120°C for 48 h and then calcined at 500°C for 5 h under air
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flow (40 cm’/min). The heating rate was 3°C/min from the room temperature to 600°C with a
holding time of 1 h at 100°C and 5 h at 500°C. Synthesized catalyst particles were denoted as
Ce-Mnyg 125, Ce-Mnyg 25 and Ce;-Mn; with the Mn molar ratio of 10, 20 and 50%.
3.2.2.4. Ceria-calcium-based catalysts synthesized by surfactant templating method
Ce0,-CaO0 catalysts were synthesized by surfactant-template method and CTAB was
used as the template. 1 M calcium nitrate and 1 M cerium nitrate solution were
homogeneously mixed in various molar ratios of the catalyst samples. Synthesized catalysts
were designated as Ce;Caz, Ce;Ca; and CesCa,, respectively. In the synthesis of catalysts,
CTAB, calcium nitrate and cerium chloride (CTAB/(Ce+Ca)=1) were dissolved in 100 mL
ethanol under continuous stirring at room temperature. Liquid ammonia solution was added
drop-by-drop in the mixed metal solution over a period of time until the pH became ~11.5.
After further stirring for 2 h, the obtained suspension was transferred to a teflon-sealed
autoclave and aged for 12 h at 120°C. Finally, a brown color slurry was filtered and the
filtered solid particles were obtained which was washed several times with 80% double
distilled water having 20% acetone mixture thoroughly to remove the surfactant [Zhao et al.,
2010]. The resulting powder was dried at 120°C for 24 h and then calcined in air at 500°C for
5 h under air flow (40 cm’/min). The heating rate was 3°C/min from the room temperature to
500°C with a holding time of 1 h at 100°C and 5 h at 500°C. The calcined catalyst particles

were used as such in the experiments for their characterization and the DMC synthesis.

3.3. CHARACTERIZATION OF CATALYSTS

To understand the thermal and physcio-chemical characteristics of the synthesized
catalysts, a number of characterization techniques were used as described below in this
section.
3.3.1. X-ray Diffraction (XRD)

XRD was used to study the molecular structure, atoms and crystalline nature. For this

purpose, Samples were crushed with a mortar before testing. X-ray diffractograms were
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obtained with (Brueker AXS, Germany) diffractometer D8 operated at 40 kV and 30 mA
with Cu Ka radiation (A=1.5406A) with step size of 0.02 over 20 scan range 5< 26 <100°.
Crystalline phase was identified by PANalytical X'pert high score software with reference
from International Centre for Diffraction Data (ICDD) database. Lattice parameter was
calculated by standard cubic indexation method. Crystallite size were calculated from the

Scherrer’s equation:

LKA
peoso 3.1.1)

where, K is the Scherrer’s constant, which generally takes a value of 0.94, A is the
wavelength of X-ray radiation which is equal to 1.54051 A, B is the full width of the
reflection at half maximum (FWHM) in radian and 0 is the scattering angle of the main
reflection.
3.3.2. Surface Area and Pore Size Distribution

N, sorption isotherms utilize the principle of physical adsorption to get the
information about BET surface area, pore size distribution and porosity of the solid materials.
Textural properties were determined using multi point N,-sorption measurements at -197°C,
using Micromeritics ASAP 2020 apparatus. Samples were kept at 120°C for overnight in
oven and then degassing was done for 6 h at 200°C under N, flow to remove any absorbed
impurities. BET isotherm was used for calculating the surface area of the porous material by
physical adsorption of N, gas at it’s boiling temperature. The amount of gas adsorbed was
measured by a continuous or volumetric flow procedure. BET isotherm is represented by
following equitation [BET isotherm]:

1 C-1 P 1
P Y VC P VC
|:Va(Ft))_1j:| m 0 m

(3.1.2)

where, P is the partial vapour pressure of the adsorbate gas in equilibrium at the surface at 77

K, P, is the saturated pressure of the adsorbate gas, V,, is the monolayer volume at the sample
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surface, V, is the volume of the gas adsorbed at the equilibrium pressure and temperature,
and C is the dimensional constant which depends upon the heat of adsorption (Q,) and the
heat of liquefaction (Q;) of nitrogen. Monolayer volume calculated from the adsorption
isotherm was used for the calculation of specific surface area. Barrett-Joyner-Halenda (BJH)
model given by following equitation was used to compute the pore size distribution from
desorption branch of isotherm [Barrett et al., 1945]

In(P/P,)=—-20vcos(8'/ I,R) (3.1.3)
where, R is the gas constant, 0 is the wetting angle, ¢ is the surface tension and ry is the
Kelvin radius.

BET surface areas of the catalysts were determined by using adsorption data obtained
in the relative pressure (P/P,) range of 0.05 to 0.35. Total pore volume was calculated from
the amount of N, vapour adsorbed at a relative pressure of 0.99. BJH model was used for the
determination of the pore volume and the pore area from the adsorption branches of the
isotherm [Dhachapally et al., 2012].

Irregularity or roughness of the catalyst surface was compared by determining a factor
called as fractal dimension (D). Value of D was estimated using N, desorption isotherm data

of the catalysts using Frenkel-Halsey-Hill (FHH) equation [Halsey et al., 1948]:

P D-3
a_ Kmﬂln(—") (3.1.4)
q P

¢

where, q is the amount of N, adsorbed at equilibrium pressure P, P, is the saturated pressure,
de 1s the amount adsorbed filling in micropore volume, Ky is a constant and D is the fractal
dimension. Logarithmic plot of g/q. versus P,/P showed a linear behavior, and D was
calculated from the slope (D-3) of the line. Surface roughness, irregular nature and
smoothness of the surface depends upon the D value. If D=2, then the surface is perfectly

smooth, whereas if D=3, then the surface is very irregular or rough.
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3.3.3. Temperature Programmed Desorption (TPD)

TPD is used to study the binding interaction of adsorbates CO, or NH3 on the catalyst
surface and provides the information regarding the adsorbate bound on the surface. It is
known that the high temperature desorption peak has stronger bonding of the adsorbates on
the catalyst surface. In the TPD study, initially a sample is saturated with the reactant gas,
and then physisorbed fraction of the reactant gas is desorbed with the help of inert an gas
such as helium. After that the temperature of the sample is increased linearly at a particular
heating rate. During this process, an inert carrier gas is passed through the sample at a
particular flow rate. The amount of the desorbed CO; or NHj is quantified with the help of a
thermal conductivity detector (TCD). The furnace should be antimagnetic so as to avoid the
magnetic field which affect may on the sample.

Acidic and basic nature of the synthesized catalyst was determined by the TPD of
NH; and CO,, respectively, using Micromeritics Chemisorb 2720 instrument fitted with a
TCD. A 50 mg sample was placed in a quartz U-tube which was activated/pretreated at
200°C under helium flow (20 cm’/min) for 6 h. After cooling to 50°C, NH; adsorption was
carried out by admitting 10% NHs/He stream flow (20 cm®/min) at 50°C up to saturation for
the determination of acidity. Similarly, CO,-TPD was performed for the determination of
basicity using 100% CO, gas. Helium gas (20 cm’/min at for 1 h at 50°C) was used for
removing the physically bound NH3 and CO; on the surface of the sample. Desorption profile
was recorded from 50 to 900°C at a heating rate 10°C/min under helium flow (20 cm’/min)
and the evolved NH; and CO, were monitored with a TCD.

3.3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric experiments were carried out for determining the thermo-physico-
chemical properties of the catalysts. The weight loss of the sample was estimated as a
function of temperature (or time) under atmospheric or inert gas atmosphere. TGA

experiments were carried out using SII 6300 EXSTAR analyzer with a air flow rate of 200
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cm’/min in the temperature range of 30-1000°C with a heating rate 10°C/min. Aluminum was
used as the reference material.
3.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to find out the surface functional groups of the
synthesized catalysts. A FTIR spectrophotometer (Thermo Nicolet, Model Magna 760) in the
wave number range of 400-4000 cm™ was used for the purpose. The hand-pressed KBr pellet
was used as the reference material.

3.3.6. Scanning Electron Microscope (SEM)

To investigate the morphology of the synthesized catalysts, scanning electron
microscope (SEM) was used. Morphology and elemental composition of the synthesized
materials were examined by using quanta 200 FEG from FEI Netherlands and special
attachment of electron backscatter diffraction (EDBS). Initially, the prepared sample was
spread on the sample holder and then the samples were gold coated using sputter coater
(Edwards S150) to increase the conductivity of the preliminary materials. After that, the
prepared samples were used for taking image using FE-SEM at 20 kV under vacuum.
Thereafter, the energy-dispersive X-ray spectroscopy (EDX) was carried out find out the
metal content of the sample. Elemental mapping was used for understanding the metal
distribution in the prepared catalysts. Elemental composition determined by this method has a
maximum of £10% error.

3.3.7. Transmission Electron Microscopy (TEM)

To investigate the morphology of the catalysts using transmission electron
microscopy (TEM) and the corresponding selected-area electron diffraction pattern were
obtained using TECNAI G? 20S-TWIN, FEI Netherlands with LaB¢ as cathode (resolution:
point 0.24 nm and line 0.14 nm). For TEM analysis, catalysts were dispersed with ethanol
solution and then sonicated for 30 min, and after that the sonicated catalysts were deposited
on the TEM grids. Excess amount of solution was removed by tissue paper and then the grid

was placed in a dark room for 30 min to evaporate the remaining moisture. Selected area
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electron diffraction (SEAD) patterns were recorded to obtain the -crystallographic
information.
3.3.8. Atomic Force Microscopy (AFM)

Morphology of the catalysts was also studied using atomic force microscopy (AFM)
(M/s Molecular Tools and Devices for Nanotechnology (NT-MDT)), equipped with NOVA
software for the image analysis. Small amount (50 mg) of sample was dispersed in ethanol
solution and sonicated for 120 min. Afterwards, (50 mg) small amount of solution dispersion
was placed on a glass plate and dried at room temperature for 12 h. Then this glass plate was
used for AFM analysis.

3.3.9. Atomic Absorption Spectroscopy (AAS) and Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES)

Metal loading on the catalysts was determined by AAS and ICP-OES. For
determining the elemental ratio of the catalysts, 1 g of the catalyst was soaked in 10 ml 65%
nitric acid for 24 h at room temperature so as to dissolve the metals from the catalysts. The
solutions were filtered and the filtrate was used for the determination of the metal
concentration by AAS (Avanta M by GBC Scientific Equipment Pvt Ltd.). ICP-OES supplied
by OPTIMA 8000 von Perkin Elmer was also used for determining the amount of metals
dispersed some catalysts. For sample preparation, the sample (50.04+0.1) was dissolved by a
microwave assisted digestion (Multiwave 3000 from Anton Paar) using 2 ml HF (48 wt.%,
Suprapur, Merck), 2 ml HNO; (69 wt.%, Supra, Roth), 2 ml HCI (35 wt.%, supra, Roth) and
3 ml H>SOy4 (85 wt.%, suprapur, Merck). Microwave conditions were 1100 Watt/ramp for 20
min hold for 30 min cool for 15 min. After the microwave digestion, 12 ml H3;BO, (for
complexation of HF) and 1 ml HIO4 were added. Afterwards, the sample was digested for a
second time using microwave conditions as used earlier. After the microwave treatment, H,O
was added until a volume of 50 ml was obtained. In units using these detector arrays, the
intensities of all wavelengths (within the systems range) were measured simultaneously. The
intensity of each line was then compared to previously measured intensities of known

concentrations of the elements, and their concentrations were then computed by interpolation
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along the calibration lines. The eight samples were prepared as known concentration for
preparation of the calibration curve. Concentration of unknown solution was estimated using
this calibration curve.

Techniques used for characterization of catalysts used for transesterification of PC
with methanol and for direct conversion of CO, for DMC synthesis are listed in Table 3.3.1

and 3.3.2, respectively.

3.4. EXPERIMENTAL PROCEDURE FOR DMC SYNTHESIS
3.4.1. Experimental Procedure for DMC Synthesis using Transesterification of PC with
methanol

Catalytic activity of the synthesized catalysts was checked for the synthesis of DMC
from transesterification of PC and methanol in a stainless-steel autoclave reactor (700 mL)
equipped with mechanical stirrer. The reactor was initially filled with required amounts of
PC, methanol and the catalysts. Thereafter, the reactor was flushed with nitrogen and the
temperature of the reactant mixture was increased to 170°C under autogenic pressure. After 4
h, the reactor was kept in an ice bath so as to cool down the product mixture quickly to 5-
10°C. Thereafter, the catalyst was separated from the mixture by centrifugation.

In the present study, a slightly modified method with respect to that used by
Holtbruegge et al. [2013] was used for the simultaneous estimation of DMC, PG, PC and
methanol in the reaction mixture obtained after transesterification of PC with methanol
reaction. The reaction mixture obtained after the completion of an experimental run was
analyzed by a gas chromatograph (GC) (Perkin Elemer) equipped with flame ionization
detector (FID) and a 30 m x 0.25 mm long elite-WAX capillary column with oven
temperature of 220°C; and injector and detector temperatures of 220°C each. 1 pL sample
was injected in split mode with initial column temperature of 40°C and the holding time of 5
min. After that the temperature was ramped to 100°C where it was held for 5 min, and then
the temperature was further ramped to 220°C at the rate of 10°C/min where it was held for 5

min. Helium was used as the carrier gas and acetonitrile was used as the internal standard.

54



Chapter 3: Experimental

For DMC, the turn over frequency (TOF) was calculated using the following
equation:
F= Mpe XpcMepc

100At (3.5.1)

where, m,. is the initial mole of PC (mol), x ,. is the conversion of PC (%), m ,. 1is the
molecular weight of PC (g/mol), A_, is the mass of catalyst used in the reaction (g) and t is

the reaction time (h).
3.4.2. Experimental procedure for DMC synthesis from direct conversion of CO, with
methanol

Catalytic direct conversion of CO, with methanol to produce DMC was performed in
the reaction autoclave (i.e. batch reactor) made by Berghof, Germany (Model-BHL-800). A
magnetic stirrer was used to make the reactant mixture homogeneous during the reaction. A
rubber made O-ring was used in between the reaction autoclave and the head of the
instrument panel to bind them smoothly and to make the reaction chamber air tight.

The reactor was initially filled with the required amounts of methanol and the
catalysts. The reactor was heated to the reaction temperature (100-180°C) and pressurized
with CO; up to a pressure of 150 bar and maintained for 6-48 h for the reactor to proceed.
After (6-48 h), the reactor was kept in an ice bath so as to cool down the product mixture to
(< —20°C), and thereafter, the catalyst was separated from the mixture by centrifugation. All
the reactions were studied in the presence of activated molecular sieve 3A as a dehydrating
agent and at constant stirrer speed of 600 revolutions/min. Catalyst was washed with
methanol and dried at 150°C for 12 h and then was activated at 500°C for 4 h after each

cycle. Similarly, molecular sieve was activated at 240°C for 4 h after each cycle.
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Table 3.3.1. Techniques used for characterization of catalysts used for DMC production
via transesterification of PC with methanol.

Catalyst Methods Characterization Techniques
XRD N;- SEM NH;- CO,- FTIR TG
sorption TPD TPD
Ce-Co Sol-gel Y Y Y - Y - -
Ce-Cu Sol-gel Y Y Y - Y - -
Ce-Zn Sol-gel Y Y Y - Y - -
Ce-Fe Sol-gel Y Y Y - Y - -
Cepo-Lags Co-precipitation Y Y Y Y Y - -
Ceps-Lage Co-precipitation Y Y Y Y Y - -
Ceps-Lags Co-precipitation Y Y Y Y Y - -
Ceps-Lag» Co-precipitation Y Y Y Y Y - -
Ce-Zn /A1,05 Deposition- Y Y Y Y Y Y Y
coprecipitation
Ce-Zn /Si0, Deposition- Y Y Y Y Y Y Y
coprecipitation
Ce-Zn /TiO, Deposition- Y Y Y Y Y Y Y
coprecipitation
CZA300 Co-precipitation Y Y Y Y Y Y Y
CZA500 Co-precipitation Y Y Y Y Y Y Y
CZA800 Co-precipitation Y Y Y Y Y Y Y

Table 3.3.2. Characterization techniques for catalysts used direct conversion of CO, for
DMC synthesis.

Catalyst Method Characterization Techniques
XRD No- CO,. NH3;- FTIR SEM/
sorption TPD  TPD TEM*
Zirconium  Carbon templating Y
Cerium Carbon templating Y
Ce-Zr Carbon templating Y

Ce-0.125Mn  Surfactant templating
Ce-0.25Mn  Surfactant templating

e S T T o o e
e T T T e S e S S
e S T T e S e T S
I A I T S
e A S I T T e

<

=<

*

Ce-1.0Mn Surfactant templating Y
1Ce-1Ca Surfactant templating

3Ce-1Ca Surfactant templating Y
1Ce-3Ca Surfactant templating Y
Cerium Hydrothermal Y
Zirconium  Hydrothermal Y
Ce-Zr Hydrothermal Y
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RESULTS AND DISCUSSION

This chapter presents the results and discussion on the catalyst characteristics and the
transesterification reaction of propylene carbonate (PC) with methanol for the production of
dimethyl carbonate (DMC) (given as part A). Part B of the chapter deals with the catalysts
used, their characteristics and the results and discussion on the direct conversion of CO,.

Part [A]. TRANSESTERIFICATION OF PC WITH METHANOL FOR THE
PRODUCTION OF DMC: Characterization and catalytic activity for synthesis of
DMC by transesterification reaction of PC with methanol using following catalysts:

» Ce-M (M=Co, Fe, Cu and Zn)

» Ceria-lanthanum mixed metal oxide i.e. CexLa; xO,5(x=0.2; 0.4; 0.6 and 0.8)

» Ceria—zinc catalysts impregnated onto various oxide supports, namely Al,Os, SiO;
and TiO; (named as CZA, CZS and CZT)

» Copper-zinc-aluminum (CZA) hydrotalcite (HTLc) catalysts calcined at 300°C,
500°C and 800°C (named as CZA300, CZA500 and CZA800)

Part [B]. DMC SYNTHESIS FROM DIRECT CONVERSION OF CO, WITH
METHANOL: Characterization and catalytic activity for synthesis of DMC by direct
conversion of CO, with methanol using following catalysts:

» Ceria-zirconium mixed oxide catalysts (CeO,, CegsZrys0, and ZrO,) prepared by
hydrothermal method

» Ceria-zirconium mixed oxide catalysts Ce;xZrxO, (x=0 to 1) prepared by carbon
templating method

» Ceria-manganese mixed oxide (CeO,-MnOy) catalysts

» Ceria-calcium mixed oxide (Ce;-Ca,, Ce;-Ca; and Ce;-Cas;) catalysts
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Part [A]. DMC SYNTHESIS USING TRANSESTERIFICATION OF PROPYLENE
CARBONATE (PC) WITH METHANOL

DMC synthesis using transesterification of PC with methanol was carried out with
four different sets of the catalysts, namely Ce-M (M=Co, Fe, Cu and Zn), ceria-lanthanum,
Ce0,-ZnO supported mixed metal oxide and copper-zinc-aluminum hydrotalcites. These
catalysts were synthesized following the methods given in chapter III. Synthesized catalysts
were characterized by various techniques so as to determine their various physico-chemical
properties such as crystalline nature, acidic-basic sites, surface area, pore volume, thermal
stability and morphology. These catalysts were further tested and used in the DMC

production via transesterification of PC with methanol.

