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Chapter- 1: General Introduction

1.1. Introduction

The chemical industry is determined to improve the conventional unsafe processes which
accumulate greenhouse gases, solid particulate matter and toxic compounds in the atmosphere
with well acknowledged green and sustainable alternative ones. Organic carbonates synthesis is
one of such processes undergoing this transformation. Organic carbonates have been recognized
as green and sustainable substitutes to many insecure chemicals. The green aspect of organic
carbonates is attributed to their low toxicity, high degradability and excellent physicochemical
properties. On the other hand, the sustainable aspect is related to its synthesis from greenhouse
gas carbon dioxide [1]. Organic carbonates are divided into two classes: (a) linear carbonates
(e.g., dimethyl carbonate and diethyl carbonate) and cyclic carbonates (e.g., ethylene carbonate,
propylene carbonate, butylene carbonate and glycerol carbonate). Dimethyl carbonate (DMC) is
the simplest organic carbonate among these. DMC finds various applications such as fuel
additive, pharmaceutical, electrolyte in Li-ion batteries and as a solvent and reagent in organic
reactions [1-4]. The current global production of DMC is around 330 kt/year of which captive
consumption is 240 kt/year and merchant capacity is 90 kt/year. Fig. 1.1 shows the world DMC

consumption in 2013 where India occupies the third position [3].

18%
13% == China
I USA
6% [ India
N Europe
1 Others
50% 13%

Fig. 1.1. DMC consumption in various countries [3].

1.2. General properties and advantages of DMC

DMC has been exempted from the list of volatile organic chemicals (VOCs). It is a
flammable liquid (boiling point = 90 °C) with an odor similar to methanol (MeOH). DMC is
safe to handle as it does not impart any kind of poisonous effect either by inhalation or by
contact. These inherent properties of DMC along with its low water solubility, relatively high

flash point and low maximum incremental reactivity (MIR) values make it an excellent substitute
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to conventional organic solvents such as acetone, ethyl acetate and tert.-butyl acetate (t-BuAc)
(Table 1.1). As a chemical synthon, DMC has desirable physicochemical properties as compared
to phosgene, dimethyl sulfate (DMS) and methyl iodide (Mel) (Table 1.1).

Table 1.1. Comparison of properties of DMC with those of other reagents and solvents

Solvent properties DMC Acetone Ethyl acetate t-BuAc
Solubility in water (g/100 ml) 13.9 Complete 8.9 0.8
Evaporation rate (n-BuAC=1) 3.2-34 7.7 6.2 2.8
Flash point (°C) 17 -20 -3.3 16.7
MIR value (per gram) 0.06 0.36 0.63 0.18
Toxicological properties DMC Phosgene DMS Mel
Oral acute toxicity (rats; LD 50 13.8 - 0.44 0.076
in g/kg)

Acute dermal toxicity >5 - - -

(rabbit; LD 50 in g/kg)

Acute toxicity per contact >2.5 - - 0.11

(cavy; LD 50 in g/kg )

Acute toxicity/inhalation 0.14(4h) 0.016 (0.75h) 0.0015 (4 h) 1.3 (4h)
(rats; LC 50 in g/1)

Mutagenic effect Negative - Carcinogen Carcinogen
Product classification Non-toxic  Poisonous gas Corrosive/poison Noxious gas
Biodegradability (OECD 301C) > 90% Rapid Rapid hydrolysis -

(28 days)  hydrolysis

1.3. Applications of DMC
The distinctive chemical properties of DMC make it versatile in various applications such
as reagent in methylation, carbonylation and methoxycarbonylation reactions, fuel additive,

solvent and adhesive etc. Some of them are briefly discussed below.
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Lithium ion battery

Polycarbonate Synthesis &
l Fuel additive

Non-toxic reagent Green solvent

LOW )
YOocw

Y

Fig. 1.2. Applications of DMC

1.3.1. Methylation and methoxycarbonylation agent

DMC is an environmentally benign reagent replacing toxic and hazardous methyl halides
(CH3;X, X =1, Br and Cl), DMS and phosgene (COCl,) in methylation reactions and
stoichiometric quantities of bases in methoxycarbonylation reactions. These conventional
reagents generate stoichiometric amounts of inorganic salts where as DMC produces only

methanol and CO; as byproducts (Scheme 1.1) [5].

R™ + CH;0CO0CH; =<——> R(CO)OCH; + CH;0

R™+ CHy0COOCH; —> RCH; + CH;0C00

CH;0C00 —> CH,0 + CO,

R =N ucleophile

Scheme 1.1. Methylation and methoxycarbonylation with DMC.
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Chemically, DMC is an ambident electrophile with three active centers; two methyl
groups and one carbonyl carbon [6,7]. At lower temperatures it acts as a methoxy carbonylating
agent (substitute for phosgene) and at high temperatures as a methylating agent. Methoxy
carbonylation of primary or secondary amines with DMC produces carbamate, which can be
converted to commercially attractive isocyanate through decomposition [7]. DMC is used in
methylation reactions at C, N, O and S centers in place of alkyl halides, DMS, etc. [4]. Selective
methylation of arylacetonitriles, aryloxyacetates and methylarylacetates at a-position selectively
to monomethyl derivative has been successfully achieved with DMC [8,9]. On the other hand,
O-methylation of phenols produces arylalkylethers (anisoles), which are widely used in the
synthesis of dyes, agrochemicals and antioxidants for oils, greases and plastics [10]. Methylation
with DMC is a benign method for N-methylation of indole in high yields [11,12]. Methylation of
aliphatic and aromatic thiols using DMC has also been reported [7]. Furthermore, DMC reacts
with silica at 277-327 °C to form tetramethoxysilane, a simple and convenient approach for the
depolymerization of silica [13].

1.3.2. Solvent

DMC is a cost-effective oxygenated solvent with excellent solubility properties compared
to methylethylketone (MEK), methylisobutylketone (MIBK), ethylacetate, butylacetate and
glycol ethers. It is also competitive to acetone, toluene and ethanol. Its use in coating, cleaning
and adhesive resins is promising due to strong solvation effects and economic aspects [14]. DMC
is partially soluble in water which permits water to be highly effective in preventing DMC based
fires. The harmful and carcinogenic solvents such as dichloromethane, acetone, etc., can be
replaced with DMC in organic chemical synthesis. DMC was found to be a successful solvent in
biaryls synthesis [15]. It is also a highly efficient solvent in regio- and stereo-controlled ring
opening of 3-membered heterocyclics at ambient conditions [16]. DMC was used as both reagent
and solvent in the synthesis of N-carboxymethyl pyrrolidine from 4-amino-1-butanol [17]. DMC
acts a non-aqueous electrolyte component in lithium-ion rechargeable batteries [18,19]. The
electrolytes for such batteries are generally prepared by dissolving a lithium salt in an organic
solvent most likely propylene or ethylene carbonates. Although these cyclic carbonates allow
good dissolution of lithium salts, their strong viscosity limit the efficiency of lithium

electrochemical cycle. Adding DMC into such electrolytes appreciably improves the
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conductivity (strong solvation force towards lithium ions) and reduces the viscosity. As a result
the electrolyte resistance reduces which in turn improves the efficiency [14].
1.3.3. Fuel additive

A good quality fuel additive is characterized by its solubility in gasoline/diesel, suitable
boiling point and excellent combustion/emission properties. In this regard, DMC is a promising
fuel additive. Its high oxygen content (53.3 wt%) and blending properties provide efficient
combustion as compared to less oxygen content (18.2 wt%) and conventionally used methyl
tertiary butyl ether (MTBE) [20-22]. In 1943, Standard Oil Development Co. has reported an
octane number of 116 for gazoles containing 3-5 vol% of DMC [23]. Union Oil Co. reported a
10-30% reduction in soot particle release for gazole containing 5 wt% DMC [24,25]. DMC
blended diesel shows longer ignition delay, shorter combustion duration, low particulate matter
(PM) emission and increased thermal efficiency to that without DMC [26].
1.3.4. Polycarbonate synthesis

Bisphenol-A based aromatic polycarbonates are well-known engineering thermoplastics.
Conventionally bisphenol-A polycarbonate is prepared by condensation polymerization of
bisphenol-A and phosgene. An alternating way avoiding the use of hazardous phosgene has been
reported. In this method, DMC is transesterified with phenol to produce diphenyl carbonate
which is subsequently transesterfied with bisphenol-A to produce the polycarbonate (Scheme
1.2). EniChem [27] and Asahi Kasei [28] have been commercialized this eco-friendly route for

polycarbonate synthesis.

Q,OH - CH3OCOCH3—' <j>7oc00H3 CH30H
2 @OCOCH3 - @ —@ c»430(:oc»43

A OO — OO~ - O

Scheme 1.2. Bisphenol-A polycarbonate synthesis using DMC
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1.4. Conventional methods of making DMC
1.4.1. Phosgenation of methanol

Methanol phosgenation is the traditional method used for DMC production. It was widely
used in industries (Bayer and Société Nationale des Poudres et Explosifs, SNPE France) during
1940-1980 [14]. The reaction scheme for DMC synthesis by phosgene is shown in Egs. (1.1) &
(1.2). It involves the formation of methyl chloroformate intermediate in the first-step followed by

its methanolysis in second-step to give DMC with the formation of corrosive HCI as byproduct.
CH;0H + COCl,— CH300CCI + HC1 (1.1)
CH;00CCI1 + CH3;0H — (CH;30),CO + HC1 (1.2)

A DMC yield of 82% and 85% with respect to methanol and phosgene is reachable
through this method at 0 °C in anhydrous solvents such as toluene or dichloromethane. The
second-step of this reaction is slow. However, the presence of an acid trapper (pyridine) or an
inorganic base (NaOH) can shift the equilibrium towards DMC formation [29,30]. Although the
method is advantageous in view of DMC yield, it has some serious issues such as handling of
toxic/explosive phosgene and the need to neutralize HCl. These drawbacks increased the
economics of the process which in turn directed the research to economic and eco-friendly
reaction pathways [29,30].

1.4.2. Oxycarbonylation of methanol

In 1980s, catalytic oxidative carbonylation of methanol (Eq. (1.3)) started to familiarize
as an alternate route to methanol phosgenation. It is an economic root in terms of operating
conditions and reaction thermodynamics (A;Gaosx = -250.8 kJ .mol'l, AHoosk = -311.9 kJ .mol'l)

[31].
2 CH30H + CO + % 0, — (CH;0),CO + H,0 (1.3)

Depending on the physical state of methanol, the process is categorized into two types:
liquid-phase and gaseous-phase. In 1983, Enichem industrialized this process in a slurry mode
using CuCl as the catalyst (Eqs. (1.4) and (1.5)) [32-34]. A DMC yield of 30-40% was
attainable through the process which also involves recycling of methanol back to the reactor and
CO; (byproduct) for CO synthesis. At a total pressure of 2.4 MPa and a reaction temperature of
130 °C, the turn over frequency (TOF) of the catalyst was 130 g DMC/l.o/h. Although the

process is competent compared to methanol phosgenation, it has several limitations such as
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separation of DMC-H,O mixtures, corrosion problems and high operating pressures.
Additionally, oxygen posed as a limiting reactant due to its explosive risk (>4 mol% of O, at CO

rich regions).

2 CH30H + % 0,+ 2 Cu'Cl' — 2 (CH30-Cu) CI + H,O (1.4)
2 (CH30-Cu)'Cl" + CO — (CH30),CO +2 Cu'CI (1.5)
2 CuCl+ CO + H,0 — 2 Cu+ CO, + 2 HCI (1.6)

The catalytic activity strongly depends upon the Cl/Cu ratio. The selectivity to DMC is
maximum when this ratio is unity. However, maintaining the ratio at unity is a difficult challenge
due leaching of Cl in presence of H,O (Eq. 1.6). An active approach to maintain the ratio steady
is the co-feeding of HCI but its presence can divert the selectivity of the reaction towards
formation of CH;CIl and CH;OCHj3; [35].

An incessant effort was continued to design catalyst systems with excellent efficiency
and low chlorine content. To enhance the catalytic activity, homogeneous catalysts have been
tested in presence of base additives and ionic liquids as promoters [36-38]. Immobilizing
homogeneous catalysts (CuCl or CuCl;) on polymer supports and mesoporous materials have
also been tested to tackle the separation issues [39,40]. But all these efforts were insufficient to
address the existing limitations in a satisfactory level. Thus, the research focus was then moved
slowly into the gas-phase process. By the end of 1980, Dow Chemical Company has established
the gas-phase process in an industrial level using CuCl supported on activated carbon [41].
Catalyst improvement studies showed [Cu(OCHj3)(pyridine)Cl], supported on activated carbon as
the efficient catalyst for this reaction [41,42]. According to Dow Chemicals, activity studies with
other inorganic supports such as MgO, ZnO, SiO,, TiO,, and Al,O3; were not encouraging as the
oxide ions and hydroxyl groups on the supports destabilized the active species more than the
activated carbon [43]. A bimetallic catalyst system composed of PdCl,-CuCl, on activated
carbon in presence of alkaline promoter (DMC yield > 28% at 150 °C and 0.64 MPa total
pressure) [44] and chlorine-free Cu-zeolite (Cu-MOR, Cu-ZSMS5, Cu-Y and Cu-SAPO-37)
catalysts (DMC yield = 0.2-2.5% at 130-170 °C and 0.4-1 MPa total pressure) have also been
reported for the direct oxidative reaction [45,46].