4.1. Ce-M (M=Co, Fe, Cu and Zn) CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR TRANSESTERIFICATION OF PROPYLENE
CARBONATE (PC) WITH METHANOL

Ce-M (M=Co, Fe, Cu and Zn) catalysts were synthesized by sol-gel method (details

given in chapter 3) and were characterized using scanning electron microscope-energy
dispersive atomic spectra (SEM-EDX), X-ray diffraction (XRD), particle size distribution,
CO;-temperature  programmed  desorption (CO,-TPD) and atomic absorption
spectrophotometer (AAS) in order to know their physico-chemical properties. These catalysts
were further used in the DMC production; and the effects of the reaction conditions such as
reaction temperature, catalyst dose, the composition of the reactants i.e. molar ratio of
methanol/PC and reaction time and the reusability of catalysts were investigated.
4.1.1. Catalysts Characterization
4.1.1.1. X-ray diffraction

XRD pattern of Ce-M catalysts shows the presence of CeO, and other metal oxides
(Figure 4.1.1). No additional impure phases were found in any of the synthesized catalysts.
Most intensive peak was found at 20=28° due to CeO; in all the Ce-M catalysts and two weak
peaks found at 20=35.5° and 26~=38.7° were due to the diffraction peaks of other metals. Shift

in these small peaks was due to the difference in the ionic radii of the host (Ce*'=0.97 A) and
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guest (Co?"=0.74 A, Cu**=0.72 A, Fe’*=0.68 A and Zn*'=0.074 A) ions [Kumar et al., 2011;
Joe et al., 2012; Zhou et al., 2014; Banerjee et al., 2014]. The crystallite size of the catalysts
was calculated using (111) crystalline plane diffraction peak of CeO, (Table 4.1.1).
Crystallite sizes for CeCo, CeCu, CeFe and CeZn were found to be 19.4, 18.8, 9.6 and 21.6
nm, respectively.
4.1.1.2. N; adsorption—desorption

N, adsorption—desorption isotherms of the synthesized catalysts are shown in Figure
4.1.2 and the variation of pore volume and pore area with pore size is shown in Figure 4.1.2.
Detailed textural characteristics are given in Table 4.1.1. All the catalysts exhibit type IV
isotherms which corresponds to the porous substances with wide pore size distribution. Such
porous substances show adsorption behavior extending from monolayer to multilayer and
ultimately to capillary condensation [Brunauer et al., 1940; Zhou et al., 2013]. CeCo and
CeCu catalysts exhibit negligible hysteresis, whereas CeFe and CeZn exhibit H, type
hysteresis behavior corresponding to ink-bottle type of pores. Brunauer-Emmett-Teller (BET)
surface area of CeCu, CeCu, CeFe and CeZn were found to be 40, 46, 34 and 38 mz/g,
respectively, whereas Barrett-Joyner-Halenda (BJH) pore volume and pore size were 0.078,
0.065, 0.046 and 0.051 cm3/g; and 4.47, 5.85, 6.76 and 4.35 nm, respectively.
4.1.1.3. Scanning electron microscopy-energy dispersive atomic spectra

Morphology of the prepared Ce-M based catalysts was investigated by SEM, and
these SEM micrographs are shown in Figure 4.1.3. CeCo exhibits a uniform surface
morphology, whereas CeFe seems to be more heterogeneous as compared to other catalysts.
EDX analysis of the catalyst was done to understand metal dispersion on the catalyst surface
and to determine mass distribution (%) percentage of various elements in the catalysts. CeCo
catalyst contained 42% O, 28% Ce and 30% Co; CeCu catalyst contained 34% O, 38% Ce,
and 26% Cu; CeFe contained 35%0, 41%Ce and 24% Fe; and CeZn contained 16% O, 55%
Ce and 29% Zn. Thus, the Ce mass percentage in various prepared catalysts followed the

following order: CeZn > CeFe > CeCu > CeCo. These catalysts had other active metals in
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following order: CeCo (Co=33%) > CeZn (Zn=29%) > CeCu (Cu=26%) > CeFe (Fe=24%)
[Zeppieri et al., 2010].
4.1.1.4. CO,-temperature programmed desorption (CO,-TPD)

Basic properties of the catalysts were analyzed by CO,-TPD analysis (Figure 4.1.4).
The strength of the basic sites could be assigned according to the temperature at which peaks
appear in CO,-TPD profiles. Catalysts are supposed to possess weak, moderate and strong
basic sites if the desorption peaks are in the range: < 200°C, 200-450°C and > 450°C,
respectively [Kraleva et al., 2011]. All the catalysts used in the present study were found to
possess weak and moderate basic sites (Figure 4.1.4). According to CO,-TPD results as
shown in Table 4.1.1, the total basicity of CeCo, CeCu, CeZn and CeFe catalysts were 0.083,
0.698, 0.424 and 0.492 mmol/g, respectively. Thus, the amount of basic sites and basic site
density were found to be the highest in the CeCu catalyst.
4.1.1.5. Determination of leaching of metals

The leaching test for metals was calculated by refluxing the synthesized catalysts in
methanol for 6 h using the optimum of catalyst dose for DMC yield. After the refluxing, the
slurry was filtered/centrifuged and the filtrate/centrifuged supernatant solution was analyzed
for Ce or M by various AAS. No Ce or metals (M=Co, Fe, Cu and Zn) were detected in the
filtrate/supernatant solution. The recovered catalyst-free methanol (in place of direct pure
methanol) was used along with PC at the methanol/PC molar ratio of 10 at 160°C for 4 h (as
used in the optimum test condition) for testing the catalytic activity in terms of DMC
synthesis. The absence of DMC at the end of the test ruled out any homogeneous reaction for
DMC formation.

4.1.2. Catalytic Activity of Ce-M (M=Co, Fe, Cu and Zn)

The catalytic activity of Ce-M catalysts was tested in terms of for DMC synthesis
from the transesterification of PC with methanol in a batch reactor. The results are shown in
Figure 4.1.5. The activity of the CeCu catalyst was found to be the best-in comparision to that
of CeCo, CeFe and CeZn catalysts. The turn over frequency (TOF) values of the CeCo,
CeCu, CeFe and CeZn were found to be 1.09, 3.29, 2.47 and 2.90 h'l, respectively. A catalyst
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having higher BET surface area and higher density of basic sites is excepted to show higher
yield of DMC from the transesterification of PC with methanol. Higher BET surface area and
basicity are indirectly responsible for higher yield of DMC because of easy transport of the
reactants and the products. The active basic sites increase PC conversion, TOF and DMC
yield. It is found that the CeCu catalyst exhibits these characterizations. Therefore, further
experiments on DMC production using transesterification were conducted with CeCu catalyst
only.

Table 4.1.1. XRD, textural and CO,-TPD analysis of catalysts.

XRD Textural Properties CO,-TPD analysis
Catalyst d-value® Crystallite Surface Pore Pore size Total CO, Basic site
size (nm)*  Area volume (nm)°  adsorption  density
(m?/g) (cm’/g)° (mmol/g) (pmol/m?)
CeCo 0.98 19.4 40 0.078 4.47 0.083 2.1
CeCu 0.96 18.8 46 0.065 5.85 0.698 15.2
CeFe 1.16 9.6 34 0.046 6.76 0.424 12.4
CeZn 0.84 21.6 38 0.051 4.35 0.492 12.9

*The unit cell parameter, crystallite size and the structure are calculated using Sherrer equation.
®BJH desorption cumulative pore volume in the percentage range of 17.00 to 3000 A.

‘BJH desorption average pore size.
Metal Oxides
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Figure 4.1.1. XRD patterns of Ce-M based catalysts (a) CeZn, (b) CeFe, (c) CeCo, and
(d) CeCu.
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Figure 4.1.2. (a) Nitrogen adsorption-desorption isotherms; —l— CeCo, —®— CeCu,
—®— CeZn, —A—CeFe. (b) Variation of cumulative pore volume and cumulative pore
area with pore diameter for Ce-M (M=Co, Fe, Cu and Zn) catalysts; —l— CeCo-pore
volume, —¢— CeCu-pore volume, —®— CeFe-pore volume, — A —CeZn-pore volume,

—[O— CeCo-pore area, —O— CeCu-pore area, —O— CeFe-Pore area, —A— CeZn-pore

area.
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Figure 4.1.3. SEM micrographs of Ce-M based catalysts: (a) CeZn, (b) CeFe, (c) CeCo,
and (d) CeCu.
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Figure 4.1.4. CO,-TPD profile for Ce-M catalysts; (1) CeCo (2) CeCu (3) CeZn (4) CeFe
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Figure 4.1.5. PC conversion, DMC yields and TOF values with different catalysts.
Reaction condition: methanol/PC molar ratio=10, catalyst dose=5 wt.% of PC,
temperature=160°C, reaction time=4 h; Hll % DMC Yield, Tl 2% pC conversion,
—A— % TOF.
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4.1.2.1. Effect of operating parameters

The effect of such operating parameters as methanol/PC molar ratio, temperature,
amount of catalyst and reaction time was studied one at a time (keeping all other parameters
constant) for CeCu catalyst. The results are displayed in Figures 4.1.6 and 4.1.7.

The effect of methanol/PC molar ratio was studied in the range of 2 to 10 at the
reaction temperature of 160°C, amount of catalyst being 5 wt.% of PC and 4 h of reaction
time. The effect of methanol/PC ratio for DMC, PC conversion and TOF is shown in Figure
4.1.6a. It is seen that an increase in the molar ratio of methanol/PC from 2 to 10 increases the
DMC yield from 15 to 71%, PC conversion from 12 to 65% and TOF and from 0.61 to 3.29.
In transesterification reaction, 1 mole of PC reacts with 2 moles of methanol under
equilibrium condition. If the molar ratio of methanol/PC is lower, the co-product will
increase in the transesterification reaction. Higher methanol/PC ratio shifts the equilibrium
towards product side [Sankar et al., 2006]. A number of investigators have reported
methanol/PC molar ratio of 10 to be the optimum for the synthesis of DMC using Fe-Zn
double-metal cyanide [Srivastava et al., 2006], KF/Al,O; [Murugan et al., 2010], and the rare
earth promoted Mg-Al hydrotalcite catalysts [Unnikrishnan and Srinivas, 2012]. Hence,
methanol/PC molar ratio of 10 was considered as optimum.

Effect of temperature on the transesterification of PC with methanol for PC
conversion and the yield of DMC is shown in Figure 4.1.6b. The optimum temperature is
found to be 160°C with the maximum conversion of PC being 65.9%, yield of DMC being
70.1% and with TOF value is 3.31 h™'. Beyond this temperature, the yield of the DMC
decreases with an increase in the reaction temperature due to dehydrogenation and
condensation of the byproduct methanol. However, at a higher reaction temperature, DMC
decomposes and decomposition gets accelerated with an increase in temperature. The
optimum reaction temperature were reported to be 160°C [Wei et al., 2003; Wang et al.,

2006] and 170°C by Srivastava et al. [2006] by using various catalysts for DMC production.
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Figure 4.1.6. Effect of various parameters on transesterification of PC with methanol
using CeCu catalyst; (a) effect of methanol/PC molar ratio: catalyst dose=5 wt.% of PC,

reaction time=4 h, temperature=160°C; (b) effect of reaction temperature: methanol/PC

molar ratio=10, catalyst dose=5 wt.% of PC, reaction time=4 h. —¢— % DMC Yield,

—A—%PC conversion, —®— TOF.

66



Chapter 4: Results and Discussion

% Yield/Conversion

0 1 2 3 4 ] 6
Catalyst dose ( wt %)

(@)

on

80 -

60 -

40 -

% Y1eld Conversion

20 -

10

3 4 5 i 7 8
Time (h)

[
LR

(b)

Figure 4.1.7. Effect of various parameters on transesterification of PC with methanol
using CeCu catalyst; (a) effect of catalyst dose: methanol/PC molar ratio=10, reaction

time=4 h, temperature=160°C; (b) effect of reaction time: catalyst dose=5 wt.% of PC,

temperature=160°C, reaction time=4 h. —¢— % DMC Yield, —A— % PC conversion.
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The effect of catalysts dose conversion of PC and the on the yield of DMC are shown
in Figure 4.1.7a. It can be seen that the conversion of PC and yield of DMC increase with an
increases in the catalyst dose and that the highest yield of DMC was found at a catalyst dose
of 5 wt.% of PC. A high dose of the catalyst promotes the decomposition of DMC to form PG
in the reaction mixture. A higher catalyst dose can also the cause blockage of the active sites
in the pores due to agglomeration of the catalyst particles. The effect of reaction time on the
transesterification of PC with methanol for the synthesis of DMC is shown in Figure 4.1.7b.
It was formed that the conversion of PC and yield of DMC increased up to t=4 h, after which
the reaction time doesn’t influence the formation of DMC as the reaction reaches the
thermodynamic equilibrium. The equilibrium conversion time of 5-6 h for the formation of
DMC has also been reported by Sankar et al. [2006] and Xu et al. [2013] by tungstate-based
and graphitic carbon nitride-based catalysts, respectively for the transesterification of PC with
methanol.
4.1.2.2. The catalyst of the reusability

The reusability of CeCu catalyst was investigated by utilizing it in four consecutive
batches for the transesterification reaction. For each batch, the catalyst was recovered after
the reaction by filtration and washed several times with methanol. Thereafter, it was dried in
an air flushed oven at 120°C for 12 h and reactivated at 500°C for 4 h. Thereafter, the catalyst
was reused in subsequent cycles of experiment under similar reaction conditions. The results
of the conversion of PC and the yield of DMC are shown in Figure 4.1.8. It may be seen that
upto 4 number of cycles, there is a 20% decreases the conversion of PC and 19% decreases
the yield of DMC and 0.2 h™' decreases the TOF. Results reveal that CeCu is reusable as

catalyst with upto 20% decrease in its activity.
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4.2. CERIUM-LANTHANUM OXIDES CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR TRANSESTERIFICATION OF PROPYLENE
CARBONATE (PC) WITH METHANOL

In the present study, Ce-La mixed oxide catalysts (with different ratio of cerium and
lanthanum) were synthesized by co-precipitation method and characterized by various
techniques. Catalytic performance of these catalysts was further tested for the
transesterification of PC with methanol to produce DMC and PG as a co-product. The effects
of molar ratio of methanol/PC, catalyst dose, reaction time and temperature on the conversion
of PC and yield of DMC was studied for all the synthesized catalysts.

4.2.1. Characterization of Ce-La Catalysts
4.2.1.1. X-ray diffraction

XRD patterns of synthesized CexLa; O, (x=0.2; 0.4; 0.6 and 0.8) catalysts are
presented in Figure 4.2.1. XRD patterns of CeiLa;«(x=0.4, 0.6, and 0.8) exhibit peaks at
20=28°, 33°, 46°, 55°, 58°, 68° and 75°, corresponding to the (111), (200), (220), (311),
(222), (400) and (331) planes of face-centered cubic (fcc) structure. These reflections indicate
the presence of cubic fluorite structure of CeO, (JCPDS No. 810792) phase only. No
reflections corresponding to La,O; were observed in these three catalysts CeiLa;x (x=0.4,
0.6, and 0.8). Wang et al. [2010] also reported absence of La oxides in Ce-La mixed samples
for La content as high as 75%. Ceg,Lags showed minor reflection of hexagonal close-packed
(hep) structure of La,O3 (JCPDS No. 401284) phase along with CeO, (JCPDS No. 810792).
In all the XRD pattern, (111) is the most intensive peak, therefore, it was used for calculation
of unit cell parameters and crystalline size of all the prepared catalysts. Results are
summarized in Table 4.2.1. XRD spectra shows that an increase in Ce content in CeyLa; O,
(x=0.2, 0.4, 0.6 and 0.8) shifts the peaks to higher diffraction angle [Belli¢re et al., 2010; Dai
et al., 2012]. Tonic radius of La>" (0.106 nm) is larger than that of Ce*" (0.094 nm), therefore,

an increase in lanthanum in the CexLa; catalysts results in an increase in the values of unit
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cell parameters (Table 4.2.1) whereas an increase in cerium causes decrease in unit cell
parameters [Wilkes et al., 2003; Zhang et al., 2010; Ma et al., 2005].
4.2.1.2. N, adsorption—desorption

Textural properties and pore size distribution of the synthesized catalysts (Table
4.2.1) were obtained from the nitrogen adsorption-desorption isotherms at 77 K (Figure
4.2.2). Isotherms belong to the “type IV” class in all cases and exhibit type “H4” hysteresis
loop indicating that all Ce-La catalysts are mesoporous in nature. Synthesized catalysts were
found to have the surface area in the range from 41-62 m?/g, and it was found to be in the
order: Cepslagg < Cepslaps < Ceoelaps < Cepglap,. Pore volume of the catalysts also
increased in the same order. Thus, an increase the lanthanum content decreased the pore
surface area and pore volume.
4.2.1.3. Scanning electron microscopy-energy dispersive atomic spectra

SEM studies were carried out so as to study the morphology of the synthesized
catalysts (Figure 4.2.3). Synthesized CegsLag, catalysts show spherical morphology with size
of the crystal being 20-30 nm. All other catalysts have nanorod shape with length varying in
the range of 50-300 nm. EDX elemental mapping shows even distribution and homogeneous
dispersion of Ce and La in all synthesized catalysts shows in Figure 4.2.4. EDX of catalysts
(Table 4.2.1) showed presence of the cerium, lanthanum and oxygen in all the catalysts.
4.2.1.4 CO,-temperature programmed desorption

CO,-TPD profile of synthesized CexLa(.x) catalysts is shown in Figure 4.2.5a.
Distinct profiles are seen for different catalysts. Presence of weak basic sites in the catalysts
allow low temperature desorption of the CO, gas whereas strong basic sites show the higher
temperature desorption of CO, [Ma et al., 2005]. CepslLagp, catalyst show peaks
corresponding to weak and moderate basic sites whereas all other catalysts shows peaks
corresponding to weak, moderate and strong basic sites. Intensity of the low and moderate
basic sites depends on the Lewis acid-basic paring and OH™ bond present on the surface, and

higher basic nature is due to the low coordination of surface O% [Rossi et al., 1991].

71



Chapter 4: Results and Discussion

Table 4.2.1. Crystallite size, textural properties and composition of cerium-lanthanum

catalysts.

XRD Textural Properties Composition of Catalysts
Catalyst (From EDX)

Unit Cell Crystall Surface  Pore Average Ce actual La actual O actual
Parameter itesize Area  volume Pore atomic% atomic% atomic%
(nm)®  (nm)* (m%g) (cm’/g)° diameter

(nm)®
CegoLags 57.53 7.6 41 0.061 5.82 8 29 63
Cepslags 5598 9.5 42 0.080 6.67 18 26 56
Ceoslaps 55.39 10.2 60 0.103 5.97 20 14 66
Ceoglag, 54.52 11.7 62 0.128 6.57 25 9 66

Scherrer equation used for the estimation of crystalline size peak (111);
°BJH desorption cumulative pore volume of pores in the range 17.00 to 3000 A;
‘BJH desorption average pore diameter (nm)

ik i,
£ N
ﬁkf"’-‘" it i Vi *"‘F._' Whehisiei et

5

Intensity (A.U)

Figure 4.2.1. XRD profile of Ce-La based catalysts; (1) Ce,Lags, (2) Cegslage (3)
Ceg.sLag.4, (4) CegsLag,.
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Figure 4.2.2. (a) Nitrogen adsorption isotherms, —®— Ceg,Lagg, —l— Ceg4Lags, —O®—
Cegslagy, —A— Cegslag,. (b) variation of cumulative pore volume and cumulative pore

area with average pore diameter for ceria-lanthanum based catalysts; —4— Cey,Lags-
pore volume, —HB— Cey4Lag¢-pore volume, —®— Cey¢lag4-pore volume, —A—
Cegslaj,-pore volume, —0— CegsLags-pore area, —A— Ceg4Lag¢-pore area, —O—
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Figure 4.2.3. SEM micrographs of the cerium-lanthanum based catalysts (a) Ceg,Lays,

(b) Ce0,4Lao,6, (C) Ce0,6La0,4 and (d) Ceo,sLao,z.
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Amount of total basic sites (per unit mass) for any catalyst was calculated by adding
the amount of CO, desorbed from individual peaks. Thereafter, amount of total basic sites per
unit surface area was calculated by dividing the amount of total basic sites per unit mass by
the BET surface area. Distribution of basic sites in the synthesized catalysts followed the
sequence (Table 4.2.2): Ceg,Lags (66.90 umol/mz) > Cegp4Llape (19.28 umol/mz) > Cegglags
(11.66 umol/mz) > Cegpglag, (7.28 umol/mz). Results in Table 4.2.2 also show that an
increase in the amount of lanthanum and a decrease in the amount of cerium in the catalysts
increase the basic site density. This is due to more basic nature of lanthanum as compared to
cerium [Wilkes et al., 2003].
4.2.1.5. NH;-temperature programmed desorption

Results of NH3-TPD analysis are shown in Figure 4.1.5b. All catalysts show
desorption peaks of NHj corresponding to all regions over a temperature range of 50-950°C.
NH; desorption temperature and the amount of acid sites are calculated and displayed in
Table 4.2.2. Total amount of NH; desorbed from the Ceg,Lags, Cepslags, Cepslags, and
Cepslag, catalyst was 7.53, 5.85, 4.18 and 2.17 mmol/g, respectively. Respective value of
acid site density was: 0.184, 0.139, 0.069 and 0.044 mmol/m? (Table 4.2.2). Acidic nature of
the catalysts was as follows: CegaLagg > Cepalags > Ceoslags > Cepglag,. Similarly, for
temperature range of 100-200°C, the total amount of NH; desorbed for Cep,Lag g, Cepalags,
Cepslags, and Cegglag, catalysts was 0.68, 0.41, 0.35 and 0.15 mmol/g, respectively.
Respective value of acidic site density was: 16.58, 9.76, 5.84 and 2.42 pmol/m®.

Thus, in the temperature range of 100-200°C, the total amount of NH; desorbed and
acidic site densities follow the order: Cegrlags > Cegslags > Cegglags > Cegglag,. The
acidic nature of the catalysts and the amount of weak acidic sites (in the desorption
temperature range of 100-200°C) increased with an increase in the amount of lanthanum and

decreased with a decrease in the amount of cerium in the catalysts.
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Table 4.2.2. TPD analysis using adsorbed CO; and NH; for determining basic and acidic

properties of synthesized catalysts.

Catalyst TPD analysis of adsorbed CO; (mmol/g) Total Basic site
Weak (< Moderate Strong (> 450°C)  evolved CO;, density
200°C) (200-450°C) (mmol/g) (umol/mz)
Cepslagg  0.17 (128) 0.15 (345) 2.29 (731) 2.61 66.90
Cepslags  0.25(113) 0.10 (363) 0.46 (746) 0.81 19.28
Cepslags  0.42(113) 0.06 (392) 0.22 (750) 0.70 11.66
CeosLag,  0.42(123) 0.03 (343) - 0.45 7.26
Catalyst TPD analysis of absorbed NH3; (mmol/g) Total Acidic site
Weak (< Moderate Strong (> 450°C)  evolved NH;  density
200°C) (200-450°C) (mmol/g)  (mmol/m?)
Cepalags  1.38 (206) 0.97(387) 1.41 (533), 3.77 (727) 7.53 0.184
Cepalags  0.50 (115) 0.03 (361) 1.35(516),3.97 (754) 5.85 0.139
CepsLags  0.42(115) 0.34 (416) 3.462 (631) 4.18 0.069
Cepslaga 0.96 (95) 0.72 (358)  0.13(588),0.90 (712) 2.71 0.044

Temperature (°C) at maxima is given in brackets.

4.2.2. Catalytic Activity of Ce-La Based Catalyst

DMC yield increases with an increase in the methanol/PC molar ratio (Figure 4.2.6a).
At low methanol/PC molar ratio, the amount of PG formed increases during the
transesterification reaction and thus, the DMC yield is lower. An increase in the methanol/PC
molar ratio increases the DMC yield. For methanol/PC molar ratio > 10, the DMC yield
remains constant. Higher methanol/PC molar ratio causes formation of DMC-methanol
azeotrope due to excess methanol and shifts the equilibrium towards the product side
[Murugan et al., 2010]. Hence, methanol/PC molar ratio of 10 was considered as the
optimum. Figure 4.2.6b shows that the DMC yield increases with an increase in the catalyst
amount in the reaction mixture until the catalyst amount was 5 wt.% of PC. Beyond this
catalyst amount, DMC yield either decreased or remained constant with an increase in the

catalyst amount for all the catalysts. This may be due to the blockage of the active sites in the
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pores due to agglomeration of the catalyst. Also, high catalyst amount in the reaction can
cause poor dispersion of the catalyst particle in the mixture, and the excess catalyst may
inhibit the mass transfer of the reactants to the active site of the catalyst [Xian et al., 2014;
Nawaratna et al., 2013]. It can be seen in Figure 4.2.7a that the Ceg,Lagg catalyst gave
highest DMC yield (71%) and CeoslLag, showed lowest DMC yield (40%) after 6 h of
reaction. Beyond 6 h of reaction time, DMC yield decreased indicating that the reaction
reached equilibrium after 6 h of reaction. Equilibrium conversion time of 5-6 h has also been
reported [Xian et al., 2014].