To avoid the safety issues in the direct oxidative carbonylation process, UBE developed a

two step indirect process for DMC synthesis in the gas-phase through methyl nitrite
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carbonylation (Egs. 1.7 and 1.8). The reaction is performed in presence of PdCl, supported on
activated charcoal. UBE has commercialized the process with a production capacity of 6000
t/year [14]. In this process, the first step involves the formation of methylnitrite (CH;ONO) from
NO, CH;0H and O; in the liquid-phase performed in reactor-1 (Eq. 1.7). Water produced in this
step is efficiently removed to produce DMC in anhydrous media. The second step consists of the
vapor phase reaction of CH3;0ONO and CO in presence of the catalyst in a fixed-bed reactor (Eq.
1.8). The catalyst showed a space time yield of ~ 200 to 600 kg DMC/m’cata/h (at 80-150 °C
and 0.2-0.5 MPa pressure) [47]. Although the method is able to avoid catalyst deactivation due to
water, it deviates from green chemistry principles precisely by the use of toxicological and eco-

toxicological gas NO.
2 NO + 2 CH3;0H +1/2 O, — 2 CH30NO + H,0O (1.7)
2 CH;0NO + CO — (CH30),CO +2 NO (1.8)

1.5. COy, utilization in DMC synthesis
1.5.1. Carbon dioxide - a sustainable chemical feedstock

Carbon dioxide is the dominant greenhouse gas present in atmosphere. Industrialization
and other anthropogenic activities accelerate its accumulation in atmosphere. CO; is regarded as
the major cause for global warming and its after effects in terms climate change. At present, on
an average 36 Gt of CO,; is emitted per year globally by combustion of fossil fuels [48]. During
the last decade, the average annual increase of CO, in the atmosphere was 2.1 ppm per year [49].
Today, CO; concentration in atmosphere is 50 ppm higher than the safety limit of 350 ppm. The
main sources and their contribution to CO, emission are shown Fig. 1.3 [50]. The major portion

of CO; emission is shared by cement, oil refinery, iron and steel industries.
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Fig. 1.3. CO; emission from different industries [50]

Carbon dioxide capture and storage (CCS) and carbon dioxide capture and utilization
(CCU) are the major options available for CO, mitigation (Fig. 1.4). In CCS, CO; is captured
from post-conversion, pre-conversion and oxy-fuel combustion of carbon sources, which is then
compressed and transferred to appropriate places for long term storage. CCS has several
technical and economical issues such as the ambiguity in the rate of CO, leakage, transportation
and injection cost before its organization into large scale [51]. On the other hand, CCU is more
promising since the method is aimed to convert waste CO; into valuable products such as fuels

and chemicals hence can make a positive contribution in reducing global warming [52,53].
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Fig.1.4. Processes for CO, mitigation [54]

In contrast to traditional non-renewable petrochemical feedstock, CO, is abundant,
inexpensive, less toxic and technically renewable. Chemically, CO, is thermodynamically stable
and kinetically inert. Thermodynamic unfavorability can be overcome by reacting CO, with
energy rich molecules such as epoxides, amines, unsaturated compounds, etc., and the kinetic
barrier can be overcome by activation of CO, by using catalysts and photochemical and
electrochemical pathways. Only a handful of commercial processes that use CO, as a ClI

building block exists. They include: urea synthesis (CO, consumption: 120 Mt/year),
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manufacture of salicylic and para-hydroxybenzoic acids (CO, consumption: 30,000 tons/year),
cyclic and polycarbonates synthesis (ca., 1.5 Mt/year) and synthesis of methanol (CO,
consumption: 2 Mt/year) [55,56]. Based on statistics, only a small fraction of CO, produced by
anthropogenic activities is recycled in chemical industries (< 1%). At present, little number of
reactions and processes utilizing CO; are on investigation (Fig. 1.5).

Methodologies for CO, conversion into valuable chemicals can be categorized into two:
(a) reductive transformation and (b) non-reductive transformation. CO, transformation to
methanol, formate and methane falls under the former category and CO, to organic carbonate,
carbamate, urea, carboxylates, polyurethanes and polycarbonates belongs to the later category.
Reductive transformation is an energy intensive process than non-reductive process. Among the
chemicals synthesized by non-reductive pathway, organic carbonates are getting more scientific
interest due to their biodegradability, low-toxicity, non-corrosiveness to use as a monomer in the
synthesis of polycarbonate and polyurethane resins, as electrolytes in lithium ion battery, as
alkylating and carbonylating agent, as solvents and as fuel additives. Among several organic
carbonates, the lowest homologue, DMC is getting more commercial interests due to its desirable

physicochemical properties (Table 1.1) [57].
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Fig. 1.5. CO, utilization into fuels and chemicals [53].
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As compared to conventional/industrial DMC synthesis processes, use of CO, in its
synthesis reduces the global warming potential (GWP) by 4.3 times and ozone layer depletion by
13 times [54]. Direct and indirect schemes involving CO, in DMC synthesis have been designed
(Fig. 1.6). Direct use of CO, is the benign way to synthesize DMC. It also incorporates great

opportunities for technology development.
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Fig. 1.6. CO; utilization in DMC synthesis.

1.5.2. Indirect utilization via transesterification
1.5.2.1. Urea methanolysis

Transesterification of urea with methanol produces DMC as the main product and
ammonia as the byproduct (Egs. 1.9 and 1.10). It is a two step reaction in which first step is the
formation of methyl carbamate (MC, Eq. 1.9). MC formation is fast and highly selective due to
fast decomposition of urea into ammonia and isocyanic acid (HNCO). Isocyanic acid reacts very
fast with methanol to produce MC. In the second step, the MC intermediate reacts with one mole
of methanol to generate DMC (Eq. 1.10) and is the rate determining step. Thermodynamically
the reaction is non-spontaneous therefore two temperature regimes are used, first step (A/Gaosk =
-16.02 kJ/mol) is carried at ~ 100 °C and the second step (A;Gaosk = 3.4 kJ/mol) is carried out at

180-190 °C [31]. The reaction can also be carried out from the second step alone using MC as
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the raw material [31,58]. The main advantage of this method is the abundance and low cost of

reactants. Moreover, NH; formed can be recycled to produce urea.

NH,CONH, + CH;0H — NH,COOCH; + NH; (1.9)
NH,COOCH; + CH;0H — (CH30),CO + NHj (1.10)

A number of basic catalysts such as organotin catalyst [59], ZnO based catalysts [60-62],
different metal oxides such as CaO, MgO, ZrO,, PdO, La,0s, etc., [61,63] and supported metal
oxide catalysts [64] were scrutinized for the reaction. The highest yield of DMC was reported
using ZnO-CeO;-La,O3 mixed oxides (50 mol% at 170 °C, 4 h) [65]. The process has been
elevated to pilot plant scale and aimed at a production of thousands of tons of DMC per annum
[66,67].
1.5.2.2. Transesterification of cyclic carbonate

Transesterification of cyclic carbonates with methanol also produces DMC as the main
product and glycol as the byproduct. Like urea transesterification, it is also a two step process. In
the first step, epoxides like ethylene oxide (EO) and propylene oxide (PO) are reacted with CO,
to produce ethylene carbonate (EC) and propylene carbonate (PC), respectively. In the second
step, ester exchange reaction of EC and PC with methanol occurs to produce DMC (Scheme 1.3).

These two steps are generally carried out independently.

X

0O, 0 [6)
/LA +  COp, — > /
R R
0
)K 0 HO OH
O O + 2 CH}OH R Hsco)kOCH} + R:

Scheme 1.3. DMC synthesis via transesterification of cyclic carbonate

Transesterification of EC and PC produces ethylene glycol and propylene glycol,
respectively, which are considered as chemicals of commercial importance especially in
polyester industry. Cyclic carbonates (EC/PC) can be made in high yields with absolute
selectivity at moderate reaction conditions using several catalysts. Srivastava et al. [68-70]
reported several modified silica-based heterogeneous systems for this reaction. Three different

types of epoxides (PO, epichlorohydrin and styrene oxide) were used. Among the different solid
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catalysts reported so far, organo-functionalized metallosilicate catalyst, Ti(Al)-SBA-15-grafted
adenine were found to be the best (80- 90mol% yields, 120 °C, 0.69 MPa CO,, 6 h) [53].
Between EO and PO, the former has difficulties in handling due to explosion limits. But EC
transesterification was found to be much easier than PC transesterification because of its low
steric hindrance and low diffusional limitations. Special attention was given to improve the yield
of DMC via PC transesterification.

Both homogeneous and heterogeneous acidic/basic catalysts were attempted for EC/PC
transesterification with methanol. A nucleophilic substitution mechanism is followed in
homogeneous basic catalysts and the activity depends on the strength of nucleophilicity of the
catalyst (Table 1.2). Alkali metals [71], strong nitrogen bases and verkade super bases
(porazaphosphotrane) are highly active in the transesterification of EC/PC with methanol [72].
Zhao et al. [73] reported a quaternary ammonium salt functionalized chitosan based catalyst for
the transesterification of PC. The catalyst yielded 54 mol% DMC at 71 mol% PC conversion.
Jagtap et al. [74] reported a recyclable polyvinylpyridine (PVP) catalyst for the
transesterification of EC and methanol. Distillation of the reaction mixture enabled the
separation of the catalyst due to its high boiling point. After 3 recycles the DMC yield was 75

mol%, 7 mol% less than the initial yield.

Table 1.2. Activity of homogeneous base catalysts for EC/PC transesterification with methanol

Catalyst EC/PC:MeOH T t P DMC Ref.
(molar ratio) (°C) (h) (MPa) yield (%)

LiOH EC:MeOH (1:4) 25 1 0.34 61.5 [71]
NaOH EC:MeOH (1:4) 25 1 0.34 55.1 [71]
K,CO; EC:MeOH (1:4) 25 1 0.34 55.2 [71]
1-Ethyl 3-methyl imidazolium  EC:MeOH (1:8) 140 6 1.38 76.2 [89]
chloride

[C4sDABCO]OH EC:MeOH (1:10) 70 4 - 50.0 [90]
Poly(4-vinylpyridine) PC:MeOH (1:8) 140 4 0.1 82.0 [74]
LiOMe PC:MeOH(1:4.1) 120 - - 78.0 [72]
NaOMe PC:MeOH(1:4.1) 120 - - 77.0 [72]
Tetrabutyl ammonium chloride =~ PC: MeOH (1:8) 140 6  2.07 47.6 [91]
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The unique properties of ionic liquids (ILs) were also exploited in the transesterification.
Dharman et al. [75] reported the use of different ILs (1-alkyl-3-methyl imidazolium and
tetraalkyl ammonium salts) in the transesterification of EC under microwave irradiation. A DMC
yield of 81.7 mol% with 95.8% selectivity was obtainable by using tetrabutylammonium iodide
(TBAI) at 100 W microwave powers for 15 min. Abimanyu et al. [76] studied the activities of
MgO—CeO, mixed oxides modified by different ionic liquids (1-alkyl-3-methyl imidazolium
hexaflurophosphates, 1-butyl-3-methyl imidazolium trifluoromethanesulphonate and 1-butyl-3-
methyl imidazolium tetrafluoroborate) in the transesterification of EC. Catalytic activity was
increased by the involvement of ILs and was identified due to the enhancement of strength and
quantity of surface basicity of the catalyst. The catalyst prepared with 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF4]) showed the best activity (DMC yield = 56.6
mol% with 87% selectivity at 150 °C, liquid hourly space velocity (LHSV) = 3 h™). Wang et al.
[77] investigated the role of cations (1-butyl-3-methylimidazolium, 1-octyl-3-methylimidazolium
and tetrabutylammonium)/anions (CI’, Br, BF4, PF¢, bis(trifluoromthylsulfonyl)imide) of 1-
alkyl-3-methylimidazolium and quarternary ammonium salt based ILs in the transesterification
of EC, nevertheless they were unsatisfactory due to low DMC selectivity and high yield of
unwanted 2-hydroxyethyl methyl carbonate. At the same time, carboxylic functionalized
imidazolium salt showed the high DMC vyield (82 mol%) with 99% selectivity. Additionally,
silica-supported ILs (BMImBr-AS and QCI-MS41) were also reported for this reaction as
efficient recyclable catalysts [78, 79].