Effect of reaction temperature during transesterification of PC with methanol is shown
in Figure 4.2.7b. DMC yield increases with an increase in reaction temperature up to 170°C
and then decreases quickly as the temperature is increased beyond 170°C. Transesterification
reaction is thermodynamically controlled and reaction temperature > 170°C shifts the
equilibrium towards the reactant side [Wei et al., 2003]. Various investigators have also
reported 160-170°C as the optimum reaction temperature for DMC synthesis by various
catalysts [Wei et al., 2003; Srivastava et al., 2006; Wang et al., 2007].

It may be seen that the activity of the synthesized catalysts increases with an increase
in the amount of lanthanum in the catalysts. Also, the transesterification of PC with methanol
parallels the bi-functional nature (basic and acidic nature) of the catalysts and that catalytic
activity, basic site density, acidic site density and amount of weak acidic sites (in the
desorption temperature range of 100-200°C) follow the same order: Cepglag, < Cegglags <
Cep4lags < Cegrlags. It has been reported previously that the transesterification of PC with
methanol for DMC synthesis strongly depends upon the basicity of the catalysts [Srivastava
et al., 2006; Wang et al., 2007; Murugan and. Bajaj, 2010]. It may be mentioned that though
the BET surface area is inversely proportional to the activity of the catalysts; it also affects
the pore size and the acidic and basic site density of the catalysts which affect the catalytic

activity [Murugan and. Bajaj, 2010].
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Figure 4.2.5. TPD profiles of cerium-lanthanum based catalysts (a) CO,-TPD and (b)
NH3-TPD. (1) Cey;Lags, (2) Ceg.slags, (3) Ceo.slag, (4) CepsLa..
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4.3. CERIA-ZINC CATALYSTS: CHARACTERIZATION AND CATALYTIC
ACTIVITY FOR TRANSESTERIFICATION OF PROPYLENE CARBONATE (PC)
WITH METHANOL

The ceria-zinc composite oxide catalysts were impregnated onto various oxide
supports, namely Al,Os3, TiO, and SiO,, individually by deposition-coprecipitation method
(CZA, CZS and CZT having supports Al,O3, TiO; and SiO,, respectively). These synthesized
catalysts were characterized and tested for the synthesis of DMC.
4.3.1. Characterization of CeO,-ZnO-Support Mixed Metal Oxide
4.3.1.1. Morphological characteristics

The SEM micrographs and the TEM images of the synthesized CZA, CZS and CZT
catalysts are shown in Figure 4.3.1 and Figure 4.3.2, respectively. All the catalysts show
spherical morphology, heterogeneous and crystalline structure. EDX image mapping of CZA,
CZS and CZT catalysts are shown in Figure 4.3.3. Image maps show the distribution of Al, Si
and Ti metals in CZA, CZS and CZT catalysts. In the CZA, the element Al is most scattered
in CZA. Ti is well distributed and has least aggregation in CZT. EDX mapping also shows an
almost even distribution of Ce and Zn in all the catalysts. Average particle size of the
catalysts as determined from the FE-SEM studies are found to be in the range of 5-20 nm.
TEM images show that all the particles are in the size range of =5-10 nm. AFM 3D images
along with grain size distribution of the CZA, CZS and CZT are given in Fig.4.3.4. Average
grain size (as estimated using AFM image) of CZA, CZS and CZT was found to 5.25 nm,
8.65 nm and 4.10 nm, respectively. Thus, the CZS was found to have larger average grain
size than that of CZA or CZT.
4.3.1.2. Fourier transform infrared spectroscopy (FTIR) studies

FTIR spectra of CZA, CZS and CZT catalysts are shown in Figure 4.3.5. The origin

of the vibration band seen at ~3430 c¢cm’

can be ascribed to the surface O-H stretching,
absorbed water and N-H stretching amines groups. The peak at ~2925 cm™ in all the catalysts
is due to C-H stretching and the peak at ~1630 cm™ is due to N-H bending. In CZA catalyst,

vibrations appearing in the peak at 735 cm™ is due to Al-O vibrations and that at 543 cm™ is
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due to Zn-O vibrations [Sankar et al., 2006; Shee et al., 2008; Potti and Srivastava, 2012;
Priya et al., 2014]. Characteristic vibration band for Si-O-Si of the [SiO4] tetrahedron
vibration unit in CZS is observed at ~1100 cm™ [Akondi et al., 2014]. The peaks at 463 and
805 cm™ correspond to the ZnO and O-Si-O group, respectively [Cui et al., 2005]. The peaks
at ~500 cm™' correspond to the TiO, in CZT [Dubey et al., 2015].
4.3.1.3 X-ray diffraction

XRD patterns of CZA, CZS, and CZT catalysts are shown in Figure 4.3.6. XRD peaks
for CZA are found at 26 angles of 28.629°, 33.042°, 47.577° and 56.545° corresponding to
(111), (200), (220) and (311) planes, respectively, and representing face centered cubic
lattice. XRD pattern of CZA indicates the presence of CeO, (PDF-ICDD 001-0800), Al,O;
(PDF-ICDD 004-00879), ZnO (PDF-ICDD 003-0888) and spinel form of CeAlO; (PDF-
ICDD 021-0175). XRD peaks for CZS are found at 20 angles of 28.804°, 33.267°, 47.451°
and 56.594° corresponding to (111), (002), (022) and (113) planes, respectively, and
representing face centered cubic lattice. These peaks indicates presence of ZnO (PDF-ICDD
00-003-0752), CeO, (PDF-ICDD 00-002-1306), SiO, (PDF-ICDD 008-0018), Ce»Si,O;
(PDF-ICDD 048-1588) and Zn,SiO4 (PDF-ICDD 002-0813) in CZS. XRD peaks for CZT
catalyst are seen at 20 angle of 25.227°, 28.569°, 33.165°, 47.894°, and 56.58° corresponding
to (111), (200), (210), (311) and (330) plane, respectively. CeO, (PDF-ICDD 001-0800),
ZnO (PDF-ICDD 003-0752), TiO, (PDF-ICDD 001-0562) and ZnsTiO¢ (PDF-ICDD 049-
0687) are found to be present on CZT [Shee et al., 2010; Khobragade et al., 2012; Samiee et
al., 2013]. All the CZA, CZS and CZT catalysts exhibit mixed peaks of ZnO and CeO,
phases. Figure 4.3.6 also shows that the individual peak positions for CeO, and ZnO remain
intact in the composite oxides. This is an indication that the composite oxides contain
individual phases of ZnO, CeO, and some spinel forms of Zn, Ce within their supports. The
CeO, peaks for catalysts CZA, CZS and CZT have been used in the Scherrer’s equation to
calculate the crystallite size of ceria. The data is summarized in Table 4.3.1. It is observed
that the various types of supports (y-Al,O3, SiO;, and TiO,) affect the particle size of the

catalysts.
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Figure 4.3.1. SEM of the CZA, CZS and CZT catalyst.
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Figure 4.3.2. TEM of CZA, CZS and CZT catalyst.
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Figure 4.3.3. EDX image mapping of (a) Al, Ce, Zn element in CZA, (b) Si, Ce, Zn

element in CZS, and (¢) Ti, Ce, Zn element in CZT.
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Figure 4.3.4. 3D AFM-image and histogram of particle-size distribution in CZA, CZS

and CZT catalysts; —¢— CZA, —M— CZS, —A— CZT.
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Figure 4.3.5. FTIR spectra of CZA, CZS and CZT catalysts.
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Figure 4.3.6. XRD patterns of CZA, CZS, and CZT catalysts at 500°C. (+) peaks due to
Ce0,, () peaks due to ZnO, (#) peaks due to y-Al,O3, (¥) lines due to TiO;, anatase. (1)

CZA, (2) CZS and (3) CZT.
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4.3.1.4. N,-adsorption-desorption

BET surface area, pore size distribution and pore volume of all the catalysts are given
in Figure 4.3.7 and the textural properties are summarized in Table 4.3.1. Synthesized
catalysts have the surface area in the range of 61-104 m*/g. Adsorption—desorption isotherms
of the catalysts at 77.2 K confirm the generation of mesopores during their synthesis and the
absence of micropores as shown in Figure 4.3.7. All the adsorption-desorption isotherms are
of type III, according to the [UPAC interpretation and exhibit a H3 hysteresis loop [Sing et
al., 1985; Rouquérol et al., 1994; Pandey et al., 2014; Goepel et al., 2014]. This confirms
presence of mesopores and absence of micropores in the synthesized catalysts. If the relative
pressure increases (P/P, > 0.60), then the isotherms show the capillary condensation of
nitrogen within the uniform mesopores, where the P/P, position of the influence points is
related to the diameter of the mesopores [Samiee et al., 2013]. Among silica, alumina and
titania supports, specific surface area is as follows: silica > alumina > titania [Grun et al.,
1996]. Therefore, metal oxides impregnated on these supports also follow the same trend.
VoB et al. [2002] have reported similar trend of BET surface area for cobalt impregnated
silica, aluminum and titania catalysts. Reddy et al. [2008] also observed similar BET surface
area trend for aluminum, silica and titania supported ceria-zirconia catalyst. Fractal
dimension which is used as an index for estimating the irregularity or roughness of the
catalysts surface, was studied using the Frenkel-Halsey-Hill (FHH) equation [Halsey, 1948]

for the CZA, CZS and CZT catalysts, to the adsorption isotherm of N, [Sato et al., 1997]:

P D-3
a. Kln(F"j 43.1)

where, q is the amount adsorbed at equilibrium pressure P, P, is the saturated pressure, D is
the fractal dimension, . is the amount adsorbed filling micropore volume and K is a constant.
The logarithmic plot of (q/q.) verses (P,/P) showed linear behavior, and D was calculated
from the slope (D-3) of the straight line. Surface smoothness, irregular nature or roughness

depends upon the D value. If D=2, then the surface is considered to be perfectly smooth,
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whereas if D=3, then the surface is very irregular or very rough. For the synthesized catalysts,
the fractal dimension was found to be 2.514 for CZA, 2.441 for CZS and 2.511 for CZT. This
shows all the catalysts shows similar surface heterogeneity with a maximum deviation of 3%.
4.3.1.5. NH;_temperature programmed desorption

To investigate the acid properties for the synthesized cerium-zinc with different
supported catalysts, NH3;-TPD analysis was performed [Tanabe et al., 1989]. NH;3 desorption
is temperature-dependent and can be classified in three stages, namely as weak (<200°C),
moderate (200-450°C) and strong (> 450°C). Profiles of NH;.TPD on the supported Ce-Zn
catalysts are shown in Figure 4.3.8(a) and the acidity of catalysts (calculated form NH;. TPD
peak area) is given in Table 4.3.2. Two NHj desorption peaks at 131°C and 282°C were
observed for CZA. Intensity of the peak was 0.691 mmol/g at 131°C and 0.116 mmol/g at
282°C. These peaks could be ascribed to the desorption of NH; from weak and moderate
Lewis acid sites, respectively. CZS catalyst showed NHj3 desorption peaks at 113°C with
1.288 mmol/g intensity corresponding to weak Lewis acid site only. CZT catalyst showed
NH; desorption peaks at 99°C with an intensity of 0.35 mmol/g in the weak region only.
According to NH3-TPD results, total acidity of the synthesized CZA, CZS and CZT catalysts
were 0.81 mmol/g, 1.29 mmol/g and 0.35 mmol/g, respectively.
4.3.1.6. CO; -temperature programmed desorption

The profiles of CO,-TPD on synthesized Ce-Zn with supported catalysts are shown in
Figure 4.3.8b and the basicity of the catalysts calculated form CO,-TPD peak area is
summarized in Table 4.3.2. The CO,-TPD can be classified as weak (< 200°C), moderate
(200-450°C) and strong (> 450°C). CZT catalyst showed only weak basicity observed by
peak around 145°C. CZA catalyst shows two distinct peaks at 242°C and 796°C in the
moderate and strong region, respectively. For CZS catalyst, peaks are observed in all the
three regions at 188, 459 and 763°C. According to the CO,-TPD results, CZS catalyst
showed the strong, moderate, and weak basic sites, with intensities of 1.951 mmol/g, 0.151

mmol/g and 0.719 mmol/g, respectively and the total basic amount being 2.821 mmol/g. CZA
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showed desorption behavior at strong (> 450°C) and weak basic sites (< 200°C) with the
basic amount being 0.795 mmol/g and 0.242 mmol/g, respectively. CZT catalyst showed only
weak basic sites with intensity of 0.823 mmol/g.

Silanol groups in amorphous silica provide weak Bronsted acidity. Calcination of
silica increases the Lewis acidity and basicity due to activation of siloxane groups by
dehydration reaction. In comparison, alumina and titania supports develop lower amount of
Lewis acidity and basicity during their calcination [Rouquérol et al., 1994; Gorrepati et al.,
2010]. Synthesized Ce-Zn have both acidic and basic sites indicating that the catalysts can act
as acid-base bifunctional catalysts, however, support materials varied the nature of the
catalysts. A few investigators have reported that the presence of both acidic and basic sites
help in the transesterification of PC with methanol used for DMC synthesis [Wei et al., 2003;
Srivastava et al., 2006].
4.3.1.7. Thermal stability

Thermal stability of the CZA, CZS and CZT catalysts was determined by using
thermogravimetric analysis (TGA), differential thermal gravimetery (DTG) and differential
thermal analysis (DTA). Results are shown in Figure 4.3.9. TGA traces show mass loss of
7.3%, 8.03% and 4.4% for CZA, CZS and CZT catalysts, respectively, in the temperature
range of 20-200°C. These mass losses may be due to vaporization of low boiling point
organic molecules including moisture. Mass loss of 8% for CZA; 8.3% for CZS and 6.9% for
CZT was observed in the range of 200-500°C. At 1000°C, the catalyst samples retained
residual mass of 84.7%, 83.7% and 88.7% of the original mass for CZA, CZS and CZT

catalyst, respectively. Thus, all the catalysts were found to be highly stable thermally.
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Table 4.3.1. Crystallite size and textural properties of CZA, CZS and CZT catalysts.

Catalyst XRD Textural properties
Unit Cell Crystalli ~ Struct Surface Pore volume  Average Pore
Parameter te size ure®  Area (m?/ g) (cm’/ g)b diameter (nm)°
(nm)" (nm)"
CZA 54.2 3.70 Cubic 77 0.150 7.5
CZS 62.9 3.90 Cubic 104 0.187 6.3
CZT 53.8 3.05 Cubic 61 0.108 6.4

*The unit cell parameter, crystal size and structure is calculated using Sherrer’s equation.
PBJH desorption cumulative pore volume of pores in the range 17 to 3000 A.

‘BJH desorption average pore diameter.

Table 4.3.2. TPD analysis using absorbed NH; and CO; for determining acidic and basic

properties of synthesized catalysts.

Catalyst TPD analysis of absorbed NH3; (mmol/g) Total NH;3 Acid site
Weak Moderate Strong evolved density
(<200°C) (200-450°C) (>450°C) (mmol/g) (umol/m?)
CZA 0.691 (131) 0.116 (282) - 0.807 10.48
CZS 1.288 (113) - - 1.288 12.38
CZT 0.343 (99) 0.001 (296) - 0.344 5.64
Catalyst TPD analysis of absorbed CO;, (mmol/g) Total CO, Basic site
Weak Moderate Strong (> 450°C) evolved density
(<200°C) (200-450°C) (mmol/g) (umol/m?)
CZA 0.242 (177) - 0.795 (796) 1.037 13.47
CZS 0.719 (188)  0.151 (459) 1.951 (763) 2.821 27.12
CZT 0.713 (145) - - 0.713 11.69

Temperature (°C) at maxima is given in brackets.
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4.3.2. Catalytic Activity of CeO,-ZnO-Support Mixed Metal Oxide

The catalytic activity of the cerium-zinc oxide stabilized on the three supports was
tested for the transesterification of PC with methanol. Activity measurement was performed
at the initial pressure of 2-5 bar and the final pressure of 20-25 bar.

Effect of temperature on the formation of DMC was investigated over the temperature
range of 120-200°C. The results are shown in Figure 4.3.10a. Maximum DMC yield of 77%
was obtained at 170°C for CZS catalyst, whereas CZA and CZT gave 68% and 23% DMC
yield, respectively at the same temperature. The DMC yield increases with an increase in
temperature up to 170°C and, thereafter, decreases with an increase in the reaction
temperature. At temperatures more than 170°C, side reactions and/or decomposition of DMC
to PC and the formation of the byproduct PG were observed. Optimum synthesis temperature
for DMC was found to be 170°C, giving an optimum yield of 77% with CZS catalyst.

The effect of molar ratio of methanol/PC on the synthesis of DMC using the three
catalysts is shown in Figure 4.3.10. It is seen that the DMC yield increases with an increase in
the mole ratio of methanol/PC. Maximum DMC yield is observed at a methanol/PC molar
ratio of takes place producing PG, thereby adversely affecting the DMC formation. Higher
methanol/PC ratio shifts the equilibrium towards the product side [Sato et al., 1997].
Maximum DMC yield of 77%, 69% and 23% for CZS, CZA and CZT, respectively was
found at methanol/PC molar ratio of 10.

Overall, CZS catalyst exhibited better performance as compared to CZA and CZT
catalysts. CZS has highest BET surface area, as also the acidic and basic sites per unit mass
of the catalyst. Moreover, acid site densities (acidic sites per unit surface area) of the
synthesized catalysts follow the sequence (Table 4.1.5): CZS (12.38 umol/m?) > CZA (11.48
pmol/m?) > CZT (5.64 umol/m?). Similarly, the basic site density of the synthesized catalysts
has the following sequence (Table 4.3.2): CZS (27.12 umol/mz) > CZA (13.47 umol/mz) >
CZT (11.69 pmol/m?). Thus, the basic and acidic site densities and the catalytic activity
followed similar trend. CZS having higher basicity lowers the free energy of this reaction and

enhances the yield of DMC by the transesterification reaction [Wei et al., 2003].
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Figure 4.3.9. TG/DTA/DTG of synthesized CZA, CZS and CZT catalysts.
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Figure 4.3.10. (a) Effect on reaction temperature on DMC formation using different
catalysts; (b) Effect on PC to methanol molar ratio on synthesis of DMC using different

catalysts at temperature 170°C; (Reaction condition: PC=0.25 mol, methanol=2.5 mol,

catalyst=5 wt.% of reactant, reaction time=4 h). —l— CZA, —0— CZS,—A— CZT.
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4.4. Cu-Zn-Al HYDROTALCITE CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR TRANSESTERIFICATION OF PROPYLENE
CARBONATE (PC) WITH METHANOL

In the present study, Cu-Zn-Al (CZA) hydrotalcite catalysts prepared by the co-
precipitation method and calcined at 300°C, 500°C and 800°C (named as CZA300, CZA500
and CZA800) were used for the synthesis of DMC from methanol and PC by
transesterification reaction in a batch reactor. Further experiments were carried out with the
best performing catalyst so as to optimize the operating conditions such as the reaction
temperature, methanol/PC molar ratio, catalysts dose, reaction time and reuseability of the
catalyst for the formation of DMC.
4.4.1. Characterization of Cu-Zn-Al Hydrotalcite
4.4.1.1. Thermal stability

Thermal stability of the synthesized Cu-Zn-Al hydrotalcite (before calcination) is
shown in Figure 4.4.1. It shows that the thermal decomposition of the hydrotalcite occurs in
three steps. Weight loss of 15%, 12% and 6% occur in three distinct regions over the
temperature ranges of 50-250°C, 250-500°C and 500-800°C, respectively. The
decomposition below 250°C was due to the removal of interlayer water molecules and
physiosorbed water. The weight loss in the 250°C to 500°C region is due to the removal of
interlayer anions like OH" ions and COs* in the form of H,O and CO,, respectively [Dixit et
al., 2013]. The third weight loss zone beyond 600°C may be due to the decomposition of Cu
oxocarbonate of the synthesized hydrotalcite structure [Trujillano et al., 2006; Brito et al.,
2009] Uncalcined Cu-Zn-Al hydrotalcite was further calcined at 300, 500 and 800°C and was
designated as CZA300, CZA500 and CZAS800, respectively. Gao et al. [2013] studied the
TGA for Cu/Zn/Al HTLc after the calcination at 750°C under air atmosphere. They found
three weight loss zones: below > 250°C (11.5%), 250-600°C (16.0%), 600-700°C (5.5%).
Others authors have observed similar degradation zones [Kaluza et al., 2011; Cunha et al.,
2012;]. These three mass loss zones are attributed to the decomposition of interlayer water

molecules, collapse the layered structure and decomposition of Cu oxocarbonate.
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Figure 4.4.1. TGA profile of Cu-Zn-Al (HTLc).

4.4.1.2. X-ray diffraction

XRD spectrum of copper-zinc-aluminum HTLc (without calcination) is shown in
Figure 4.4.2. It may be seen that this spectra is similar to that reported in the literature
[Bahranowski et al., 2001; Gao et al.,, 2013; He et al., 2013]. This confirms that the
synthesized material is HTLc. It is well known that the calcination temperature strongly
affects the crystallinity of the catalysts. XRD patterns of the catalysts are shown in Figure
4.4.3. As shown in the figure, the crystallinity increases with an increase in the calcination
temperature. XRD pattern of CZA300 indicated the presence of CuO (PDF-ICDD 00-041-
0254); ZnO (PDF-ICDD 01-076-0704); Al,0; (PDF-ICDD 01-086-1410); aluminum carbide
nitride AlgC3Ny4 (PDF-ICDD 01-085-0413). Source of nitrogen in CZA300 may be the small
residue of nitrate ion left after washing. However, it was obtained only in CZA300. Other
samples were free from nitrogen compound. CZA500 was found to contain ZnO (PDF-ICDD

01-079-0207); CuO (PDF-ICDD 01-080-1916); Al,Os (PDF-ICDD 01-086-1410). Similarly,

99



Chapter 4: Results and Discussion

CZAS800 contained CuO, tenorite phase (PDF-ICDD 00-048-1548), ZnO (PDF-ICDD 01-
080-0075) spinel ZnAl,O4, gahnite phase (PDF-ICDD 00-005-0669), CuAl,O4 (PDF-ICDD
00-033-0448) and Cu,Al4O7 (PDF-ICDD 01-083-1476).

Thus, the XRD patterns of all the samples indicated the presence of diffraction peaks
which may be attributed to CuO and ZnO in all the phases [Barroso et al., 2006]. It may be
seen that the Al was present as Al,O; in CZA300 and CZA500, however, it formed spinels
like ZnAl,O4, CuAl,O4 and Cu,AlsO; in CZA800. Spinel CuAl,O4 is thermodynamically
unstable below 600°C [Strohmeier et al., 1985]. This may be the reason of its absence in
CZA300 and CZA500. However, CZA300 catalyst is least crystalline with weak intensity
peaks as compared to CZA500 and CZA800. CZA800 exhibits sharp peaks indicating well-
developed crystallinity. Busca et al. [2006], Souza et al. [2008], Meher et al. [2009] and
Cunha et al. [2012] have shown similar phases of crystallinity in the catalysts calcined at
similar temperatures.
4.4.1.3. Surface morphology and elemental analysis

The SEM micrographs were obtained to determine the morphologies of the
synthesized CZA catalysts. The morphologies of the synthesized CZA catalysts calcined at
300, 500 and 800°C are shown in Figure 4.4.4. It can be observed that some of the pores get
developed in the catalysts with an increase in the calcination temperature. Development of
these pores is due to the removal of interlayer anions like OH and CO;™ as stated earlier.
This was further confirmed by the EDX analysis (shown in Table 4.4.1). It may be seen that
the percentage of Cu, Zn and Al continue to increase and that the percentage of C and O

decreases with an increase in the calcination temperature.
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Figure 4.4.3. X-ray diffraction patterns of the CZA catalyst; (a) CZA300, (b) CZA500,
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Figure 4.4.4. Scanning electron micrographs of (a) CZA300, (b) CZAS00, (c) CZAS800.
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4.4.1.4. Textural characterization

Adsorption/desorption isotherms of N, at 77 K for all catalysts are given in Figure
4.4.5. Variation of cumulative pore volume and pore area with respect to pore diameter for
different catalysts as obtained from liquid nitrogen adsorption-desorption experiments are
shown in Figure 4.4.6a. BET surface area, total pore volume and average pore size are listed
in Table 4.4.1. CZA300, CZA500 and CZA800 catalysts were found to possess BET surface
area of 76, 84 and 14 m*/g, respectively. Thus, samples of CZA calcined at 300 and 500°C
were found to exhibit reasonably higher specific surface area as compared to that calcined at
800°C. Low surface area at higher calcination temperature may become of the sintering of the
material. The average pore diameter of CZA300, CZA500 and CZA800 catalysts were found
to be 55.6, 52.5 and 49.3 A, respectively, which indicates a very marginal decrease in the
pore size with an increase in calcination temperature.

Distribution of pore volume with respect to pore diameter is shown in Figure 4.4.6b.
This figure reveals that CZA300 and CZA500 have bimodal pore distribution with pores
centered at 36+1 A and 131+2 A. However, for peak centered at 1312 A, CZA300 has
higher intensity than CZA500 whereas the reverse trend is observed for peak centered at
36+1 A. Thus, overall CZA500 has slightly larger surface area than CZA300 and the average
pore size of CZA300 (0.1086 cm’/g) is slightly bigger than CZA500 (0.1076 cm’/g). Also it
is seen in Figure 4.4.6b that the surface area of CZA300 are dominated by the peak centered
at 1312 A whereas it is nearly equally distributed among the two peaks for CZA500.
CZA800 has a very small peak centered at 41 A. Overall, CZA800 (0.00178 cm®/g) has very
less pore volume and surface area as compared to (0.1086 cm’/g) CZA300 and (0.1076
cm’/g) CZA500 catalysts. Based on structural, morphological and textural characterization, it
can be said that CZA800 has high crystallinity because of sintering which leads to small pore
surface area. Higher calcination temperature of 800°C destroys the hydrotalcite structure,
decreases the surface area and pore size, though it increases the crystallinity [Sparks et al.,
2008; Yietal., 2011]. Zheng et al. [2007], Busca et al. [2006], Venugopa et al. [2009], Mehar
et al. [2009] and Cunha et al. [2012] have reported BET surface area of 67, 67, 57, 73 and 96

m?*/g for CZA catalysts, respectively.
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Table 4.4.1. Crystallite size, textural properties and composition of CZA catalysts.

Catalyst XRD Textural Properties Atomic (%) using EDX¢
Crystallite  Surface Cumulative Averagepore Cu Zn Al C O
size (nm) Area pore volume diameter (nm)°
(m’/g) (em’/g)"
CZA300 15.9 76 0.1086 5.56 11 12 8 13 56
CZA500 18.6 84 0.1076 5.25 15 14 16 4 51
CZA800 123 14 0.0178 4.93 15 20 23 - 42

“BJH desorption cumulative pore volume of pores in the range 17.00 to 3000 A.
"BJH desorption average pore diameter.
‘Maximum possible error=+10%.
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Figure 4.4.5. Adsorption/desorption isotherms of N, at 77 K of CZA300, CZA500 and
CZA800; —— CZA300, —— CZA500, — A— CZA800.
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4.4.1.5. Fourier transformed infrared spectroscopy

The presence of the functional groups on the catalysts surface was checked by FTIR
spectra. Figure 4.4.7 shows the FTIR spectra of the prepared catalysts in the range of wave
number 4000-400 cm™. The broad absorption peak observed at 3600-3200 cm™ and 1620-
1650 cm™ are due to hydroxyl group of interlayer water molecules. Band at 1380-1390 cm is
due to interlayered nitrates [Blanch-Raga et al., 2013] and that at 757-779 cm™ is due to the
bending mode. Peaks in the range of 660-670 cm™ are due to the interaction of carbonate
within the layers. The peaks found in the range of 480-495 cm™' are due to stretching mode of
M-OH.

It may be seen that for wave numbers > 1600 cm™, CZA300 and CZA500 show peaks
with similar intensity, whereas CZA800 has peaks with very low intensities as compared to
those for CZA300 and CZAS500, thereby confirming the removal of OH and CO, groups.
Small persistence of these bands in CZA800 may be due to the presence of water moisture
during the preparation of the samples for FTIR analysis [Blanch-Raga et al., 2013]. For peaks
in the wave number range of 900-1600 cm™, the intensity of peaks were found to be in the
order: CZA300 > CZA500 > CZA800. Therefore, functional groups within this wave number
range decrease with an increase in the calcination temperature. For wave number < 900 cm™,
the trend is reversed and the intensity of peaks was found to be in the order: CZA800 >
CZA500 > CZA300. It is known that these peaks in HTLc’s are due to metal-oxygen
vibrations because of the presence of mixed metal oxides which get formed from HTLc phase
[Aristizabal et al., 2011; Blanch-Raga et al., 2013], since high temperature calcination
increases the percentage of metal oxides, therefore, the peak intensities were found to be in

this order in the finger print region.
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Figure 4.4.6. (a) Variation of cummulative pore volume and cummulative pore area
with pore diameter; —¢— CZA300-pore volume; —M— CZA500-pore volume; —A—
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CZA800-pore area. (b) pore size distribution for CZA300, CZA500 and CZAS800
catalysts; —¢— CZA300; —H— CZA500; —A— CZAS00.
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4.4.1.6. CO,-temperature programmed desorption

It is known that calcined HTLc’s has several types of active sites. Weak Bronsted
basic sites are due to surface OH™ groups whereas the medium strength Lewis sites are due to
M™-O pairs. Strong basic sites are due to the presence of low-coordinated O* [Pavel et al.,
2012]. The basic properties of CZA300, CZA500 and CZA800 catalysts were determined
using CO; adsorption and the results are shown in Figure 4.4.8a. Since in the present study,
there is weight loss during heating, therefore, CO, evolution during decomposition of the
three synthesized HTLc was monitored as per the methods reported in the literature [Bergada
et al., 2007; Silva et al., 2010]. Actual basicity of the synthesized catalysts was obtained after
subtracting the CO, desorption during decomposition of the three synthesized HTLc from
their CO,-TPD analysis.

It is well known that the base strength of the catalytic sites is represented by
desorption temperature, whereas the quantity of CO, desorbed represents the basicity of the
sites [Wei et al., 2003]. Desorption peaks observed in the figure in the temperature ranges of
< 200°C, 200-400°C, > 400°C are attributed to the weak, moderate and strong basic sites,
respectively [Wang et al., 2013]. The low temperature peaks can be ascribed to the adsorption
at the surface weak basic site due to OH™ group and high temperature peaks are attributed to
the strong Lewis basic sites of O* anions [Rabiah-Nizah et al., 2014]. The amount of CO,
desorbed from the basic sites of the catalysts at various temperature range are shown in Table
4.4.2. Total basicity of CZA300 catalyst has highest amount of basic sites in all the weak and
strong regions, whereas CZAS500 catalyst has highest amount of basic sites in the moderate
regions. CZA800 showed only strong basic sites with highest basic strength (desorption
peaks at 928°C) among all the catalysts. Total basicity decreased with an increase in the
calcination temperature, and CZA300 catalyst has the highest amount of total basic sites. The
strength of the low and moderate basic sites depends on the Lewis acid-basic paring and OH
bond on the surface and the higher basic strength are due to the coordination of surface O*

[Rossi et al., 1991].
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Table 4.4.2. TPD analysis using absorbed NH; and CO; for determining acidic and basic

properties of synthesized catalysts.

TPD- CO; released Differen TPD analysis of absorbed CO; (mmol/g)
Catalyst CO; during ce of (Basic sites)

(mmol/  decomposition CO, Weak Moderate Strong

g) experiment (mmol/g)  (<200°C) (200- (>450°C)

(mmol/g) 450°C)
CZA300 4.615 1.96 2.655 2.60 (129) 0.02 (379) 0.035 (895)
CZA500  2.733 1.73 1.003 0.79 (103)  0.154 (356) 0.059 (898)
CZA800 0.9812 0.88 0.1012  0.0002 (115) 0.101 (929)
TPD analysis of absorbed NH3; (mmol/g) Total evolved NH3
Catalyst (Acidic sites) (mmol/g)
Weak Moderate Strong

(<200°C)  (200-450°C) (>450°C)
CZA300 1.73 (150) 1.63 (384) 1.58 (560) & 1.72 (882) 6.658
CZA500 1.44(110) 0.24 (390) 1.44 (901) 3.123
CZA800 - 0.0363 (365) 1.23 (891) 1.255

Temperature (°C) at maxima is given in parenthesis.
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Figure 4.4.7. FTIR spectra of the CZA300, CZAS500 and CZAS800 catalysts.

108



Chapter 4: Results and Discussion

4.4.1.7. NH;-temperature programmed desorption

Variation of acidic properties of the synthesized catalysts was studied using NH3;-TPD
and the results are shown in Figure 4.4.8b. Quantity of NH; desorbed from the weak (<
200°C), moderate (200-400°C) and strong (> 400°C) acidic sites are shown in Table 4.4.2.
The peak in high temperature (> 700°C) is attributed to desorption of NH; from strong
Bronsted acid sites [Rabiah-Nizah et al., 2014]. All the catalysts are having similar acidic
strength as represented by very small variation in the highest desorption temperature
(910+£20°C). CZA300 catalyst has the highest amount of acidic sites in all the three regions.
CZAB00 was found to contain only medium and strong acidic sites. Total desorbed amount of
NH; was found to be in the following order: CZA300 > CZA500 > CZA800. Therefore, the
CZA300 has highest number of acidic sites whereas CZA800 has the lowest amount of the
acidic sites. Overall, it is formed that an increase in the calcination temperature decrease
amount the quantity of acidic sites in the catalyst.

It may be noted that the amount of basic and acidic sites are more in CZA300 and
CZA500 which have higher specific surface area as compared to CZA800. Prepared CZA
catalysts have both acidic and basic sites revealing that they can act as an acid-base

bifunctional catalyst [Wang et al., 2013].
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4.4.2. Catalytic Activity of Cu-Zn-Al Hydrotalcite Catalysts

One mole of PC reacts with two moles of methanol to produce one mole of DMC and
one mole of PG. However, an excess amount of methanol drives the reaction towards the
transesterified product [Nawaratna et al., 2012]. Performance of CZA catalyst with different
calcination temperature was investigated for the formation of DMC from PC with methanol
in a batch reactor and the results are presented in Figure 4.4.9. TOF values for CZA300,
CZA500 and CZA800 were found to be 5.99, 5.61 and 1.50 h™', respectively.

The activity of the CZA300 catalyst was found to be better as compared to that of
CZA500 and CZAS800 catalysts. Catalyst characterization provides an insight as to why the
CZA300 catalyst better results of transesterification of PC with methanol. Generally, the
basicity of the catalysts facilitated the selectivity of DMC and conversion of PC. The
transesterification activity and the basicity of the catalysts follow the same order: CZA300 >
CZAS500 > CZAS800.

As shown in Table 4.4.2, the basicity and the base strength of the CZA catalysts
calcined at 300, is much higher than that calcined at 500 and 800°C. Therefore, CZA300
lowers the free energy of this reaction and enhances the yield of DMC by the
transesterification reaction [Wei et al., 2003; Filippis et al., 2005; Singh and Fernando, 2008].
Moreover, CZA300 has bimodal pore distribution with pores centered at 36+1 A and 1312
A, and the surface area associated with peak 131+2 A being much larger than the at surface
area associated with peak at 36+1 A. Thus, CZA300 exhibits highest meso-porosity in
comparison to all the catalysts studied in the present work. Bigger size pores of CZA300 help
in easy transport of reactants and products in and out from the active basic sites, and this
increases conversion of PC, TOF and DMC selectivity. Overall, the combination of textural,
acidic and basic properties manifest together in better catalytic activity of CZA300 (in terms
of higher yield of DMC) as compared to CZA500 and CZA800 catalysts. Therefore, further

experiments were conducted with CZA300 catalyst only.
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Figure 4.4.9. Conversion of PC and selectivity for DMC using CZA catalyst at 300, S00
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4.4.2.1. Effect of catalyst dose

In this study, CZA300 dose was varied between 0.5 to 5 wt.% with respect to PC at
the reaction temperature of 160°C, molar ratio of methanol/PC molar ratio of 10. The
reaction was carried out for 4 h. The results of Figure 4.4.10a, show that the addition of the
catalysts enhances the conversion of PC and the DMC selectivity up to 3 wt.% catalyst dose.
Further increase in the catalyst dose has no effect on the PC conversion and DMC selectivity.
An increase in the CZA300 dose increases the number of acidic/basic sites, which in turn
increase the PC conversion. For CZA300 dose > 3 wt.%, agglomeration of the catalysts and
blockage of the pores and active sites occurs which do not allow any further increase in the
conversion of PC. PC conversion of 68% and DMC selectivity of 94% were observed at

CZA300 dose of 3 wt.% with respect to PC.
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4.4.2.2. Effect of reaction time

To determine the optimum reaction time, transesterification of PC with methanol
over CZA300 catalyst was studied at various reaction times with other parameters being
maintained constant: temperature=160°C, catalyst dose=3 wt.% of PC and PC/methanol
molar ratio=10. Variation of PC conversion, DMC selectivity and TOF with reaction time is
shown in Figure 4.4.10b. PC Conversion and DMC selectivity increase with an increase in
reaction time up to 4 h. Further increase in the reaction time did not increase the PC
conversion. TOF value of 5.67 h™' was found to be maximum for reaction time of 4 h, which
decreased to 3.80 h™' for the reaction time of 6 h. Thus, the reaction time of 4 h was taken as
the optimum value for further experiments.
4.4.2.3. Effect of methanol/PC molar ratio

Effect of methanol/PC molar ratio was varied in the range of 4 to 12 and the results in
terms of PC conversion, DMC selectivity and TOF are shown in Figure 4.4.11a. Since
transesterification of PC with methanol is a reversible reaction, excess methanol is required to
shift the equilibrium towards DMC formation. It can be seen that the PC conversion, DMC
selectivity and TOF increase with an increase in the methanol/PC molar ratio from 4 to 10.
Further increase in the ratio to 12 had no influence on the output parameters. Excessive
amount of methanol at methanol/PC molar ratio > 10 decrease the adsorption of PC on the
surface of CZA300, thus, decreasing its catalytic activity [Xu et al., 2013].
4.4.2 4. Effect of reaction temperature

Effect of reaction temperature for the transesterification of PC with methanol was
investigated by carrying out the reaction at different temperatures in the temperature range of
120-180°C, reaction time=4 h, methanol/PC molar ratio=10 and catalyst dose=3 wt.% of PC.
It may be seen from Figure 4.4.11b, that the PC conversion, TOF and DMC selectivity
increase with an increase in temperature from 120 to 160°C, and thereafter, PC conversion
and TOF become constant, whereas DMC selectivity decreases with an increase in
temperature > 160°C. Unnikrishnan and Srinivas [2012] have reported similar effect of

temperature on DMC synthesis.
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4.4.2.5. Catalyst reusability

The reusability of CZA300 was examined by utilizing it in five consecutive batch
reactions. The catalyst was recovered by filtration after the reaction and was washed several
times with methanol. It was dried at 105°C for 24 h and reused for subsequent experiments
under similar reaction conditions. The results are shown in Figure 4.4.12. It may be seen that
there is no change in PC conversion although there is a marginal decrease in DMC selectivity
and TOF. These results indicate that CZA300 can be reused in further cycles as a catalyst
with no appreciable decrease in its activity.

Unnikrishnan and Srinivas [2012] and Murugan and Bajaj [2010] have used PC as a
raw material for DMC synthesis, and that too on HTLc different than that used in the present
study. In both of these studies, only selectivity is reported and the PC conversion is not
reported. Few studies have reported better PC conversion and selectivity on other type of
catalysts [Srivastava et al., 2006; Wang et al., 2007]. While many studies [Wang et al., 2006;
Liu et al., 2007] have reported much lower PC conversion and selectivity than that observed
in the present study. It is also well known that the direct comparison of catalytic activity of
catalytic reactions varying in terms of catalysts, raw materials and optimum operational

parameters such as initial concentration, catalysts dose, etc. is not possible.
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4.5. MECHANISM, KINETICS AND THERMODYNAMICS OF
TRANSESTERIFICATION OF PC WITH METHANOL
4.5.1. Mechanism

Possible mechanism of synthesis of DMC from PC with methanol as produced by
different investigators is shown in Figure 4.5.1 [Wei et al., 2003; Yang et al., 2010; Murugan
and Bajaj, 2010; Wang et al., 2012; Xu et al., 2013]. Methanol gets activated in the presence
of catalysts to form H' and CH;0". CH;O" attracts the carbonyl C of the PC and forms CH;0O-
CO-O-CH,-CH (CH3)-O" as an intermediate which further reacts with H' to form 2-methyl-
hydroxyethyl methyl carbonate (CH;0-CO-O-CH,-CH (CH3)-OH) as an intermediate. This
intermediate further reacts with CH;0™ to form DMC and another intermediate, OH-CHjs-
CH,-CH,-O" which reacts with H™ to form PG. The transesterification reaction of PC with
methanol to produce DMC is exothermic in nature [Wei et al., 2003]. In this
transesterification reaction, the main function of the solid catalyst is to assist in the
abstraction of H" from methanol by the acid site so as to form CH30", which reacts with PC
to produce DMC. Higher is the basic nature of the catalyst, more negative is the charge of

MeO™ and lower is the free energy of reaction of MeO” with PC.
H,C CH,

A

Propylene Glycol
Propylene carbonate ropytens Byeo

CH;0
H,CO OCH, CH,

i HO\/K
+
}\ .
\
Di methyl carbonate
o CH,07
H* 3

\AN

CH,
2-methyl-hydroxyethyl methyl carbonate

Figure 4.5.1. Mechanism of DMC formation from transesterification of PC with

methanol [Wei et al., 2003].
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4.5.2. Kinetic Study

Only few kinetics studies on the transesterification reaction of PC with methanol for
DMC formation are reported in the literature [Jeong et al., 2005; Filippis et al., 2006;
Williams et al., 2009]. In the present study, the following kinetic model, as proposed by
Filippis et al. [2006], has been used for the kinetic analysis.

B dCPC,t

at = kl (CPC’t _CPC,e)(CMeOH,t _CMeOH,e) (4.5.1)

where, Cyveont and Cpc are the concentrations of methanol and PC at time t, respectively.
Cwmeon.e and Cpce are the equilibrium concentration of methanol and PC, respectively. K is the
specific kinetic constant and t is the reaction time.