Although homogeneous inorganic bases and ILs efficiently catalyzed the reaction, their
separation and reuse is a big concern. In this context, solid base catalysts were attempted for the
reaction (Table 1.3). Watanabe et al. [80] reported the use of Mg-Al hydrotalcites in EC
transesterification. The catalyst was able to yield only 35 mol% DMC at 70 °C in 6 h in a batch
reaction. Feng et al [81] used amino functionalized MCM-41 as solid base catalyst in the
transesterification of EC in a fixed bed glass reactor to yield a DMC yield of 44 mol%. Sankar et
al. [82] reported a DMC yield of 80 mol% in the transesterification of EC at ambient conditions
over a sodium tungstate catalyst in a batch process. The group continued the study over CaO-
ZnO based catalysts with varying Ca/Ca+Zn ratios and reported a DMC yield of 84 mol% both
in batch and continuous reactions [83]. Wang et al [84] reported a DMC yield of 54 mol% in EC

transesterification over binary zinc-yttrium oxides (Table 1.3).
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Table 1.3. Activity comparison of solid catalysts for transesterification of EC/PC with methanol

Catalyst EC/PC:MeOH T t P DMC yield Ref.
(molar ratio) °C) (h) (MPa) (%)

K-TS-I EC:MeOH (1:4) 65 3 - 64.0 [85]
MgO EC:MeOH (1:4) 150 4 - 60.0 [92]
Smectite-Mg-Na EC:MeOH (1:8) 150 4 - 78.0 [93]
Smectite-Mg-Na-K EC:MeOH (1:8) 150 4 - 88.0 [93]
Na,WO04.2H,0 EC:MeOH (1:10)  RT 5 - 80.0 [82]
Amberlyst A-21 EC:MeOH (1:8) 120 14 85.0 [94]
MgO-CeO, EC:MeOH (1:8) 150 - 0.2 64.0 [95]
Mg-Al HT-C (Mg/Al=3) EC:MeOH (1:4) 70 6 0.1 35.0 [96]
Na-Dawsonite-C EC:MeOH (1:4) 70 6 0.1 65.0 [96]
Ca0-ZnO(Ca/CatZn=0.4) EC:MeOH (1:10) 27 4 - 83.0 [83]
Zn0O- Y,05(3:1) EC:MeOH (1:8) 65 1 - 54.0 [84]
Na-ZSM5 EC:MeOH (1:8) 70 - 80.0 [97]
THA-MS41 EC:MeOH (1:8) 180 4 1.17 76.3 [98]
Meso graphitic carbon EC:MeOH (1:10) 160 - 0.6 81.3 [99]
nitride

CaO PC:MeOH (1:4) 10 2 - 48 [100]
Fe-Zn Double metal cyanide PC:MeOH (1:10) 170 8 - 86.6 [87]
Au/CeO, PC:MeOH (1:10) 140 6 - 35 [101]
Egg shell PC:MeOH (1:10) 25 2 0.1 79 [102]
Mg-La oxide PC:MeOH (1:10) 150 2 - 55.9 [103]

Potassium exchanged TS-1 was reported as a catalyst by

Tatsumi et al. [85] in the

transesterification of EC. The catalyst produced 64 mol% of DMC at 65 °C in a 3 h reaction.

Wang et al. [86] reported the transesterification of PC with methanol in a continuous distillation

reactor over CaO-ZrO, catalyst (PC conversion = 95 mol% at 150 °C and 0.5 MPa pressure).

The catalyst was found to be stable in activity on a 250 h run. Srivastava et al. [87] reported the

use of a Fe*"-Zn*" double-metal cyanide catalyst in the transesterification of PC. The catalyst

was found to be the most active and selective than the reported catalysts. At a PC conversion of
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100 mol%, a selectivity of >99% and an isolated DMC yield of 86 mol% was achieved. Asahi
Kasei Corp. (Japan) and Chi Mei Corp. (Taiwan) have commercialized the EC transesterification
process in 2002 [88].
1.5.3. Direct utilization
1.5.3.1. One-pot synthesis of DMC from CO,, oxiranes and methanol

In order to eliminate the disadvantages of two step transesterification process (i.e.,
separation of intermediate EC/PC and subsequent transesterification with methanol) a one-pot

synthesis route was investigated (Scheme 1.4).

o (@) HO OH
N\ + CO; + 2CHzOH —— H3COAOCH3 * H C:
R 3

Scheme 1.4. One-pot synthesis of DMC from epoxides (EO/PO), CO, and methanol

Bhanage et al. [92] studied MgO as a catalyst for the one-pot synthesis of DMC from
EO/PO, CO; and methanol. The catalyst gave 96.1 mol% of EO and 99.2 mol% of PO
conversions with a DMC selectivity of 28.0 and 13.6%, respectively. Structure-activity
correlations concluded that strong and moderately strong basic sites to be essential in cyclic
carbonate formation, and moderately strong basic sites for transesterification. Cui et al. [104]
reported the reaction in supercritical CO, using a combination of KI and K,COs. Reaction
temperature and CO, pressure found to have a major role on the reaction rate and DMC
selectivity. Formation rate of DMC decreased with increase in pressure and increased with
increase in temperature [105]. Supporting KI and K,;CO;3; on ZnO increased the activity and
facilitated easy separation [106]. A number of other catalyst systems such as Re(CO)sCIl/K,CO3
[107], KOH/4A molecular sieve [108], n-BuNBr / n-BuzN [109], [bmim]/BF, [110], Mg
containing Smectite [111] and inorganic base/phosphonium halide functionalized polyethylene
glycol [112] has also been reported for the one-pot synthesis of DMC. Although this method is
advantageous in terms of low energy consumption and cost, it is limited because of low DMC
selectivity (< 40%).
1.5.3.2. Direct synthesis of DMC from methanol and CO,

Direct synthesis of DMC from CO, and methanol (Scheme 1.5) is the simplest and eco-

friendly approach than all the greener alternative routes existing for DMC production. However,
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due to thermodynamic and equilibrium limitations and kinetic barrier, its implementation in

commercial level is difficult.

0
CO, + 2CH;OH —~ H3C0)J\OCH3 + W0

Scheme 1.5. DMC synthesis from CO, and methanol

Thermodynamic parameters of various substances involved in the direct synthesis of
DMC are given in Table 1.4. Enthalpy (ArH6298 ) and Gibbs free energy (ArGezgg) of the reaction
at 25 °C are calculated with the assistance of enthalpy of formation (AfHe) and free energy of
formation (AfGe) values [113].

Table 1.4. Thermodynamic data of substances involved in the direct synthesis of DMC from
CO; and methanol [113]

Substance AH" (kI/mol)  A/G (kJ/mol) C, (0-127 °C, kJ/mol/K)
DMC(]) -613.78 -464.23 0.1095
H,0 (1) -285.83 -237.14 0.0753
CO:2(g) -393.51 -394.38 0.0371
CH;0H (1) -239.10 -166.60 0.0816
AH05=-27.90 kJ/mol (1.11)
AGo5 = 26.21 kJ/mol (1.12)

Positive ArG9 and negative ArHe values indicate the non-spontaneous and exothermic
nature of the reaction, respectively. Assuming C, being independent of temperature, heat of
reaction at different temperatures can be calculated with the help of Kirchoff law as,

AH,? = A H’ oosK) + ACp (T-298) = -23.29 - 0.0155T (1.13)

AG® at different temperatures can be calculated from Gibbs-Helmholtz equation as,

d (ArTGe) _ [23.29 ;(2).155 T] JT (1.14)

On integration and rearrangement, Eq. 1.14 transforms to Eq. 1.15.