Considering that in the transesterification reaction, 2 moles of methanol (MeOH) react
with 1 mole of PC, the actual concentration of methanol at any time during the reaction can

be written as:

Cheor + = Creor o = 2(Cpc o =Cpcy) (4.5.2)

where, Cveon,0 and Cpc o are the initial concentration of methanol and PC, respectively. Using
equitation (4.5.2) in equitation (4.5.1), we get

B dCPC,I

ra k (CPC,t _CPc,e)[CMeOH 0~ 2Cpc _CPc,t)_CMeOH,e] (4.5.3)

Term (Cyeon0 —2Cpc, — Cpc ) constant, and therefore, the above equation can be

written as:
2dCPC,I _ dCPC,I — k"dt
(M +2CPC,t) (CPC,t _CPc,e) (4'5'4)
where, M = (Cy0n 0 —2Cpc, —Cpc ) 1 constant, and K'=k'(M +2Cpc) (4.5.5)

Integration of the above and the substitution of M in accordance with its definition

given the following equation:

1I{(CMeOH 0 CMeOH e 2CPC,0 + 2CPc,t)(CPc,o — CPC,e)} —K't

(CMeOH,o _CMeOH,e)(CPC,t —CPC’e) (4.5.6)
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In the transesterification reaction, initial methanol concentration is kept high then the
initial PC concentration i.e. Cyeon,o 1 much larger that 2(Cpc,o.Cpc,) and can be neglected.
For CZA300 catalysts at 120°C, the ratio of Cyeono t0 2(Cpco-Crcy) at 2, 4 and 6 h was
22.81, 16.77 and 15.05, respectively. During the course of reaction there is no significant,
change in Cwmeonyt , like for example, maximum 7.13% change in methanol concentration is

observed for CZA300 catalysts at 120°C. Therefore, the above equation can be simplified as:

ln((CPc’o B CPC,e)J _ k"t

(Coct =Cece) (4.5.7)

Values of k obtained by for CeCu and CZA300 catalysts are given in Table 4.5.1. For
CeCu catalyst, the k values were found to be 0.105, 0.125 0.149 and 0.142 h'! at 120, 140,
160 and 180°C, respectively. For CZA300 catalyst, the values of k were found to be 0.56,
0.58 and 0.65 h™ at 120, 140 and 160°C, respectively. Jeong et al. [2005] have reported k
value in the range of 0.1-0.165 h™' at 120-140°C with methanol/PC molar ratio of 4 using
quaternary ammonium salt as the catalyst. Similarly, Filippis et al. [2006] reported k values
in the range of 0.22-1.068 h™' for experiments carried out in the temperature range of 20-60°C
with methanol/PC molar ratio of 8 using Na3;POy as a catalyst. The values of k (h'l) obtained
in the present study are higher than those reported by Jeong et al. [2005] but lower than those
reported by Filippis et al. [2006] lower temperature but with a different catalyst.

The rate constant (k) can be expressed mathematically as a function of temperature

according to following Arrhenius equation:

k=K, exp(_RE_a )
(4.5.8)

where, K, is the frequency factor and E, is the activation energy. Values of k, and E, were

obtained from intercept and slope of plot of In(k) versus (1/T), shown in Figure 4.5.2 and are
given in Table 4.5.1. Zhang et al. [2012] calculated the values for E, value of 31.29 kJ/mol

using sodium ethoxide as catalyst.

120



Chapter 4: Results and Discussion
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Figure 4.5.2. (a) Rate of reaction for DMC synthesis using CZA300 catalyst at various
temperature such as: 120°C, 140°C, 160°C; —€— 120°C, —— 140°C and —A—160°C.

(b) Rate of reaction for DMC synthesis using CeCu catalyst at various temperature such

as: 120°C, 140°C, 160°C and 180°C; —€— 120°C, —— 140°C, —A—160°C and —e—

180°C.

Table 4.5.1. Value of kinetic constant (k) at different temperatures for CeCu and

CZA300 catalyst.

Catalyst Temperature (°C) k (h™) Ko and E,
CeCu 120 0.105 ko=0375h"
CeCu 140 0.125 E.=2.294 kJ/mol
CeCu 160 0.149
CeCu 180 0.142

CZA300 120 0.56 ko=0.225h"'

CZA300 140 0.58 E.= 12.72 kJ/mol

CZA300 160 0.65

*k from equitation 4.5.6 to similarly k, and E, values too.
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4.5.2. Thermodynamics Study
For liquid phase reactions, equilibrium constant (K¢q) can be written as [Sandler,

2006]:

Keg = H(ai ) =1(xn)"

' ' (4.5.9)
where, @, is the activity, y; is the activity coefficient, X, is the mole fraction, and v, the
stoichiometric coefficient of various species at equilibrium. For the transesterification

reaction of PC with methanol for the formation of DMC, the above equation can be written

as:

Xpe X VooV
Keq — KXK}/ :( PG 2DMC ]( PG 2DMC ]

Xpc Xmeor J\ 7pc? meon (4.5.10)
Non-idealities in the liquid phase can be accounted for by the interaction between

different molecules. The activity coefficient (;) can be calculated using the (UNIversal

QUAsi-Chemical) UNIQUAC equation g"-model [Abrams and Prausnitz, 1975].

This model required van der Waals properties namely the area parameter (q;) and the
volume parameter (r;) for the molecules participating in the reaction, and these may be used
to describe the shape of the molecules. The pure-component parameters can be obtained from
the literature, and are summarized in Table 4.5.2.

A binary interaction coefficient (t;), which describes the interaction between
components i and j, is used to quantify the effect of temperature on the activity coefficient in
the UNIQUAC g"-model. This binary interaction coefficient (t3j) 1s defined as [Holtbruegge
etal., 2013]:

b,
T; =exp| &; +?
(4.5.11)

The two parameters a;; and b;; required to calculate t;; for each binary system are taken
from the literature, and are given in Table 4.5.3 [Holtbruegge et al., 2013].

Equations 4.5.10 and 4.5.11; and equations of the UNIQUAC g"-model were solved
simultaneously using the parameters given in the Tables 4.5.2 and 4.5.3 to calculate the

values of K4 at various temperatures and pressures for different catalysts used in the present
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work. Values of K4 along with the operating conditions for CeCu and CZA300 catalysts are
given in Table 4.5.4.

K4 can be related to the temperature (T) by the classical van’t Hoff equation:

4.10.16
et RT RT® ( )

K AH; +(AHF — AG! j
The values of AH; and AG, for CeCu using the data points were found to be 69.99

kJ/mol and 36.96 kJ/mol, respectively. Similarly, for CZA300, the respective values were

found to be 89.367 kJ/mol and 38.596 kJ/mol, respectively.

Table 4.5.2. Pure-component area parameter (q;) and the volume parameter (r;) of

UNIQUAC g"-model.

Component qi I Reference
PC 2.736 3.281 Gmehling et al., 1982b
MeOH 1.432 1.431 Gmehling et al., 1982a
DMC 2.816 3.061 Gmehling and Onken, 2007
PG 2.784 3.282 Gmehling et al., 1982a

Table 4.5.3. Binary interaction parameters a;; and b;; used in the UNIQUAC g“-model.

Component1 Component2 i J ajj b;; (K) Reference

MeOH PC 1 2 0.000 -42.880 Shi et al., 1999
2 1 0.000 90.698

DMC PC 1 2 0.000 -209.935 Luo et al., 2001
2 1 0.000 -2.664

DMC PC 1 2 0.000 -110.727 Luo et al., 2001
2 1 0.000 41.865

MeOH DMC 1 2 -0.201 14.870 Rodriguez et al., 2002
2 1 0.273 -306.550

PG PC 1 2 1.494 -958.829 Mathuni et al., 2011

2 1 -1.418 674.112

MeOH PC 1 2 0.000 -38.031  Holtbruegge et al., 2013
2 1 0.000 -205.152
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Table 4.5.4. Values of K, for the formation of DMC synthesis by transesterification

reaction using CeCu and CZA300 catalysts at different temperatures.

T(K) Selectivity PC XpC XMeOH XDMC XpG Keq
(%) Conversion (I/mol)
(“o)
CeCu
393 75 48 0.051793 0.900398 0.035857 0.011952 0.001622
413 82.46154 65 0.036082 0.896907 0.055258 0.011753 0.004181

433 92.35837 75.9 0.025417 0.894537 0.073930 0.006117 0.004666
453 76.87943 70.5 0.030761 0.895725 0.056517 0.016997 0.008269

CZA300
393 81 32 0.065637 0.903475 0.025019 0.005869 0.001103
413 87 37 0.061404 0.902534 0.031374 0.004688 0.002057
423 90 58 0.042683 0.898374 0.053049 0.005894 0.010235
433 94 70 0.03125 0.895833 0.068542 0.004375 0.026059
453 86 70.1 0.031152 0.895812 0.062811 0.010225 0.025739

It may be seen from Table 4.5.4 that the value of K., increases as the reaction
temperature is increases from 393 K to 453 K. This means that the synthesis of DMC by
transesterification reaction should be carried out at higher temperature.

4.5.4. Comparative Analysis

Table 4.5.5 compares various textural and acidic-basic properties and the catalytic
activity of various catalyst used in the present study for the transesterification reaction of the
PC with methanol for DMC synthesis. For different sets of catalysts (prepared by different
methods), catalyst showing greater basic-acidic properties and higher surface area (with
exception of Ceg,-Lags) showed higher PC conversion and DMC yield and TOF. Among all
the catalysts, Cu-Zn-Al@300 showed highest basicity and acidity, however, its surface area
was lower than that of Ce-Zn/SiO, catalyst. Among all the catalysts tested, Ce-Zn/SiO,

showed highest PC conversion of 89% and DMC yield 78%. Overall supported catalysts
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seem to be better option for use in the transesterification reaction of PC with methanol for
DMC synthesis.

A number of previous investigators have shown the importance of basicity in the
transesterification reactions. Juarez et al. [2009] used a series of metal oxide nanoparticles,
namely MgO, ZrO,, CeO, and Au/CeO, (1.5 wt.%) with acid or basic properties, exhibiting
low to moderate activity towards the transesterification of PC with methanol. They reported
that the strongly basic MgO increases the conversion of PC. ZrO,, which is an acid metal
oxide, showed low PC hydrolysis with better selectivity towards DMC. CeO, exhibited
intermediate activity and selectivity towards DMC formation. Yield with CeO, was much
better than MgO and ZrO; (in that order). Gold nanoparticles supported on nanocrystalline
ceria (Au/CeQ;) exhibited much higher PC conversion better DMC selectivity with higher
DMC yield than those with CeOs.

Wang et al. [2011] used zinc-yttrium based catalysts used for the DMC via
transesterification of ethyl carbonate (EC) with methanol. The yield of the DMC was well
correlated with the BET surface area and the basicity of the catalysts. Cui et al. [2013]
studied the synthesis of DMC through the transesterification of EC using MgO and
mesoporous silica coated MgO (MgO-Si0O5) catalyst. BET surface area of MgO-SiO, (412.6
m?/g) was much larger than that of the pure flower-like MgO (141.4 m*/g). With MgO, EC
conversion in the first run was 92% which dropped sharply to 52% in the second run because
of the stability issues. For MgO-SiO,, EC conversion was constantly over 80% for 10
consecutive runs. These authors didn’t report basicity so it was not possible to correlate the
results with basicity.

Xu et al. [2013] investigated various CeO,-based catalysts (with different surface
areas and basicity) for transesterification of EC with methanol for DMC synthesis. Catalyst
Ce0,-meso-400 (182 m*/g BET surface area and 212 pmol CO,/g) had high surface area and
high basicty as compared to CeO,-meso-500 (149 m*/g BET surface area and 178 pmol

CO,/g) and CeO,-meso-600 (108 m*/g BET surface area and 141 pmol CO,/g). The highest
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activity was observed with CeO,-meso-400 with DMC yield of 73.3% as compared to CeO,-
meso0-500 (63.8%) and CeO,-meso-600 (57.1%). Therefore, it can be seen that the basicity
and the BET surface area of the catalysts play an important role during the transesterification
reactions for the formation of DMC. The catalytic activity of the supported catalyst depends
upon the characterization of the support. The XRD patterns, CO,-TPD, SEM and BET
surface area provide interesting information about the synthesized catalysts with different
supports that are used for the catalysts for the transesterification of PC with methanol to

produce DMC.

Table 4.5.5. Comparative analysis of properties and catalytic activity of various catalysts used

for transesterification reaction of PC with methanol for the production of DMC.

Catalyst Method of Textural Properties CO, & NH;-TPD % TOF % PC
Preparation Surface Pore Pore Total CO, Total NH; DMC (h'l) Conversion

Area volume size adsorption adsorption Yield

(m*/g) (cm’/g) (nm) (mmol/g) (mmol/g)

Ce-Co SG 40  0.078 447 0.083 - 16.1 1.097 21.8
Ce-Cu SG 46 0.065 5.85 0.698 - 71.9 3.192 65.4
Ce-Zn SG 34 0.046 6.76 0.424 - 452 247 49.1
Ce-Fe SG 38 0.051 435 0.492 - 52.1 291 57.8
Ceo-Lags CP 41 0.061 582 261 7.53 74 3.72 74
Cep4-Lags CP 42 0.080 6.67 0.81 5.85 59 337 67
Cep¢-Laga CP 60 0.103 597 0.70 4.18 49 297 59
Ceos-Laga CP 62 0.128 6.57 045 2.71 36 2.16 43
Ce-Zn/AlL,0Os5 DCP 77 0.150 7.5 1.037 0.807 67 2.62 78
Ce-Zn/Si0O; DCP 104 0.187 6.3  2.821 1.288 78 292 89
Ce-Zn/TiO, DCP 61 0.108 6.4  0.713 0.344 21 1.14 34
Cu-Zn-Al @300 CP 76 0.1086 5.56 4.615 6.658  66.8 5.92 71
Cu-Zn-Al @500 Cp 8 0.1076 525 2.733 3.123  59.8 5.66 68
Cu-Zn-Al @800 CP 14 0.0178 493 0.9812 1.255 18 1.50 18

SG: Sol-gel; CP: Co-precipitation; DCP: Deposition-coprecipitation.
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Part [B]. DMC SYNTHESIS USING DIRECT CONVERSION OF CO, WITH
METHANOL

The synthesis of DMC from direct conversion of CO, with methanol was carried out
using with four different sets of the catalysts namely: ceria-zirconium prepared by
hydrothermal method, ceria-zirconium with carbon template method, CeO,-MnO, by
surfactant template method and ceria-calcium by surfactant template method. These catalysts
were prepared as per procedure discussed in chapter III. These catalysts were characterized

by various techniques, and were tested for the production of DMC.

4.6. CERIA-ZIRCONIUM OXIDES CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR DIRECT CONVERSION OF CO; TO DIMETHYL
CARBONATE

In the present work, the synthesis of DMC from direct conversion of CO, with
methanol was studied using ceria, zirconia and ceria-zirconia catalysts prepared by
hydrothermal method. The catalysts were characterized by liquid nitrogen-sorption, XRD,
AFM, SEM, and TEM. Acidity and basicity of the catalysts was investigated by NH3- and
CO,-TPD methods. The effect of the reaction conditions such as catalysts dose, reaction
temperature, reaction time the use of the catalysts in a number of cycles was studied using the
best performing catalyst.

4.6.1. Catalysts Characterization
4.6.1.1. X-ray diffraction

The XRD profiles of CeO,, CeosZros0, and ZrO; catalysts are presented in Figure
4.6.1. The XRD pattern of CeO; catalysts shows the reflexes of cubic phase (JPDS File No.
01-074-1145) with space group Fm3m (225), ZrO; catalysts show reflexes of tetragonal phase
(JPDS File No. 01-080-2155) with space group P42/nmc (137) and Ce sZr 5O, reflexes show
tetragonal phase (JPDS File No. 00-038-1436) with space group P42/nmc (137). Only pure
phases were found in CeO, and ZrO,. CeosZrys0O, catalysts showed the presence of

Ceo5Z1950, (JPDS File No. 00-038-1436). XRD reflexes get shifted in the mixed solid
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solution due to difference in the ionic radii of Ce*" (0.097 nm) and Zr*" (0.084 nm). Average
crystallite sizes of CeO,, ZrO, and CesZrysO, were determined from the most intensive
reflex at 26=28.5°, 30.2° and 29.2°, respectively [Dave and Pant, 2011]. Average crystallite
sizes of the CeO,, CegsZrys0, and ZrO, catalysts were found to be 9.48, 7.09 and 9.45 nm,
respectively. Additionally, a TEM image of the Ce( sZr 5O, catalyst shows spherical particles
in the range of 7-12 nm. SAED indexing pattern confirms the presence of the crystalline
phases identified using XRD of CesZrysO,. Several investigators have reported similar
diffraction patterns for CeO,, ZrO, and CesZrys0,. Chen et al. [2014] reported the cubic
phase of CeO; and tetragonal phase of ZrO,, whereas Zhang et al. [2009] reported both cubic
and tetragonal phases in CejsZrosO, with average crystallite size of 2.6 nm. Fuentes and
Baker [2009] reported both cubic and tetragonal phases of Ce sZr( 5O, having P42/nmc space
group with average crystallite size of 5.27 nm. Similarly, Si et al. [2007] reported average
crystallite size of 5.34 nm with cubic and tetragonal mixed phase of CegsZrysO,. In the
present study, the Ce/Zr molar ratios in the CeysZrosO, mixed oxides catalyst were
determined by ICP-OES analysis from which the chemical formula of the catalyst was
calculated to be Ceg.50Z10430,.
4.6.1.2. Morphology

The SEM micrographs of CeO,, CeysZr(50; and ZrO, catalysts are shown in Figure
4.6.2. All the catalysts show spherical morphology. Average particle size of the all the
catalysts, as determined from FE-SEM was found to be in the range of 5-10 nm. ZrO, is of
smaller size as compared to Cey sZry 5O, catalyst (Figure 4.6.2.). The surface morphology was
further investigated by AFM. AFM (1D and 3D) images along with the grain size distribution
of the Cey 5Zr( 50, catalyst is shown in Figure 4.6.3. Average grain size was found to be ~4.5

nm. Surface roughness value obtained from the AFM analysis was 0.945 nm.
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Figure 4.6.1. (a) XRD pattern of CeQ,, Ces5Zrs50; and ZrQ, catalysts and; (b) TEM
image of Ce(5Zr(50; catalyst with SEAD patterns.
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Figure 4.6.2. SEM micrographs of CeO;, ZrO; and Ce5Zr,50; catalysts.
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Figure 4.6.3. AFM micrographs (a) AFM 1D image of CeZrQO, catalyst, (b) AFM

roughness histogram, (c) AFM 3D micrograph of CeZrO; catalyst.

4.6.1.3. Textural properties

Pore surface area of the catalysts was calculated using BET model and pore size and
pore volume was calculated by BJH model. N, adsorption-desorption isotherm and pore size
distribution are shown in Figure 4.6.4. Textural data of the catalysts are given in Table 4.6.2.
BET surface area of CeO,, CeysZros0, and ZrO, were found to be 88, 117 and 70 mz/g,
respectively, BJH desorption pore volume and the average pore diameter was in the range of
0.12-0.237 cm3/g and 5-8.41 nm, respectively. CegsZrsO, catalyst was found to possess the
highest surface area, specific pore volume and average pore diameter among all the catalysts.
All catalysts showed type VI isotherms according to IUPAC classification: CeO, catalyst

shows H; hysteresis loop, CeysZry 50, shows H; hysteresis loop and ZrO, catalyst shows H,
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hysteresis loop in the relative pressure (P/P,) range of 0.4—0.95 which are characteristic of
mesoporous materials [Preising et al.,, 2007; Kraiwattanawong et al., 2009; Wang et al.,
2010; Ouyang et al., 2014]. Various researchers have reported BET surface area of
Ce.5Zr( 50, catalysts in the range of 5-134 m%/ g [Zhang et al., 2009; Lee et al., 2012; Wang et
al., 2013; Ouyang et al., 2014; Patel et al., 2013]. The CesZrys0O, catalyst in the present
study, show its BET surface area in the higher side of the above range.
4.6.1.4. CO-TPD

Basic properties of the CeO,, CeysZrys0; and ZrO, catalysts were characterized by
CO,-TPD experiments. The results are shows in Figure 4.6.5a. Basic properties of the
catalysts depend upon the temperature profile in weak, moderate and strong range: < 200°C,
200—450°C, > 450°C, respectively [Priya et al., 2014a]. Since CeO,, Ce( 521950, and ZrO,
catalysts show main peaks in the range of 78—117°C, they contain predominantly week basic
sites as shown in Figure 4.6.5a. Basic site density (per unit mass of catalysts) of the catalysts
was in the order: ZrO; (0.2512 mmol/g) < CeO; (0.4154 mmol/g) < CesZros0, (0.6487
mmol/g). The basic site density per unit area also follows the same order (Table 4.6.2). Thus,
the mixed metal oxides are found have similar basic site density as these by single oxide
catalysts. Zheng et al. [2009] and Lee et al. [2012] reported maximum basic site density (per
unit mass of catalysts) of 0.276 and 0.017 mmol/g, respectively, for Ce ¢Zry 4O, catalysts.
4.6.1.5. NH;-TPD

Acidic properties of CeO,, CesZros0O, and ZrO, catalysts were investigated using
NH;-TPD. NHj3 desorption peaks were found to be in the temperature region of 50-550°C
Figure 4.6.5b. All the catalysts was found to contain only week acidic sites. Total desorbed
amount of NH; was found to be in the following order: Ce(sZros0, > CeO, > ZrO,. The
acidic site density (per unit mass) of synthesized catalysts was in the order: ZrO, (0.511
mmol/g) < CeO; (0.793 mmol/g) < Ceg sZr 50, (1.893 mmol/g). Respective value of acid site
density (per unit area) were: ZrO, (7.3 rnmol/mz) < Ce0O, (9.012 mmol/mz) < Cey 571950,

(16.18 mmol/m?).
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Figure 4.6.4. (a) Nitrogen adsorption-desorption isotherms, (b) Variation of pore
volume and pore area with pore diameter of CeQO;, Ce(s5Zr¢s0; and ZrQO, catalysts. (1)

Ce0,, (2) Ce)s5Zr)50, (3) ZrO,.
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Figure 4.6.5. (a) CO,-TPD and (b) NH3-TPD of CeO;, Cey5Zrys50; and ZrO; catalysts;
(1) CeOy, (2) Ceps5Zr502, (3) ZrO,.
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Thus, CeysZrps0, was found to have the highest acidic site density and ZrO, was
found to have the lowest acidic site density in the catalyst. Lee et al. [2012] reported much
lower NHj3 desorption of 0.0857 mmol/g for Cey¢Zr)40O; catalyst. It may be seen that the
Ce.5Zr(50; catalyst has highest surface area, acidic and basic site density (per unit mass/per
unit area) as compared to other CeO, and ZrO, catalysts. Prepared CeysZros0, catalyst
possess both basic and acidic sites indicating that it can act as a base-acid bi-functional
catalyst. It has been suggested both acidic and basic sites are required for direct conversion of

CO, with methanol to produce DMC [Zhang et al., 2009; Lee et al., 2012; Chen et al., 2014].