AGY = [%?jm] ~23297|(3) - (5)| + 00155 TIn () (1.15)
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According to Egs. 1.13 and 1.15, as the temperature increases AH,’ becomes more
negative and A,Gr’ becomes more positive. Therefore, lower temperatures are preferable for

DMC synthesis [113].

The ArGep in terms of pressure, at constant temperature, can be calculated as follows.
dG =VdP - SdT (1.16)
dA,G =AVdp = (Vi- V,)dP (1.17)

when V,>> V|
dA,G =AVdp =-V,dP = -(RT/P)dP (1.18)

AG® = AG®- RT In(P/P?) (1.19)

Based on Eq. 1.19, an enormous pressure (> 2.41 x 10* MPa at T = 80 °C) is required to run the
reaction (A;G" becomes < 0) [113].

A wide range of homogeneous and heterogeneous catalysts were studied for this
synthesis route. Fang et al. [114] were the first to use inorganic bases (alkali metal hydroxides,
carbonates and alkoxides) as catalysts and CHsl as promoter in the synthesis DMC from CO, and
MeOH. K,CO; was found to be the best catalyst among them (DMC yield = 12.4 mol%-based on
methanol at 100 °C and 200 mmol of CO;). Bhanage et al. [115] investigated the reaction
mechanism and confirmed that CHsl participated in the reaction as a reactant than as a promoter.
Organotin alkoxides for instance dibutyltin dimethoxide showed 1.5 mol% DMC yield under an
operating condition of 20 MPa CO,, 150 °C and 15 h. The catalyst was deactivated by the
presence of byproduct water [116]. Choi et al. [117] used molecular sieve 3A and 2,2-
dimethoxypropane (DMP) as dehydrating agent to improve the DMC yield up to 28 mol% (30
MPa CO,, 180 °C and 24 h). Although organotin alkoxy compounds showed good activity, they
were unstable and are regarded as mammalian toxic reagents [31]. The same group developed a
Ti analogue of organotin compounds and reported a maximum DMC yield of 41 mol% in
presence of polyether type ligands (decyl-18-crown-6) under the same reaction conditions [118].
Nickel acetate showed good productivity (DMC yield = 3 mol%) even in the presence of water at
moderate reaction conditions of 10 MPa of CO; and 32 °C [119]. Alkaline metal free organic

catalyst (1,8-Diazabicyclo[5.4.0.Jundec-7-ene) with CH,Br, as solvent and hydrophobic ionic
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liquid ([BMIF]PFs) as promoter showed good catalytic activity of 48 mol% DMC yield at 70 °C,
18 h and 1 MPa of CO, [120].

Catalytic activities of several heterogeneous catalysts are presented in Table 1.5. Among
them, ceria, zirconia and tin-based systems were identified as the most effective due to their
acid-base properties. Tomishige et al. [121,122] have reported a set of ZrO; catalysts prepared by
the calcination of zirconium hydroxide at different temperatures. A maximum DMC yield of 1
mol% at 5 MPa CO; and 160 °C for 16 h was reachable on the catalyst calcined at 400 °C.
Acidic and basic sites present on ZrO, surface are responsible for DMC formation. In the
proposed reaction pathway, basic sites activate methanol and CO, and acidic sites assist the
formation of methyl group from the methanol. Later, this mechanism was confirmed by Jung et
al. [123] by in situ Fourier transform infrared (FTIR) and Raman spectroscopic techniques. The
same group also studied the performance of monoclinic and triclinic ZrO, and identified
monoclinic ZrO; to be superior in catalytic activity due to its high quantity and strength of basic
sites. Jiang et al. [124] improved the quantity and strength of acid sites of ZrO, by post acid
modification with H3PW ;040 and reached a DMC yield upto 4.3 mol% (Table 1.5, entry no. 3).
Unfortunately, the strong acid sites reduced the selectivity by favoring the byproduct formation
(dehydration of methanol to dimethyl ether). An appropriate strength of acidity and basicity is
essential for high DMC yield in MeOH + CO; reaction. Yoshida et al [125] reported CeO, as an
effective catalyst for the activation of CO, and methanol in direct synthesis of DMC (Table 1.5,
entry no. 4). Tomishige et al. [126] noticed an enhancement in catalytic activity in the case of a
Ce0,/ZrO; solid solution A DMC yield of 1.7 mol% was obtained over CeO,/ZrO, with the
composition of Ce/(Ce + Zr) at 20% (Table 1.5, entry no. 2 ). Other composite oxides like
Ga,03/CexZr; 4O, and H3PW 1,049 modified CeO, and Ce,Ti; 4O, were also found to be highly
active than pure CeO, and ZrO,. The enhancement in DMC yield was attributed to the increase
in amount of acidic-basic sites, synergetic effect and catalyst stability [127, 128]. Tkatchenko et
al. [129] demonstrated an improvement in DMC yield (> 4 mol% of DMC/Zr & Sn) with ZrO,
and SnO, supported on SiO,. Very recently, the effect of morphology of CeO, crystallites on
DMC yield was also investigated. CeO, with spindle morphology showed higher DMC yield
(0.43 mol%) than rods (0.28 mol%), cubes (0.19 mol%) and polyhedral morphology (0.038

mol%) [130]. All these studies concluded that both acidic and basic sites are essential for the
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reaction. Without a dehydration system the yields were very low. The maximum DMC yield
obtained was 5.0 mol% (ie. 10 mmol/gc,) (Table 1.5, entry no. 5).
Table 1.5. Solid catalyst systems for direct synthesis of DMC from CO, and methanol

No.  Catalyst T t P,  Water trapper DMC yield Ref
€O () (Mpa) (mol %)
1 V4(0}} 160 16 5 - 1 [122]
2 Ce0; - ZrO, 110 16 21 - 1.7 [126]
3 H3PW1,04¢/Z1O5 100 35 1 - 4.3 [124]
4 CeO, 130 4 6 - 0.7 [125]
5 H3PW1,040/Ceo.1 Tip9O, 170 12 5 - 5.0 [127]
6 Al,03/CeO;, 135 5 5 - 2.1 [135]
7 Rh/ZSMS5 120 na 0.1 - 0.2 [136]
8 SnO, 150 100 20 - 1.6 [137]
9 Sn-SBA-CHj3 150 70 20 - 0.75 [138]
10 Cu-Ni/graphite oxide 105 3 1.2 - 9.1 [131c]
11 Cu-Fe /Si0O; 120 - 1.2 - 4.6 [131e]
12 Ce0,-ZrO; 110 140 6 2,2Dimethoxypro 7.2 [139]
pane
13 CeO, 150 48 0.5 Acetonitrile 8.9 [140]
14 Zr0,-KCI-MgO 150 8 5 Butylene oxide 7.2 [141]
15 Ce 521950, 100 34 12 1,1,1Trimethoxy 10 [142]
methane
16 CeO, 150 86 1 Benzonitrile 47 [143]
17 Hydrotalcite 130 na na Silica lyogel (gas 16 [144]
phase reaction)
18 CeO, 120 12 5 2-cyanopyridine 94 [134]
(2-CP)

4CH;0H/CO; = 1/25 and residence time of 0.047 ml/min.