Table 4.6.1. Characterization of CeQ,, CesZr) 50, and ZrQ; catalysts.

Catalysts Properties CeO, Cep521950, 710,
Crystallite size (nm)* 9.48 7.09 9.45
Lattice constant d (nm)* 0.3124 0.3051 0.2950
BET surface area (m?/ g) 88 117 70

Specific pore volume (cm’/g)"” 0.12 0.237 0.202
Average Pore diameter (nm)* 5 8.41 7.89

CO; adsorption (mmol/g)‘j1 0.4154 (117) 0.6487 (88) 0.2512 (78)
Basic site density (umol/m?)¢ 4.721 5.550 3.588

NH; adsorption (mmol/g)® 0.793 (110) 1.893 (96) 0.511 (93)
Acidic site density (umol/m?)® 9.012 16.18 7.3

*The unit cell parameter, crystal size and structure is calculated applying the Scherrer equation.
BJH desorption cumulative pore volume of pores in the range 17 to 3000 A.

‘BJH desorption average pore diameter.

4CO,-TPD for basicity and basic site and temperature (°C) at maxima is given in brackets.

‘NH;-TPD for acidity and acidic site and temperature (°C) at maxima is given in brackets.
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4.6.2. Catalytic Activity of Catalysts for DMC Formation using CO;

Direct conversion of CO, with methanol to form DMC was investigated under
different conditions over CeO;, ZrO, and CeysZr(s0; catalysts. Non-catalytic conversion of
CO; and methanol into DMC in 24 h was insignificant. The results are presented in Figure
4.6.6a. The activity of the catalysts was in the order ZO, < CeO; < Cey5Zr50,. The catalyst
Ce.5Z1)50, showed maximum formation of DMC (2.670 mmol DMC/g cat) in comparison
to 0.456 mmol DMC/g cat by ZrO,. The relationship between acidic-basic properties and the
catalyst activity is shown in Figure 4.6.6b. ZrO, and CeO; have lower number of acidic and
basic sites as compared to CeosZrysO,. The DMC yield is found to depend directly upon the
acidic-basic properties of the catalysts. Based on the preliminary test, CegsZrosO, catalyst
was further used to study the effects of the reaction conditions such as amount of catalyst,
reaction time and reaction temperature for the direct conversion of CO, and methanol to
produce DMC.

4.6.2.1. Effect of operating parameters

The effect of reaction time was studied in the range of 6-48 h with all other conditions
being constant. It can be seen from Figure 4.6.7a that an increase in the reaction time from 6
to 24 h increased the yield of DMC from 1.49 mmol/g cat to 2.67 mmol/g cat. After 24 h, the
DMC yield remained constant, thus the optimum DMC yield was obtained after 24 h.The
saturation of molecular sieve for the adsorption of water may be the reasons. The influence of
catalysts dose was studied in the range of 0.62-2.19 g and the results are shown in Figure
4.6.7b. With an increase in the catalyst amount from 0.6-1.25 g, the DMC yield increased
from 1.71 to 2.68 mmol/g cat. Thereafter, the DMC yield decreased with an increase in the
catalyst amount from 1.86 to 2.19 g. Maximum DMC yield was found with 1.25 g of catalyst.
The effect of reaction temperature was studied in the temperature range of 120-180°C (Figure
4.6.7(c)). It can be seen that an increase in the reaction temperature from 100 to 120°C
increased the DMC yield from 1.249 to 2.682 mmol/g cat. With a further increase in

temperature, the DMC yield decreased with the DMC yield being 0.129 mmol/g cat at 180°C.
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Figure 4.6.6. (a) Conversion of methanol and DMC yield over CeO;, Ces5Zrys0, and
ZrO; catalysts, HHll DMC Yield (mmol/g cat.), 1811 % Methanol conversion. (b)
Correlation between acidic-basic and catalytic activity of CeQO;, Ces5Zr(50; and ZrO;

catalysts; Reaction conditions: (Methanol=25.03 mL, catalyst dose=1.25 g, P=150 bar,
T=120°C, t=24 h); —4— Basicity, — A — Acidity.
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Figure 4.6.7. Effect of various parameters on the direct conversion of CO; with
methanol for DMC synthesis. (a) effect of reaction time at Methanol=25.03 mL, catalyst
dose=1.25 g, P=150 bar, T=120°C, (b) effect of catalyst dose at Methanol=25.03 mL,
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Thus, the optimum DMC yield was 2.682 mmol/g cat. at 120°C. The decrease in the DMC
yield at temperature > 120°C is ascribed to the decrease in the solubility of CO, in methanol
and the decomposition of DMC [Zhou et al., 2012].
4.6.2.2. Reusability of the catalyst

Reusability of CesZrosO, catalyst was studied at optimum reaction conditions:
catalyst amount=1.25 g, T=120°C and reaction time=24 h. The catalyst was used in five
consecutive batch cycles (Figure 4.6.8). The DMC yield and the methanol conversion is
found to have decreased marginally with an increase in the number of cycles. The DMC yield
and the methanol conversion in fifth cycle was found to be 2.541 mmol/g cat. and 0.78454
mmol/g cat. as against 2.682 mmol/g cat. and 0.8643 mmol/g, respectively during the first
batch of the reaction. This insignificant loss of activity of CegsZrosO, catalyst may be

ascribed to the blockage of the pores and the deposition of reaction products at the active

sites.
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Figure 4.6.8. Reusability of CesZros0, catalyst for the DMC synthesis:

(Methanol=25.03 mL, catalyst dose=1.25 g, P=150 bar, T=120°C, t=24 h). Hlll DMC

Yield (mmol/g cat.), 111 % Methanol conversion.
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4.7. CERIA-ZIRCONIA BASED CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR DIRECT CONVERSION OF CO; TO DIMETHYL
CARBONATE

4.7.1. Catalyst Characterization

4.7.1.1. X-ray diffraction

XRD profiles of Ce;xZryO, (x=0 to 1) catalysts with molar ratios are given in
Figure 4.7.1. No separate peak is found in the cerium-zirconium mixed oxide. Pure zirconia
(x=0) tetragonal phase showed the characteristic (111) reflection at 26=30°. With an increase
in ceria amount, the reflex at 26=30° shifted towards lower 20 values. For pure ceria, a major
peak at 20= 28° was observed, which is typical of the cubic fluorite structure of ceria [Epifani
et al., 2012; Bharali et al., 2013]. For ceria content of 60 mol%, the crystal structure was
tetragonal. The two peaks at 20=29° and 35° for the two samples of Ce4ZrpO, and
Ce 521950, showed much lower intensity than that for other mixed oxides. This is because of
the crystallite formation for the samples having cerium/zirconium in the molar ratio =1
[Deshpande et al., 2007]. This would explain the sudden increase in the specific surface area
of these two samples. XRD of CeysZrys0O, synthesized using exotemplate and endo-/exo-
template method (nrpc/nce+z=0.017) is shown in Figure 4.7.1b. It may be seen that the
reflexes of Cey sZros0,, synthesized with endo-/exo-template are more intense than that with
exo-template. This suggests that in the presence of larger particles, endo-templates arise. This
hypothesis is supported by the lower values of the specific surface and the specific pore

volume (Table 4.7.1). At the same time, the mean pore diameter is larger.
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Figure 4.7.1. (a) XRD patterns CeyZr; O, (x=0 to 1) with exotemplate, (b) XRD

patterns of the Ceys5Zrys0, with exotemplate and endo-/exotemplate

(nTgc/nCe+Zr=0.017).
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4.7.1.2. Textural properties

The nitrogen sorption results of cerium-zirconium mixed oxides Ce;ZryO (x=0 to1)
are summarized in Table 4.7.1. Among all the synthesized catalysts, Ce4ZrocO, and
CeosZros0, were found to possess highest BET surface area of 123 and 121 m?/g and
minimum pore diameter of 11.9 and 10.0 nm, respectively. It can be seen from the Figure
4.7.2, that the specific surface area of the mixed oxides is a function of the CeO, content in
the synthesized catalyst. Adsorption/desorption isotherm and the pore volume distribution of
Ce0,, Ce 521y 50,, ZrO, are shown in Figure 4.7.3a and Figure 4.7.3b, respectively. All the
sorption isotherms of are type IV isotherm with the hysteresis loop, typical of mesoporous
systems [Taubert et al., 2014]. Peak corresponding to maximum pore volume shifts towards
higher pore with for mixed Ce-Zr oxide as compared to pure CeO; or ZrO,. Mixed oxide
exhibit specific surface areas between 112 m*/g (pure zirconia) and 28 mz/g (pure ceria).
With an increase in the content of ceria, the specific surface area of the mixed oxide
decreases. In addition, the average pore diameter increases with an increase in the ceria
content, with the exception of the mixed oxides, Cep4Zrys0, and CegsZrosO,: These two
catalysts exhibit specific surface areas > 120 m*/g with the mean pore diameter of ~10 nm.
The plot of the specific surface area against the molar Ce ratio is shows in Figure 4.7.2.

Table 4.7.1. N2 sorption of cerium-zirconium mixed oxides catalysts

Ce1xZryO, BET surface area  Pore Volume Pore diameter

(m*/g) (cm’/g) (nm)
x=0.0 28 0.20 304
x=0.1 31 0.21 30.6
x=0.2 49 0.36 30.1
x=0.3 54 0.35 28.7
x=0.4 59 0.39 24.8
x=0.5 123 0.40 11.9
x=0.6 121 0.33 10.0
x=0.7 71 0.47 24.3
x=0.8 69 0.43 22.9
x=0.9 81 0.42 21.5
x=1.0 112 0.42 154
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4.7.1.3. CO-TPD

The basic properties of CeO,, CeysZrys0; and ZrO, catalysts were determined from
the CO,-TPD profile (Figure 4.7.4a) and the results are given in Table 4.7.2. Basic properties
of the catalysts depend upon the temperature profile in the weak region (< 200°C), moderate
region (200—450°C) and the strong region (> 450°C). Weak basic sites are due to the
interaction between the surface and the OH groups and the formation of bicarbonate;
moderate basic sites are due to the sites M*—O”" pairs and the formation of bidentate and
bridged carbonates; and the strong basic sites are due to the low coordination O*~ ions and the
formation of unidentate carbonates [Liu et al., 2013]. In the synthesized catalysts, basicity
was found in the week and strong regions corresponding to ~115 and ~717°C. Basic site
density of the synthesized catalysts was in the order: ZrO, (0.40 mmol/g) < CeO, (0.41
mmol/g) < CeysZrys0, (1.93 mmol/g), and the basic site density per unit area followed the
same order (Table 4.7.2). Thus, the mixed metal oxides possess higher basic site density as
compared to single oxide catalysts [La et al., 2007]. Lee et al. [2012] and Zheng et al. [2009]
reported maximum basic site density of 0.017 and 0.276 mmol/g, respectively, for

Ceo.6Z1).40; catalysts.
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Figure 4.7.2. Surface area of the Ce;Zr,O; mixed oxides from the synthesis depending

on the CeO,-content.

143



Chapter 4: Results and Discussion

£ 200

ok
(=3
(—]

n
<

—
a——i

- I I I
0.0 0.2 _ 0.4 0.6 0.8 1.0
Relative Pressure P/PO

(2)

&)

0.001 -f

0.000 -f

0001 EF—v v .
10 100
Pore Widh (nm)
(b)

Figure 4.7.3. (a) N, adsorption/desorption isotherm CeQ,, Cey5Zrys50,;, ZrQ,; —l—

7Zr0,;, —0— Ceys5Zr)50,, —A— Ce0;. (b) Pore diameter distributions of CeQO,
Ce(),5Zl'(),502, Zl’Oz. (1) C602, (2) Ceo_slro‘soz, and (3) Zl‘Oz.

144



Chapter 4: Results and Discussion

4.7.1.4. NH;-TPD

NH;-TPD spectra of CeO,, CesZry 50, and ZrO; catalysts are shown in Figure 4.7.4b
and the results are summarized in Table 4.7.2. Desorption peaks of NHj3 are in the
temperature range of 50-900°C. The NH; desorption peaks at 110°C and 667°C for CeO, and
156°C and 643°C for ZrO, were observed in the week and strong regions. CeysZrys0>
catalyst shows peaks in all the three regions at 106°C, 294°C and 666°C. Acidic site density
of synthesized catalysts is found to be: CeO, (0.94 mmol/g) < ZrO, (1.52 mmol/g) <
Ceo.5Z1950; (2.48 mmol/g). Thus, the CesZrys0, catalyst has the highest acidic site density
and the CeO; has the lowest of acidic sites density. Thus, the CeysZrysO, catalyst has the
highest density of basic and acidic sites and the BET surface area, as compared to other
catalysts. Therefore, this catalyst can act as an acid-base bifunctional catalyst. It has been
reported that both the basic and acidic sites are required for the direct conversion of CO; to
produce DMC [Zhang et al., 2009; Lee et al., 2012; Chen et al., 2014].
4.7.1.5. Surface morphology and elemental analysis

SEM micrographs of CeO,, ZrO, and CesZr( 50, with particles size distribution in
the range of dp=0.2-0.4 mm are shown in Figure 4.7.5. The EDX analysis of the Ce sZr( 50,
catalyst is shown in the Figure 4.7.5. Analysis has also been carried out by ICP-OES. The
structural chemical compositions of the CeysZr 50O, and Ceg4Zr( O, catalysts are shown in
Table 4.7.3. The composition of the synthesized catalysts are similar as the desired initial

metal composition.
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Table 4.7.2. TPD analysis using absorbed CO; and NH; for determining basic and acidic
properties of CeO,, Ces5Zr¢s0; and ZrQO,.

TPD analysis of absorbed CO; (mmol/g) Total Basic site
Catalyst Weak (< 200°C) Moderate Strong (> 450°C)  evolved CO, density
(200-450°C) (mmol/g) (umol/m?)
CeO, 0.41 (117) 0 0 0.41 14.64
Co.5Z1950, 0.45 (113) 0.17(345) 1.31(717) 1.93 15.69
V4(0)} 0.37 (100) 0 0.03(846) 0.40 3.89
Catalyst TPD analysis of absorbed NH3; (mmol/g) Total evolved NH3
Weak (<200°C) Moderate (200-450°C)  Strong (> 450°C) (mmol/g)
CeO, 0.81 (110) 0 0.13 (667) 0.94
Co.5Z1950, 0.99 (106) 0.27 (294) 1.49 (666) 2.48
Zr0O, 1.31 (156) 0 0.21 (643) 1.52

Temperature (°C) at maxima is given in brackets.

Table 4.7.3. Elemental analysis of CeysZr(s0; and Ce4Zr( 0 catalysts.

Catalysts Nominal value of Actual values of metals Chemical formula
metals from ICP-OES analysis
Ce Zr Ce Zr
Ceo_5ZI'().502 0.5 0.5 0.48 0.52 Ceo_4ng0.5202
Ceo_4ZI'().(,Oz 04 0.6 0.39 0.61 Ceo_3gzr0.(,102
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Figure.4.7. 4. (a) CO; —TPD of the synthesized CeQ,, Ces5Zr¢s0,, ZrO, catalysts, (b)
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Figure 4.7.5. FE-SEM images and EDX of (a) CeO,, (b) ZrO,, (¢) Ceys5Zrs50,, (d) EDX

spectra of Ce 5Zr50;.

4.7.2. Catalytic Activity of Catalysts for DMC Synthesis

The direct catalytic conversion of CO, with methanol for the synthesis of DMC was
studied in the presence of CeO,, ZrO, and CesZrysO, catalysts. Negligible conversion of
methanol/CO, to DMC after for 24 h at a pressure of 150 bar and 120°C temperature was
observed in the blank experiment without any catalyst.

Ceo.5Zr( 50, catalyst showed the best activity as compared to CeO,, and ZrO, (Figure
4.7.6). The order of the activity of the catalysts followed: ZrO; (0.912 mmol DMC/g.cat.) <
CeO; (1.384 mmol DMC/g.cat.) < CesZrpsO> (2.921 mmol DMC/g.cat.). Best active
Ce.5Zr)50; catalyst was further used for the optimization of the reaction conditions such as

reaction temperature, catalyst dose and reaction time for CO, conversion.
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Figure 4.7.6. (a) Methanol Conversion and DMC yield over CeO, Ce5Zrs0; and ZrO;
catalysts; Reaction conditions: (Methanol=25.03 mL, catalyst dose=1.25 g, P=150 bar,
T=120°C, t=24 h); Hll DMC Yield (mmol/g cat.), 1811 % Methanol conversion, —A— %

CO; conversion.

The influences of reaction time for DMC synthesis in the presence of CegsZrsO,
catalyst is shown in Figure 4.7.7b. It can be seen from the Figure that the DMC formation
(1.989-2.921 mmol/g.cat.), methanol conversion (0.644-0.945 mmol/g.cat.) and CO;
conversion (1.567-2.310 mmol/g.cat.) increased with an increase in reaction time upto 24 h.
Further increase in the reaction time showed a decrease in the DMC yield and CO,/methanol
conversion. It may be because of the saturation of the molecular sieves due to the adsorption
of water.

The effect of catalyst dose on the DMC yield and the CO, conversion is shown in
Figure 4.7.7b. It can be seen in that the maximum DMC yield and CO, conversion were
obtained at a catalyst dose of 1.25 g. Further increase in the catalyst dose diminished the
DMC yield. This may be because of the formation of agglomerates at higher catalyst doses in

the reaction mixture.
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Figure 4.7.7. Effect of various parameters for direct conversion of CO; with methanol
for DMC synthesis; (a) effect of reaction time at Methanol=25.03 ml, catalyst dose=1.25
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Figure 4.7.8. Reusability of Ces5Zr(50; catalyst DMC synthesis from direct conversion
of CO; with methanol (methanol=25.03 mL, catalyst dose=1.25 g, P=150 bar, T=120°C,
t=24 h); Hll DMC Yield (mmol/g cat.), 1811 % Methanol conversion, —A— % CO,

conversion.

The influence of the reaction temperature for the DMC synthesis and CO,/methanol
conversion is shown in Figure 4.7.7c. Initially, the DMC yield (1.021-2.9212 mmol/g cat),
methanol conversion (0.331-0.945 mmol/g cat) and CO, conversion (0.804-2.300 mmol/g
cat.) increase with an increase in the reaction temperature in the range of 80-120°C. Above
120°C, an increase in the reaction temperature quickly decreased the DMC yield (2.125-
0.8924 mmol/g cat), methanol conversion (0.687-0.2888 mmol/g cat) and the CO, conversion
(1.673-0.7026 mmol/g cat). Thus, the optimum DMC vyield was obtained at 120°C. The
decrease in the DMC yield, methanol and CO, conversion may be because of the poor
solubility of CO; in methanol and due to decomposition of DMC [Kumar and Jain, 2014].

The reuse of the Ceg sZry 50, catalyst was investigated at optimum reaction conditions
(T=120°C, t=24 h and catalyst amount=1.25 g) in five consecutive batch cycles. Almost
similar DMC yield was found in all the batch cycles. Thus, the Ce(sZrosO, catalyst is an

effective catalyst with long life and can be used a number of times.
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4.8. CERIA-MANGANESE OXIDES CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR DIRECT CONVERSION OF CO, TO DIMETHYL
CARBONATE

In the present work, synthesis of DMC from direct conversion of CO, with methanol
was studied using CeO,-MnOy composite catalysts prepared by surfactant-template method.
Synthesized catalysts were characterized by various methods; and the catalytic activity and
reusability of the best performing catalyst was studied for the formation of DMC.

4.8.1. Catalyst Characterization
4.8.1.1. X-ray diffraction

The XRD pattern of the synthesized catalysts with different Mn/Ce ratio is shown in
Figure 4.8.1. The diffraction patterns corresponding to CeO, are obtained at 20 values of
28.5, 33.1, 47.75 and 56.6 with the corresponding planes of CeO, being (111), (200), (220)
and (311), respectively. CeO, was found to posses cubic fluorite structure (JCPDS- 43-1002).
In all the synthesized catalysts, Mn or its other forms such as MnOy species could not be
detected. This means that the MnOy species were highly dispersed or incorporated in the
CeO, matrix. It is also possible that the Mn formed solid solution with the amorphous
manganese oxides or cerianite structure [Chen et al., 2001]. According to Scherrer's equation,
the crystallite size of Ce;-Mng 125, Cej-Mng s and Ce;-Mn; was found to be 9.83, 8.37 and
6.48 nm, respectively. The cationic size of Mn™" (Mn*":0.053 nm; Mn’":0.065 nm; Mn*":
0.083 nm) is much smaller than that of Ce*" (Ce*":0.097 nm; Ce*":0.114 nm). Therefore, an
increase in Mn proportion in the synthesized catalysts decreased the crystalline size of the
catalysts. In the synthesized catalysts, diffraction peaks at (111) shifts to the higher 26 side
due to the lower size of the cation Mn"" with the replacement of Ce"™ by Mn"" during partial
dispersion of MnOy in the combination matrix. The elemental composition of the synthesized

catalysts was determined by ICP-OES (Table 4.8.1).
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Table 4.8.1. Elemental composition of Mn/Ce catalysts.