In addition to these discussed catalyst systems, several other heterogeneous catalysts such

as Cu-Ni and Cu-Fe bimetallic catalysts on different supports (DMC yield in the range of 3.7 to
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9.1 mol% at 100-120 °C and 1.2 MPa of CO,) [131], Mo-Cu-Fe/SiO; (6.1 mol% of DMC at 120
°C and 0.6 MPa of CO,) [132] and copper modified (Ni,V,0) photocatalyst (4.0 mol% of DMC
at 120 °C and 1.2 MPa of CO;) [133] were also investigated in the gas phase reaction system.
Gas phase reaction system is a dehydrating system, which is expected to constitute a water free
reaction system by purging with inert gas [57]. In order to avoid the equilibrium limitations of
DMC yield, removal of water with different chemicals and materials were also extensively
studied. The dehydrating agents used in the reaction are classified into two types. They are: (a)
non-reactive dehydrating systems and (b) reactive dehydrating agents. Non-reactive dehydration
systems include membrane separation (polyimide-silica hybrid membrane and NaA-type tubular
ceramic membrane) and inorganic adsorbents (molecular sieve 3A and silica lyogel). They can
improve the DMC yield up to 16% [57]. Reactive dehydrating agents, such as butylene oxide,
acetals (2,2-dimethoxy propane (DMP)), orthoesters (trimethoxymethane (TMM)), aliphatic and
aromatic nitriles (acetonitrile, benzonitrile and 2-cyanopyridine), etc., react with water and give
corresponding products such as butylene glycol, ketone, esters and amides [57]. Highest DMC
yield, 94 mol% (138.2 mmol/g.:) was achieved by using CeO, as catalyst and stoichiometric
quantity of 2-cyanopridine as a dehydrating agent (Table 1.5, entry no. 18) [134]. Reactive
dehydrating agents especially nitriles are more promising when considering the DMC yield.
Non-reactive dehydrating systems like molecular sieve are attractive in view of eco-friendliness.
Design of novel and competent catalysts along with in situ water removal techniques represent a
major challenge. At this stage, the process is far from commercialization. Development of a
stable catalyst with high productivity with economically favorable dehydration technology needs
a serious and systematic scientific research.
1.6. Solid oxide catalyst for DMC synthesis

Solid catalysts are the major representatives of industrial chemical research. In 2013, the
global demand of heterogeneous (solid) catalysts was more than 4,900 kt. This amount was
around 80% of the global market share. The solid catalyst technology is spread over various
sectors which include chemical manufacturing, petroleum refining, pharmaceuticals, polymer
synthesis, renewable fuel and transportation fuel production and several others. Chemicals
manufacturing is the major consumer of solid catalysts. It demands 1800 kt i.e., about 40% of the
total demand. It is expected to grow rapidly in coming years, especially in Asia Pacific and Latin

America. Environmental catalysis, petroleum refineries and polymer industry are the other major
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consumers of catalysts [145]. The new approaches in catalyst design and application always
make great impact on global catalyst market. Solid oxide catalysts are attractive in a commercial
perspective because of the ease of preparation and excellent/tunable physicochemical properties.
It is widely accepted that tuning the structure, morphology, composition, surface properties and
crystallographic phases for particular chemical reactions of oxide catalysts is a fascinating area
of research. Multi-component oxides and mixed metal oxides are used widely as catalysts in
academia and industry than simple oxides. Mixed metal oxides are the oxides which contain two
or more metal cations in a defined stoichiometry. Catalytic activity of such material is always
better than the physical mixing of individual oxides. It is quite difficult to say the exact active
site on those catalysts, because of the chemical and structural complexity. The arrangement of
one metal ion depends on the nature and chemical environment of the other, which ultimately
influences the catalytic activity [146].
1.6.1. Hydrotalcites and their derivatives

Hydrotalcites (HTs) are layered double hydroxides with general formula: [M2+(1_X)M3+X
(OH),T* (A" ). yH,0, where M*" and M>" are di- and trivalent metal ions and A™ are interlayer
anions (Fig. 1.7). HTs are structural analogues of brucite structure. In the brucite structure,
Mg(OH)s" octahedrol unit forms an infinite sheet by sharing the edges, which is then stacked
over one another through H-bonding interactions. To form HTs, a part of bivalent metal ions in
the brucite structure is isomorphically substituted with trivalent metal ions resulting in an excess
positive charge in the layers. This extra positive charge is balanced by anions such as CO;”,
NOj, F and CI” present in the interlayer (anionic clay). Water of crystallization is also present in
the interlayer galleries. These anions and water molecules are loosely bound and capable of
moving over the layers through bond breaking and making phenomenon. The interlayer distance
of HT structure depends on the number, size, orientation and strength of bond between anions
and hydroxyl groups [147]. HTs can be used as an additive in polymers and as a precursor for
magnetic materials. The main advantage of HTs as catalysts is their tunable acid-base properties.
They have been used as effective catalysts in base-catalyzed organic reactions such as
hydrogenation, polymerization, steam reforming and transesterification, and in medicine as

antacid, antipeptin and stabilizer [147-149].
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Fig. 1.7. Pictorial representation of HTs [150]

Calcination of HTs above 400 °C results in dehydration, dehydroxylation and
decarbonylation to form homogeneous mixed metal oxides. Mixed oxides derived from HTs
possess high surface area, basic properties and a homogeneous mixture of oxides with small
crystallite size and high thermal stability to be used as catalysts [147]. They are relatively cheap,
do not contain toxic metals and present enhanced stability both at high temperatures and in
aqueous solutions [149].