Sample Nominal values Actual values EDX Chemical
from ICP-OES analysis formulae
analysis
Ce Mn Ce Mn Ce Mn

Cel-Ml’l(),125 1.0 0.125 0.997 0.128 0.95 0.130 C€0,997Mn0.12802
Cel-Mn0,25 1.0 0.25 0.991 0.259 0.982 0.268 C€0.991Mn0.25902
Cel-MIl]_() 1.0 1.0 0.99 1.01 0.94 1.06 Ceo_ggMn1.0102

It can be seen that the molar ratio of the Mn/Ce in the Ce-Mn-based solid solution are
very close to the value as desired during the synthesis. These results show that the formed
catalysts have homogenous composition. Similar phases in Ce-Mn catalysts were found by
other investigators too [Delimaris and Loannides, 2008; Liu et al., 2013; Shen et al., 2014;
Venkataswamy et al., 2014].
4.8.1.2. Raman spectroscopy

To investigate the type of species present on the catalyst surface and the nature of
bonding between oxygen and the metal in the lattice, Raman spectroscopy was employed.
Raman spectra of Ce-Mn mixed oxides for different Mn/Ce molar ratios are shown in Figure
4.8.1b. Two peaks at 460 and 577 cm’! were observed for Ce-Mny 125, three peaks was
observed at 256, 466 and 627 cm’! for Ce-Mny s, and four peaks at 261, 459, 537 and 646
for Ce;-Mn; catalyst. Ce;-Mng 125 and Ce;-Mny ;s catalysts show strong peak at =460 cm! due
to the cubic phase of CeO,. Lower intensity of this peak in Ce;-Mny 25 is due to the
incorporation of MnO into the CeO, lattice and because of the homogeneous dispersion of
Mn oxide to CeO, surface. The peaks identified in the Raman spectra are as follows: CeO,
(460 and 577 cm™), MnO (247 cm™), MnO, (645 cm™) and Mn,O3 (698 cm™) [Pu et al.,
2007; Chang et al., 2013]. These peaks show that the synthesized Ce-Mn catalysts has

fluorite structure of CeO; and different phase of Mn oxides.
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4.8.1.3. Textural properties

N, adsorption-desorption isotherms for Ce-Mn based catalysts are presented in Figure
4.8.2a and the BJH model for describing the pore size distribution which is based on the
capillary condensation and is only valid for pore diameters of mesopores between 2-50 nm is
shown in Figure 4.8.2b. BET surface area and the average pore diameter as determined from
the desorption branch of isotherm are given in Table 4.8.2. BET surface area of the Ce;-
Mny 125, Ce1-Mny 5 and Ce;-Mn; catalyst are 97, 95 and 98, respectively. Ce;-Mny 125 catalyst
is found to have average pore diameter and pore volume of 9 nm and 0.39 cm’/ g. Ce;-Mnyg 25
and Ce;-Mn; catalyst have pore diameter of 19 nm and 14 nm, respectively, and the pore
volume of 0.50 cm’/g and 0.43 cm’/g, respectively. All the catalysts exhibit type IV
isotherms according to the [UPAC. The hysteresis loops showed sharp adsorption/desorption
in the relative pressure (P/P,) range of 0.68-0.98, showing a narrow size distribution.
Predominantly mesoporous substances describe a hysteresis due to pore condensation
processes and the adsorption and desorption isotherms do not coincide with each other.
Following the IUPAC definition of hysteresis curves, they show a behavior corresponding to
type H3 [Brunauer et al., 1938; Barret et al., 1951; Sing et al., 1985]. Venkataswamy et al.
[2014] and Zhao et al. [2014] reported the BET surface area 58 m2/g and 71.1 mz/g, with the
catalyst having Ce/Mn molar ratio of 1.2/1 and 2.33/1, respectively. Shen et al. [2014]
reported BET surface area in the range of 3.7-86.9 m?/g of Ce-Mn catalysts synthesized by
different methods with a Ce/Mn molar ratio of 0.4/1. Liu et al. [2013] reported BET surface
area in the range of 99-111 m?/g for Ce-Mn catalysts synthesized using different preparation
methods having 1/1 molar ratio. Li et al. [2012] reported BET surface area of 55-150 m*/g for
Ce-Mn having Ce-Mn catalysts having Ce:Mn molar ratio in the range of 1:1 to 1:4.
Delimaris and Loannides [2008] reported BET surface area in the range of 38.2-59.4 m?/g for

Ce-Mn catalysts having Ce:Mn molar ratio in the range of 0.053:1 to 3:1.
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Table 4.8.2. XRD and textural properties of synthesized catalysts.

XRD Textural Properties
Lattice  Crystallite Surface Cumulative Average Pore
Catalyst Strain size (nm)  Area (mZ/g) pore volume diameter (nm)
(cm’/g)
Cei-Mng 125 0.0149 9.83 97 0.39 9
Ce;-Mngys  0.0174 8.37 95 0.50 19
Ce-Mny 0.0226 6.48 98 0.43 14
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Figure 4.8.1. (a) XRD and (b) Raman spectroscopy of Ce;-Mng 125, Ce;-Mng 25 and Cey-
Mn; catalysts; (1) Ce;-Mng 25, (2) Ce;-Mng 25, and (3) Ce-Mn;.
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4.8.1.4. Surface morphology

SEM micrographs were taken for the Ce;-Mny 125, Ce;-Mny_ 25 and Ce;-Mn, catalysts
in order to see the effect of Mn on the morphology of the catalysts. SEM image (Figure 4.8.3)
shows spherical shape of the catalysts. Additionally, TEM images (Figure 4.8.4a and 4.8.4b)
of the catalyst (Ce;-Mny 125) show that the particles pore size in the range of 5-15 nm [Singh
et al.,, 2007]. SAED pattern confirms the presence of the crystallite phases as observed by
XRD patterns of Ce;-Mny 1,5 catalyst.
4.8.1.5. CO-TPD

Basicity plays a crucial role in the conversion of CO; and formation of DMC. CO:-
TPD profiles are shown in Figure 4.8.5a. For the quantitative analysis of the basic centers all
the peaks were integrated to evaluate their individual amounts. Numerical values of the
basicity and the basic site density are given in Table 4.8.3. Ce;-Mny 125 catalyst was found to
possess highest basicity and basic site density as compared to Ce;-Mng,s and Ce;-Mn;
catalysts. Basicity of the catalyst was in the order: Ce;-Mn; (0.314 pumol/g) < Ce;-Mny s
(0.518 umol/g) < Ce;-Mnyg 125 (0.868 umol/g). Similar trend was observed and the order was
same for basic site density as well. All the CO,-TPD profiles have same shape, but the
maximum desorption temperature decreased with an increase in the amount of Mn.
4.8.1.6. NH;-TPD

Acidity and acidic site density of the Ce;-Mng 125, Ce;-Mng s and Ce-Mn; catalysts
are shown in the Figure 4.8.5b. For the quantitative analysis of the acidic centers, all the
peaks were integrated to evaluate the acidity and acid site density. Results are given in Table
4.8.3. Ce;-Mny 125 and Ce;-Mny s catalysts show week acidic sites, whereas the Ce;-Mn;
catalyst shows peaks in all the three regions. Ce;-Mny 55 catalyst was found to possess
highest acidity and acidic site density as compared to Ce;-Mny,s and Ce;-Mn; catalysts.

Acidity and acidic site density decreased with an increase in the Mn amount.
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Figure 4.8.3. SEM micrographs of the synthesized Ce-Mn catalysts.
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(a) (b)
Figure 4.8.4. TEM image with SEAD patterns of the Ce-Mny 125 catalyst.
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Figure 4.8.5. (a) CO,-TPD and (b) NH3;-TPD measurement of the Ce-Mng 125, Cey-
Mny;s and Ce;-Mn; catalysts with desorption at 90—-800°C, (1) Ce;-Mng 125, (2) Cey-

Mny s, and (3) Ce;-Mn;.
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4.8.2. Catalytic Activity

Figure 4.8.6a shows CO, and methanol conversion, and the DMC yield over the Ce-

Mn catalysts. Negligible CO,/ methanol conversion and DMC formation were observed after

24 h reaction in the absence of the catalysts. The three catalysts showed different activity in

the order of: Ce;-Mny 125 > Ce-Mny »5 > Ce;-Mn,. The Ce;-Mny 1,5 catalyst exhibited the best

catalytic activity as compared to other catalysts (2.272 mmol DMC/g cat for Ce;-Mny 125 and

0.7411 mmol DMC/g cat of Ce;-Mn;). Higher acidic and basic properties of the catalyst are

responsible for larger CO, conversion and DMC synthesis with Ce;-Mny 55 catalyst. It can be

seen from Figure 4.8.6b, that the catalytic activity of the catalysts was directly influenced by

the acidic-basic properties.

Table.4.8.3. TPD analysis using absorbed CO; and NH; for determining basic and acidic

properties of the synthesized catalysts.

Catalyst TPD analysis of absorbed CO; (mmol/g) Total Basic site

Weak (< 200 Moderate Strong (> 450°C)  evolved CO, density

°C) (200-450°C) (mmol/g) (nmol/m?)
Ce;-Mng 125 0.868 (102) - - 0.868 8.95
Ce;-Mng,s  0.508 (90) 0.01 (344) - 0.518 5.343
Ce;-Mn; 0.235 (86) 0.0236 (210)  0.055 (564) 0.3135 3.199
Catalyst TPD analysis of absorbed NH; (mmol/g) Total Acidic  site

Weak (< 200 Moderate Strong (> 450°C)  evolved NH3 density

°C) (200-450°C) (mmol/g) (nmol/m?)
Ce;-Mng 125 0.881 (110) - - 0.881 9.079
Ce;-Mngys  0.729 (106) - - 0.729 7.671
Ce;-Mn; 0.688 (108) 0.0296 (202)  0.025 (738) 0.7421 7.572

Temperature (°C) at maxima is given in brackets.
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Figure 4.8.6. (a) CO,/Methanol Conversion and DMC yield over Ce;-Mny 125, Ce1-Mny 25
and Ce;-Mn; catalysts; Hll DMC Yield (mmol/g cat.), 1811 % Methanol conversion,
—A— % CO; conversion. (b) Correlation between acidic-basic and catalytic activity of

Ce;-Mny 125, Ce1-Mng s and Ce-Mn; catalysts; Reaction conditions: (Methanol=25.03
mL, catalyst dose=1.25 g, P=150 bar, T=120°C, t=24 h); —¢— Basicity, — A — Acidity.
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The reusability of Ce;-Mny 155 catalyst was investigated for the direct conversion of
CO; with methanol to form DMC with a optimum reaction conditions, catalyst dose=1.25 g,
reaction pressure=150 bar, reaction temperature=120°C, and the reaction time=4 h. For this,
the Ce;-Mny ;25 catalyst was used in five consecutive reactions (Figure 4.8.7). DMC yield and
methanol conversion slightly decreased with an increase in the number of batch cycles. This
slight loss of activity of Ce;-Mny ;25 catalyst may be due to the deposition on the active sites

and the blockage of the pores due to reaction products.
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Figure 4.8.7. Reusability of Ce;-Mny 125 catalyst DMC synthesis from direct conversion
of CO; with methanol: (Methanol=25.03 mL, catalyst dose=1.25 g, P=150 bar, T=120°C,
t=24 h). lll DMC Yield (mmol/g cat.), 1811 % Methanol conversion, —A— % CO,

conversion.
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4.9. CERIA-CALCIUM OXIDE CATALYSTS: CHARACTERIZATION AND
CATALYTIC ACTIVITY FOR DIRECT CONVERSION OF CO, WITH
METHANOL TO DMC

Synthesis of DMC from the direct conversion of CO, with methanol was investigated
with CeO,-CaOy composite catalysts prepared by the surfactant-template method.
4.9.1. Catalyst Characterization
4.9.1.1. X-ray diffraction

Figure 4.9.1 shows the XRD spectra of the synthesized Ce-Ca catalysts with varying
molar ratio of Ce/Ca. Fluorite type phase of CeO, was observed in all the samples. Crystallite
size was calculated according to Scherrer’s equation and the values are given in Table 4.9.1.
For the calculation of the crystallite size, the most intensive peak at 26=28.45 was chosen. It
can be seen from Table 4.9.1, the Ces-Ca, has largest crystallite size (8.88 nm) and that Ce;-
Cas has lowest crystallite size (6.85 nm). An increase in the Ce amount increases the

crystallite size.

—— Cel-Ca3
(222)  (440)(311)
-
=
< —— Cel-Cal
A —
>
N
‘7
=
)
N
=
e
——3Ce-1Ca
I 1 1 I Il I 1
20 40 60 80 100

20 (theta)

Figure 4.9.1. XRD spectra of the synthesized Ce-Ca catalysts.
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4.9.2. Textural properties

Nitrogen sorption isotherms and particle size distribution of the catalysts are shown in
Figure 4.9.2a and Figure 4.9.2b, respectively. Average specific surface area, pore volume and
particle size diameter of the synthesized catalysts are given in Table 4.9.1. All catalysts
showed stereo type VI isotherms according to [IUPAC classification, and Ce;-Ca; and Ce;-Ca,
with a H1 hysteresis loop and Ce;-Ca; with H3 hysteresis loop were observed. Ce;-Caj is
found to possess significantly different pore size distribution, as compared to Ce;-Ca; and
Ce;-Cay. Due to the capillary condensation in the disordered pore structure, the adsorbed
volume increases rapidly in the relative pressure (P/P,) range of 0.4-0.95. BET surface area
of Ce-Caz, Ce;-Ca; and Ce;-Ca; were found to be 109, 82 and 102 mz/g, respectively,
whereas BJH pore volumes were comparable, in the range of 0.17 to 0.26 cm’/g. Thus, Ce;-
Cajs catalyst exhibited higher BET surface area as compared to Ces-Ca,; and Ce;-Ca, catalysts.
Rodriguez et al. [2003], Yu et al. [2011] and Thitsartarn and Kawi [2011] reported BET
surface area in the range of 78-130 m*/g, 9-31 m*/g and 12.6-25.7 m”/g, respectively for Ce-
Ca catalyst having different Ce/Ca ratio and prepared by using different methods.

Table. 4.9.1. Crystallite size, N2 sorption and acidic and basic properties of the catalysts

Catalysts Properties Ce;-Ca; Ce-Ca; Ce-Caj
Crystallite size (nm)* 8.80 7.02 6.85
Lattice constant d (nm)* 0.0165 0.0223 0.0202
BET surface area (m”/g) 102 82 109
Specific pore volume (cm’/g)” 0.26 0.25 0.17
Average Pore diameter (nm)° 9 12 5.0

CO, adsorption (mmol/g)" 0.883 2.277 0.835
Basic site density (umol/m?) 8.657 27.77 7.66
NHj; adsorption (mmol/g)d 0.94 2.48 1.52

Acidic site density (umol/m?) 9.216 30.244 13.95

*The unit cell parameter, crystallite size is calculatedapplying the Scherrer equation.

°BJH desorption cumulative pore volume of pores in the range 1.7 to 300 nm.

‘BJH desorption average pore diameter.

4CO, evolution during decomposition and maximum temperature given in brackets.

‘CO,-TPD values are calculated using the peak area at the maximum temperature given in brackets.
'NH;-TPD values are calculated using the peak area at the maximum temperature given in brackets.
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4.9.1.3. CO,-TPD
CO,-TPD profiles of the synthesized Ce;-Ca;, Ce-Ca; and Ces-Ca; catalysts are

shown in Figure. 4.9.3a. The basic site densities of the catalysts were calculated from CO,-
TPD peak area and the results are shown in Table 2. Week basicity arises due to the
interaction between CO, and the weak basic surface hydroxyl groups in the lower
temperature range, and the strong basic sites arise due to CO, interaction between with low-
coordination oxygen anions [Luo et al., 2013]. Week basic sites are found in all the catalysts.
Ce-Caj, Cej-Ca; and Ce;-Ca, catalysts show peaks in the weak region at 102°C, 116°C and
117°C, respectively. For Ce;-Cas, Ce-Ca; and Ces;-Ca, catalysts, total evolved CO, was
0.835 mmol/g, 2.277 mmol/g and 0.883 mmol/g, respectively, and the basic site density was
7.66 umol/m?, 27.77 and pmol/m?, 8.657 pmol/m’, respectively.
4.9.1.4. NH;-TPD

Temperature programmed desorption of ammonia was studied in order to elucidate
acidic surface properties of the catalysts and the results are shown in Figure 4.9.3b. The low
temperature desorption peaks of ammonia indicate the presence of weak acidic sites in all the
catalysts. The amount of the desorbed ammonia is shown in Table 4.9.2. Ce;-Ca; catalyst is
found to possess higher density of acid sites per unit mass as compared to Ce;-Caz and Ces-
Ca, catalysts. According to the NH3-TPD, Ce;-Cas, Ce;-Ca; and Ce;-Ca, catalysts show total
evolved NH3 of 1.32 mmol/g, 2.48 mmol/g and 0.94 mmol/g, respectively and the acidic site
density of 13.95 pmol/m? 30.24 pmol/m? 9.21 pmol/m?’, respectively. NH;-TPD profile of
the catalyst Ce;-Ca; shows highest basic site density among all the synthesized catalysts.
4.9.1.5. Surface morphology

SEM micrographs (Figure 4.9.4) were taken in order to investigate the morphology
and shape of the synthesized catalysts. All the catalysts showed the spherical morphology and
with the average grain particle size to be in the range of 10-50 pm. An increase in the

calcium content was found to effect a slightly increase in the size of the catalyst shown in the
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TEM image (Figure 4.9.4). All the catalyst showed well homogenous dispersion of metals as
was evident shows in the EDS elemental mapping (Figure 4.9.5).
4.9.2. Catalytic Activity

Figure 4.9.6 shows the methanol/CO; conversion and DMC yield for various Ce-Ca
catalysts. The methanol/CO, conversion and the DMC formation in 48 h were found to be
negligible in the absence of a catalyst. The three catalysts had their activity in the following
order: Ce;-Ca; > Ces-Ca; > Cej-Ca;z. Ce-Ca, catalyst exhibited highest catalytic activity as
compared to Ce;-Ca; and Ce;-Ca; catalysts. The combination of textural, acidic and basic
properties of Ce;-Ca,; catalyst effected larger CO,/methanol conversion giving highest yield
of DMC. When the catalyst Ce;-Ca; was tested for a number of batch cycles, only a marginal
loss of activity for methanol/CO, conversion and DMC formation was found. Figure 4.9.7
shows the activity of the catalyst for five consecutive runs carried out at a catalytic dose of
1.23 g, pressure P=150 bar and a temperature of 120°C for 24 h reaction time. The slight loss
of activity can be ascribed to the blockage of pores due to the deposition of products during

these runs.
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Figure 4.9.3. (a) CO,-TPD and (b) NH3-TPD plots for various Ce-Ca catalysts; (1) Ce;-

Cas, (2) Ces-Cay, and (3) Ces-Ca;.
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Figure 4.9.4 SEM and TEM micrographs of the Ce;-Ca;, Ce;-Ca; and Ce;-Ca; catalysts.
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Figure 4.9.5. EDX elemental mapping of Ce;-Caj; (a-c), Ce;-Ca; (d-f) and Ce;-Ca; (g-i).
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4.10. MECHANISM, KINETICS AND THERMODYNAMICS OF DIRECT CO,
CONVERSION TO DMC
4.10.1 Mechanism

In the presence of a suitable catalyst (CeosZr¢s0,, CeZrO,, Ce;-Mny 125 and Ce;-Ca,
in the present study), methanol is activated to form CH;O and H'. This activation depends
upon the quantity of acidic and basic sites present on the surface of the catalysts. Methoxy
species (CH3O") reacts with CO, in the presence of basic site to form methoxyl carbonyl ions.
Methanol at the acidic site forms CHY and OH  ions. Methoxyl carbonyl ion reacts
with CHZ to form DMC, and OH™ reacts with H' to form water. As such, higher basicity and
acidity in the catalysts facilitates DMC synthesis from CO, and methanol [La et al., 2007].
Reaction mechanism for DMC synthesis from direct conversion of CO; with methanol in the
presence of catalyst is shown in Figure 4.10.1.

The relationship between acidic-basic properties and the activity of CeO,, Ceg 5Zr 50,
and ZrO, catalysts are shown in Figure 4.6.6b (and for other catalysts as observed and
discussed in various sections). It can be seen that the acidic and basic properties directly
influence the catalytic activity of DMC synthesis. Therefore, CesZros0,, CeZrO,, Ce-
Mny 125 and Ce-Ca; catalysts which exhibit high basicity and acidity showed the best
catalytic activity.

CH;OH ———» CH;0" + H' Basicsite of catalytic reaction

CH;OH ——> CH;" + OH- Acidic site of catalytic reaction

CH;00 + CO——» CH;0CO," Basic site reaction
CH;0CO, + CH;'— 5 DMC

H +OH _____ 5 HO

Figure 4.10.1. Mechanism of DMC synthesis from direct conversion of CO, and

methanol.
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4.10.2. Thermodynamics
4.10.2.1. Basic thermodynamic evaluation
The reaction of carbon dioxide and methanol to form DMC can be written as follows:

2 CH;OH + CO, «» DMC + H,0 (4.10.1)

Thermodynamic data on the change in heat of formation (AH;), change in Gibbs

function (AG;) and heat capacity at constant pressure (Cp) of CO,, methanol, DMC and H,O

for both gas and liquid phases are available in the literature and are compiled in Table 4.10.1

[Cai et al., 2009; Lide, 2010; Bustamante et al., 2012; Hofmann et al., 2012]. For the direct

conversion of CO; and methanol carried out in the gaseous phase, the heat of reaction (AH))
and Gibbs free energy change (AG)) at 298 K were calculated using the stoichiometric

coefficients, and AH; and AG} of the reactants and the products and were found to be —17.29

kJ/mol and 23.53 kJ/mol, respectively [Bustamante et al., 2012]. Similarly, for the reaction

carried out at 298 K with methanol, DMC and H,O being in the liquid phase and CO, being
in the gaseous phase, the values of AH and AG’ are calculated as —27.90 kJ/mol and 26.21

kJ/mol, respectively [Cai et al., 2009]. These values indicate that both the gaseous and liquid
phase reactions at room temperature (298 K) are exothermic and non-spontaneous.

Table 4.10.1. Thermodynamic data of pure substances involved in the direct synthesis of

DMC from CO, and methanol.

Species AH; (kJ/mol) AG; (kJ/mol) $°(F/molK)  C (J/mol K)*
Gas Liquid Gas Liquid Gas Gas Liquid

Methanol —201 —239.10 -162.3 —166.6 239.9 44.1 81.59

CO, —393.51 —394.38 - 213.8 37.1

H,O —241.8 —285.83 —228.6 —237.14 188.8 33.6 75.30

DMC =571.0 —613.78  —466.85" —464.23 366.01 128.12°  109.50

* Average between 298 and 500 K.
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For avoiding temperature dependence of C,, an average value of C, over a
temperature range of 273 - 400 K was taken. Then the equation for AH’ dependence on T can
be written using Kirchhoff’s law as:

AH]; = AH;

1,298

+C,(T-298) =-23.29 - 0.0155T (4.10.2)
Above equation shows that AH becomes more negative when the temperature is

increased. AG’ at different temperatures can be expressed by means of Gibb’s—-Helmholtz

equation [Cai et al., 2009; Magbool et al., 2011]:

AG?) _[2329+0.0155T
d( Tr) _ [ = } dT (4.10.3)

On integrating both sides of the above equation, one gets following equation:
TAG?
AGY, =——2% 2329 L 14 00155T In| (4.10.4)
’ 298 T 298 298

This equation shows that the value of AG};increases with an increase in T. For

example, when the reaction temperature reaches to 393 K, AGy,,; becomes 43.65 kJ/mol in

comparison to its value of 23.53 kJ/mol at 298 k. Thus, an increase in T is disadvantageous to
the formation of DMC in terms of thermodynamics.

Since, dG=VdP — SdT, therefore, d(AG)=(AV) dP — (AS) dT. Assuming CO; to be an
ideal gas, the AG,; with a change in pressure but at a constant temperature, can be written as:
d(AG,, ) =AvVdP=(V,-V,)dP =-V, dP=—(RT/P)dP (4.10.5)

Since the volume of the gaseous reactant is very large than those of liquid V, >> Vj,

therefore, AV=—V,. By integrating both sides at constant T, one gets the following equation:

AG,, =AG! ,-RTIn(P/P") (4.10.6)
At 393 K, AG,,< 0 for P > 6.3x10" MPa. Therefore, the DMC synthesis from CO,

and methanol at 393 K becomes spontaneous at P > 6.3x10* MPa which is very difficult to

achieve.
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4.10.2.2. Chemical equilibrium modeling
For the direct synthesis of DMC, equilibrium conversion can be related to the

equilibrium constant as shown below:

_ 4pmcly,o
K, (T)= 57—

2
Ameondco,

1>
~ Ech,McOH (1—0.5yM30H,0Xeq,MeOH) 8 [ PomcPu,o J ((¢£Ae0ﬁ)2(ﬂgoz ][P_Oj

- 2 0 0
}’MeOHO(I-Xe )2 (@CO -lXe j (Pucon) Peo, PomcPu,o0 P
| q Sz (4.10.7)

where, ®C02= Yco,0 / Ymeomo - The Peng—Robinson—Stryjek—Vera equation of state (PRSV-
EoS) [Stryjek and Vera, 1986] along with the van der Waals one-fluid (1PVDW) mixing rule

[Pinero et al., 2007], were used to calculate the rules fugacity coefficient of species in the

mixture. PRSV-EoS is given as:

p= RL _ ao(T) (4.10.8)
V-b  V(V+b)+b(V-b)

where,

a=0.45724 R’T’/P. (4.10.9)
b=0.07780 RT,/P, (4.10.10)
0= [1 +m(0))(1—Trl/2)T (4.10.11)
m(w) =, +x, (1+T/%)(0.7-T,) (4.10.12)
1, =0.378893 + 1.4897153w — 0.17131840” + 0.01965540’ (4.10.13)

where, T, and P, are the critical temperature and pressure, respectively, @ is the accentric
factor and K is a specific pure compound parameter. The values of T, P., @ and K as
obtained from the literature are compiled in Table 4.10.2. van der Waals One- Fluid Model
(1IPVDW) gives the following sets of equations which were used to obtain data of the

quadratic mixture:
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azzzmj(l—kij)(aiaj)% (4.10.14)

b +b.
bzzzyiyj(l—lij)( 12 Jj (4.10.15)
i

where, kjj and 1;; are the single binary interaction parameters which are used to calculate the
mixture parameters a, and b in the PRSV-EOS. Values of k;jj and 1;; were obtained from the
literature and are given in Table 4.10.3.

Table 4.10.2. Physical properties and the pure components parameters [Pifieroa et al.,

2007].

CO, Methanol DMC H,O
MW (g/mol) 44.01 32.042 90.60 18.02

T (K) 304.2 512.6 548.0 647.3
P. (MPa) 7.382 8.096 4.500 22.09
Q) 0.225 0.565 0.385 0.344
K 0.04285 -0.16816 0.38462 -0.06635

Table 4.10.3. Temperature dependence of binary interaction parameters k;j; and I;

[Bustamante et al., 2012].

System Kij Ijj
CO (1) + k1,=—0.04889 + 0.000142 T 112=0.11655 — 0.00049 T
methanol (2) k»;=—0.32186 + 0.001202 T 1,1=0.0034067 — 3x10° T
COo (1) + k1,=3.06296 — 0.009680 T 1;,=0
water (2) k21=—0.35981 + 0.000859 T 1,,=0
CO(H)+ ki,=—0.00432 + 0.000010 T 1,,=8.2567x107 + 1.47x10°° T
DMC (2) k21=—0.03110 + 0.000080T 1,1=0.0002787 — 2.67x10°° T
methanol (1)  ki»,-—0.61880 + 0.001570 T 11,=0
+ water (2) k;=—0.39211 + 0.000815 T l,; =0
DMC (1) +  k;»=—0.03545 + 0.000282 T 11,=0

methanol (2)  k2;=0.03595 — 0.000035 T I, =0
DMC (1)+  k;p=—0.34043 11,=-9.22 x 10~°
water 2)a  k21=—0.0796 1,=1.942 x 107
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Equations 4.10.7 to 4.10.15 were solved simultaneously using the parameters given in
the Tables 4.10.2 and Tables 4.10.3 to calculate the values of K at various temperatures and
pressures for different catalysts. The values K.q along with the operating conditions are given

in Tables 4.10.4 and Tables 4.10.5.
Assuming that the heat of reaction AH’ is constant within the temperature range of

100-180°C, the equilibrium constant K4 can be related to the T by the classical van’t Hoff

equation:

In Keq,T =

AH! J{AH, —AG,J (4.10.16)

RT RT®

The values of A and AG’ for CegsZros0, (hydrothermal method) using the data

points at T=120-160°C were found to be -45.66 kJ/mol and 25.04 kJ/mol, respectively.
Similarly, for CeysZrys0; (templating method), the respective values were found to be -
139.76 kJ/mol and 1.54 kJ/mol, respectively.

4.10.3. Comparative Analysis

Table 4.10.5 compares the textural and acidic-basic properties and the % CO,
conversion and the DMC yield at P=150 bar and T=393 K. It may be seen that within
different sets of catalyst, catalysts which exhibited higher acidity and basicity like
CeosZ19 50, (by hydrothermal and carbon templating methods), Ce;-Mng 25 and Ce;-Ca;,
showed better CO, conversion and DMC yield. Overall Ce;-Ca; prepared by the surfactant
templating method exhibited highest basicity, acidity and catalytic activity in terms of % CO;

conversion and DMC yield.
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Table 4.10.4. Values of K., for DMC synthesis by direct CO, conversion using Ce)sZr,s0, catalyst
prepared by hydrothermal and templating methods at different temperatures and a constant pressure,

P=150 bar.
T (K) yo,MeOH yo, Cc0o2 Xeq,MeOH, yeq,MeOH qu, Cc0o2 yeq,DMC yeq,HZO Keq (l/ mOI)
experimental
Cey.5Zr( 50, (hydrothermal method)
353 0.686055 0.313945  0.00330459  0.684985 0.313975 0.000519638 0.000519638 3.930x10™
373 0.697797 0.302203 0.0072792  0.695485 0.302307 0.001104294 0.001104294 2.221x107
393 0.708692 0.291308  0.00945482  0.705748  0.291483  0.001384505 0.001384505 4.313x107
413 0.718828 0281172 0.00687782  0.716735  0.281324  0.000970785 0.000970785 2.608x10~
433 0.728283 0.271717 0.0050323  0.726785 0.271843  0.000685724 0.000685724 1.620 x107’
453 0.737123 0.262877  0.00288836  0.736282  0.262957  0.000380307 0.000380307 6.370x10°
Cey 521 50, (templating method)
373 0.697797 0.302203 0.004043 0.696515  0.302261  0.000612258 0.000612258 6.811x10™
393 0.708692 0.291308 0.008680 0.705990  0.291469  0.001270488 0.001270488 3.629x107
413 0.718828 0.281172 0.0055832  0.717130  0.281295 0.000787461 0.000787461 1.713x10”
433 0.728283 0.271717 0.0016944  0.727780  0.271759  0.000230430 0.000230430 1.823x10™®
453 0.737123 0.262877 0.0004182  0.737002  0.262888  0.000054981 0.000054981 1.327x10”

Table 4.10.5. Values of K., for DMC synthesis by direct CO, reaction using various catalysts at P=150
bar, T= 393 K, Initial feed (Ypmeon)=0.708691585, Initial feed (Y coz)= 0.29131.

Catalyst XeqMeOH, Yeq,MeOH Yeq,co2 Yeq,pMC Yeq,H20 K.q (I/mol)
experimental

Ceria 0.00660 0.70664 0.29143 0.0009655 0.0009655 3.565%x107
Ceg5Z1) 50, 0.00864 0.70600 0.29147 0.0012651 0.0012651 6.124x107
Zirconium 0.00148 0.70823 0.29134 0.0002152 0.0002152 1.752x10®
1Ce-3Ca 0.00060 0.70851 0.29132 0.0000876 0.0000876 2.901x10”
1Ce-1Ca 0.00958 0.70571 0.29149 0.0014035 0.0014035 7.541x107
3Ce-1Ca 0.00864 0.70600 0.29147 0.0012649 0.0012649 6.124x107
Ce-Mnyg ;55 0.00735 0.70640 0.29144 0.0010755 0.0010755 4.421x107
Ce-Mny 55 0.00477 0.70721 0.29140 0.0006971 0.0006971 1.852x107
Ce-Mn, 0.00240 0.70795 0.29135 0.0003499 0.0003499 4.652x10°®
Co.5Z1950, 0.00945 0.70575 0.29148 0.0013845 0.0013845 7.341x107
CeO, 0.00448 0.70730 0.29139 0.0006541 0.0006541 1.632x1077

Table 4.10.6. Comparative analysis of properties and catalytic activity of various catalysts used for direct

conversion of CO, to DMC.
Catalyst Method of Textural Properties CO, & NH;- TPD % CO, DMC
Preparation  Surface Pore Pore Total CO, Basicsite Total NH; convers Yield
Area volume size adsorption density adsorption jon (mmol/g)
(mZ/g) (cm3/g) (nm)  (mmol/g) (umol/mz) (mmol/g)
Ce0O, HT 87 0.12 4.52 0.42 4.72 0.79 1.82 2.04
Ceg 571y 50, HT 117 0.23 8.40 0.65 5.55 1.89 1.38 2.67
710, HT 70 0.20 7.89 0.25 3.58 0.51 0.31 0.45
710, CT 112 0.42 154 0.40 3.89 1.52 0.62 091
Ceg 571950, CT 123 04 11.9 1.93 15.69 2.48 1.98 2.92
CeQO, CT 28 0.2 30.4 0.41 14.64 0.94 0.94 1.38
Ce-Mng 15 ST 97 0.39 9 0.86 8.95 0.88 1.79 2.27
Ce-Mny 55 ST 95 0.5 19 0.51 5.34 0.72 1.16 1.47
Ce;-Mn, ST 98 0.43 14 0.31 3.19 0.70 0.55 0.74
Ce-Ca; ST 109 0.17 5 0.83 7.66 1.52 0.15 0.18
Ce;-Cay ST 82 0.25 12 2.27 27.77 2.48 2.33 2.96
Ce;-Cay ST 102 0.26 9 0.88 8.65 0.94 2.10 2.67

CT: Carbon Templating, HT: Hydrothermal; ST: Surfactant Templating.
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Chapter-5
CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

On the basis of results and discussion presented in chapter 4 for the dimethyl

carbonate (DMC) synthesis from transesterification propylene carbonate (PC) with methanol

and direct conversion of CO, with methanol, following major conclusions can be drawn for

various sections of studies performed in the present work:

5.1.1. DMC Synthesis using Transesterification of PC with Methanol
5.1.1.1 Ce-M (M=Co, Fe, Cu and Zn) catalysts

>

BET surface area of CeCo, CeCu, CeFe and CeZn catalysts synthesized by sol-gel
method was found to be 40, 46, 24, and 37 m?/g, respectively. CeCu catalyst having
highest basicity was found to be most effective during transesterification of PC to
form DMC.

Highest DMC yield of 71.9% and PC conversion of 65.4% was obtained with CeCu
catalyst at optimum reaction conditions of reaction temperature=160°C, reaction time

=4 h, catalyst dose=5 wt.% of PC and methanol/PC molar ratio =10.

5.1.1.2 Ceria-lanthanum mixed metal oxide i.e. CeyLa;1.O,-

>

A series of cerium-lanthanum catalysts prepared using co-precipitation method and
characterized by various techniques have been tested for the transesterification.

Total amount of NHj3 desorbed from the CepsLag s, Cepalags Cegslaga and Cepglaga
catalyst was 7.53, 5.85, 4.18 and 2.17 mmol/g, respectively. Respective value of acid
site density was: 0.184, 0.139, 0.069 and 0.044 mmol/m?.

Activity of synthesized catalysts increased with an increase in lanthanum content in
the catalysts. Also, transesterification of PC with methanol parallels the bifunctional
nature (basic and acidic nature) of the catalysts and that catalytic activity, basic site
density, acidic site density and amount of weak acidic sites (in the desorption
temperature range of 100-200°C) follow the same order: Cepglag, < Cepglagg <
Cepalage< CepLlags.

DMC yield of 74%, PG yield of 65% and PC conversion of 72% was obtained with
Cego-Lagg catalyst at optimum reaction conditions of reaction temperature=170°C,

reaction time=6 h and methanol/PC molar ratio=10.
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5.1.1.3. Ceria—zinc catalysts impregnated onto various oxide supports, namely Al,O3,
SiO; and TiO; (named as CZA, CZS and CZT)

» In the present study, ceria and zinc oxide catalyst were impregnated onto various
oxide supports, namely AlO;, TiO, and SiO,, individually by deposition-
coprecipitation method and characterized by various techniques and evaluated for
transesterification reaction. Variation of support not only changed the structure and
textural properties of the catalyst but also the basic strength and basic sites of the
catalyst.

» Composite oxides (catalysts) were found to contain individual phases of ZnO, CeO,
and some spinel forms of Zn, Ce along with their supports. CZS having highest
basicity and surface area showed better catalytic activity as compared to CZA and
CZT.

» CZS catalysts were found to possess higher catalytic activity due to high basic
strength and high BET surface area in comparison to CZA and CZT catalysts.

» DMC yield of 77% was observed with CZS catalyst under optimal conditions
(temperature = 170 °C and methanol/PC molar ratio = 1:10).

5.1.1.4. Copper-zinc-aluminum (CZA) hydrotalcite (HTLc) catalysts calcined at 300°C,
500°C and 800°C (named as CZA300, CZA500 and CZA800)
» Cu-Zn-Al (CZA) hydrotalcite catalysts prepared by the co-precipitation method and
calcined at 300°C, 500°C and 800°C (named as CZA300, CZA500 and CZA800) were
physico-chemical Characterization and use for synthesis of DMC.
» The activity of the CZA300 catalyst was found to be better as compared CZA500 and
CZAB00 catalysts due to the highest amount of basic sites and acidic sites.
Transesterification of PC with methanol paralleled the amount of basic site density
and acidic site density and increased in the same order.
» PC conversion of 70% and DMC selectivity of 94% was observed at the optimum
operating condition of reaction time=4 h, methanol/PC molar ratio=10, catalyst
dose=3 wt.% of PC and temperature=160 "C.
» Values of specific rate of reaction with CZA300 catalysts at 120, 140 and 160 °C
were found to be 0.56, 0.58 and 0.65 h™', respectively.
5.1.1.5. Comparative Assessment

Table 4.5.1 summarizes the optimum reaction parameters during transesterification of
PC with methanol reaction by Ce-M (M=Co, Fe, Cu and Zn), Ceria-Lanthanum, Ceria-Zinc-
support mixed metal oxide and copper-zinc-aluminum hydrotalcite catalysts. Values of the

frequency factor (ko) and the activation energy (E,) were found to be 0.375 h' and 2.294
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kJ/mol for CeCu catalyst, whereas respective values for CZA300 catalyst were found to be

0.225 h!' and 12.72 kJ/mol. Overall, Ceg,-Lagg and Ce-Zn/SiO, were found to be the best

catalysts for DMC production via transesterification of PC with methanol.

5.1.2.

DMC Synthesis from Direct Conversion of CO; with methanol

5.1.2.1. Ceria-zirconium based catalysts (prepared by hydrothermal method)

>

In this study, ceria-zirconia based catalysts (CeO,, ZrO, and CesZrys0,) catalysts
were synthesized by hydrothermal method and characterized by characterization
techniques and tested for direct conversion of CO, with methanol in presence of
activated molecular sieve 3A as dehydrating agent.

CeO; catalysts showed reflexes of cubic phase with average crystalline sizes 7.09 nm,
71O, catalysts showed reflexes of tetragonal phase with average crystalline sizes 9.45
nm and Cey 5Zr( 50, showed tetragonal phase with average crystalline sizes 7.09 nm.
BET surface area, basic site density, acidic site density followed the order ZrO, <
Ce0O, < Cep 5219 50,.

DMC yield was found to be highly dependent upon the both basicity and acidity of
catalysts. Ceg sZr( 5O, catalysts showed better activity as compared to CeO, and ZrO,
catalyst.

Under optimized reaction condition of reaction temperature=120 °C, reaction time=24
h, catalysts dose=1.25 g with pressure=150 bar, optimum yield of DMC was obtained
as 2.56 mmol/g-cat for Ceg sZr(s0O,.

5.1.2.2. Ceria-zirconium based catalysts (prepared by templating method)

>

In this section of the work is, cerium-zirconium mixed oxides catalysts were prepared
using with endo- and exotemplate to generate a hierarchically structured system.
Polymer based activated carbon spheres were used as exo-template, and pluronic was
used as endo-template.

Basic site density of the synthesized catalysts was in the same order as catalytic
activity: ZrO, (0.40 mmol/g) < CeO; (0.41 mmol/g) < CeysZry50; (1.93 mmol/g), and
the basic site density per unit area followed the same order of the activity of the
catalysts such as: ZrO, (0.912 mmol DMC/g cat.) < CeO; (1.384 mmol DMC/g.cat.)
< Ce.5Z19507(2.921 mmol DMC/g cat.).

The Cex-Zrx (x=0.5) catalyst showed the highest basic sites and acidic site among all
the catalysts, and giving the highest DMC yield.

5.1.2.3. Ceria-Manganese based catalysts (prepared by surfactant templating method)

>

MnOy-CeO; catalysts were synthesized by surfactant-template method with different

ratio of Mn/Ce. Synthesized catalysts were characterized by various methods; and the
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catalytic activity and reusability of the best performing catalyst was studied for the
formation of DMC.

» Total basicity and acidity decreased with an increase in the manganese in the catalyst,
and Ce;-Mny ;25 catalyst was found to possess the highest amount of total basic and
acidic sites. Acidity and basicity of the catalyst was in the fallow same order such as:
Ce;-Mn; < Ce;-Mny s < Ce;-Mng 125.

5.1.2.4. Ceria- Calcium based catalysts (prepared by surfactant templating method)

» A series of Ce0,.CaO catalysts with different Ce/Ca ratio (Ces-Ca,, Ce;-Ca,, and Ce;-
Ca;) were synthesized by surfactant-template method. Hexadecyltrimethyl ammonium
bromide (CTAB) was used as the template.

» Ce-Ca, catalyst was found to possess highest activity owing to its high surface area,
acidity and basicity as compared to other catalysts.

5.1.2.5. Comparative Analysis
Table 4.5.2 summarizes the optimum reaction parameters for direct conversion of

CO; with methanol reaction by Ce-Zr, Ce-Mn and Ce-Ca catalysts. The values of the heat of
reaction (AH’) and Gibbs free energy change (AG) for CesZr 5O, (hydrothermal method)
using the data points at T=120-150°C were found to be -45.66 kJ/mol and 25.04 kJ/mol,

respectively. Similarly, for CegsZrosO, (templating method), the respective values were
found to be -139.76 kJ/mol and 1.54 kJ/mol, respectively. Overall, Ce;-Ca; and Ceg5Zr 50,

were the best catalysts for direct CO, conversion reaction for DMC production.

5.2. RECOMMENDATIONS

On the basis of the present research, some areas were identified that are worthy of
further study so as to provide more support for the development of the technology at
industrial scale. Following recommendations are made for future studies:

» Catalyst synthesis method strongly influences the physico-chemical properties of
catalyst. It would therefore be of interest to explore other synthesis methods and
catalytic materials that should maintain high activity for longer time.

» Experiments need to be carried out in continuous reactor for both transesterification
reaction and CO, utilization reactions.

» Methods need to devised for enhance the CO, conversion despite the thermodynamic

limitations of CO;, utilization reactions for synthesizing DMC.
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