1.6.2. Sodium titanate nanotube

Titanium dioxide (TiO,) is a well-known transition metal oxide which is non-toxic, eco-
friendly and corrosion resistant for material applications. It has also been used in a number of
chemical transformations as catalyst. The catalytic activity of these materials depends on their
surface area which can be increased by reducing their crystallite size. Nano-range geometries
such as nanotubes and nanorods allow modifying their physical, chemical and electronic
properties with increase in surface area. Kasuga et al. [151] reported a novel method to
synthesize mesoporous sodium titanate nanotubes in a non-templated, hydrothermal approach. In
their procedure, TiO, was treated with a highly concentrated NaOH solution (> 6 M) followed by
aging at a given temperature (100 - 180 °C) for a specified time (20 - 170 h) (Fig. 1.8). The
product obtained was identified to be hydrous sodium trititanate with chemical formula
Na,Ti307.nH,0. Sodium is essential for stabilizing the nanotubular structure. They are promising

catalysts and catalyst supports in heterogeneous catalytic reactions (hydrogenation,
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transesterification, oxidation, etc) due to excellent textural properties, high sodium content and

good ion exchange ability [152-154].

wal
10 M NaOH "y,

21 KN
— ’w —
Hydrothermal treatment : ;\‘ !‘ A
»\

B~/ N

TiO, Sodium titanate nanotubes

Fig. 1.8. Schematic representation sodiumtitanate nanotube formation.

1.6.3. Zirconium phenyl phosphonate phosphite

Zirconium phosphonates are layered materials with molecular formula Zr(O3PR),. In the
structure, the planes of Zr*" ions are linked through oxygen atoms of phosphonate groups. The R
groups (organic compounds, H and OH) are oriented alternatively above and below in a bilayer
fashion in the interlayer region [155]. Structural analogues of zirconium phosphonates permit

materials with unique surface characteristics.
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Fig. 1.9. Tentative structures of ZrPP
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Zirconium phenyl phosphonate phosphite (ZrPP) (Fig. 1.9) is a structural derivative of
Zr(OsPR); with molecular formula Zr(C¢HsPO3), <(HPO3)x, where x varies between 0.8 and 1.7
according to phenyl phosphonic acid to phosphorous acid molar ratio, preparation method, etc.
[156]. They are prepared by two methods: (a) slow decomposition of ZrF¢* in presence of a
mixture of organic phosphonic acid and phosphorous acid and (b) rapid precipitation of
zirconium salt with phosphorous acid and phosphonic acid mixture. Former method allows the
formation of highly staged and crystalline material in which the organic and inorganic groups are
separated in the adjacent layers where as the later method results in the formation of an
amorphous material with each phosphonate group positioned opposite to phosphite group [157].
1.6.4. Cerium oxide

Ceria (CeO,) is the most abundant rare-earth oxide present in earth’s crust. It is a well-
known material in the field of heterogeneous catalysis especially in pollution abatement, steam
and dry reforming of hydrocarbons and oxygenates, CO oxidation and preferential CO oxidation
in presence of H, (PROX), water—gas shift (WGS) reaction and several organic reactions [158].
Apart from these applications, ceria is also used as a cathode, anode and electrolyte material in
solid oxide fuel cells (SOFCs) and in biomedical applications (neuroprotective activity,
retinopathy, cancer therapy, biosensors, etc.) [159,160]. A distinctive combination of high oxide
ion diffusivity, high oxygen storage/release capacity and redox properties make it more versatile
in different fields. CeO; crystallizes in highly stable fcc cubic fluorite structure (Fig. 1.10).
CeO, can be precipitated by using different precipitating agents such as alkaline solutions,
ammonia and urea in the presence and/or absence of templates to tailor its shape and fine tune its

properties (defect concentration and density of oxygen vacancies) [161].

Fig. 1.10. Crystal structure of CeO, (@O, Ce) [162]
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1.7. Scope and objective of the work

DMC synthesis has attained a great interest in recent times due to its potential as a
reagent in the synthesis of commercially important chemicals and as a fuel additive. Due to its
unique properties and eco-friendly nature, DMC is able to find wide range of applications in
various sectors of chemical industry. Several studies show that DMC has low toxicity, better
evaporation rate and high biodegradability compared to other alternatives. Synthesis of DMC
through oxidative carbonylation of methanol and other conventionally used industrial methods
need to be replaced with eco-friendly green routes. Its synthesis via direct or indirect conversion
of cheap, non-toxic, non-flammable and abundant C,-feedstock, CO; is attractive because of its
significant role in mitigating global warming and climate change issues. Design of stable and
efficient catalyst systems to activate and convert CO, into DMC at a commercial level is highly
desirable. Transesterification of cyclic carbonate with methanol is one of the viable routes for
producing DMC. However, the hitherto known catalyst systems are energy intensive and less
productive. Design of stable, highly active, solid base catalyst is crucial for this route. On the
other hand, direct synthesis of DMC from CO, and methanol is important. This method is more
challenging due to its equilibrium limitation and non-spontaneous nature. In order to overcome
these limitations, development of a highly efficient catalyst with suitable dehydrating system is
indispensable.

The present work deals the use of solid base and solid acid-base bi-functional oxide
catalysts for making DMC through transesterification of cyclic ethylene and propylene
carbonates with methanol and direct methanolysis of CO,. Catalytic activities of four sets of
solid oxide catalysts: HT-derived mixed oxides and sodium titanate nanotubes (solid base
catalysts for transesterification of cyclic carbonate) and calcined zirconium phenyl phosphonate
phosphite and CeO, of different morphology (solid acid-base bi-functional catalysts for CO, +
methanol reaction in the presence of different dehydrating agents) for DMC synthesis were
explored. The influence of reaction parameters on catalytic activity was probed. One of the
objectives of this study is to find out the governing factors influencing catalytic activity of said
solid catalysts through structure-activity correlations.

1.8. Organization of thesis
The thesis is divided into seven chapters. A short narration of the contents of each chapter

is given below.
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Chapter 1 presents a general introduction to properties, advantages and applications of
DMC. It describes the conventional and green synthetic routes for making DMC. It reports
different solid oxide catalyst systems employed for the direct and indirect conversion of CO, into
DMC. Finally the objectives and scope of the work are presented.

Chapter 2 illustrates the synthesis methodology of different solid catalysts used in this
study. It also presents the various physicochemical characterization technique used in this work.
A brief description of reaction procedures and product analysis is also provided. The various
solid oxide catalysts investigated in the present work are:

1) Hydrotalcite (HT)-derived mixed oxide (for transesterification of cyclic ethylene and

propylene carbonates (EC/PC) with methanol),

2) Sodium titante nanotubes (NaTNT) (for transesterification of EC/PC with methanol),

3) Calcined zirconium phenyl phosphonate phosphite (ZrPP-C) (for direct synthesis of

DMC from carbon dioxide (CO,) and methanol), and

4) Ceria (CeO,) of different morphologies (for direct synthesis of DMC from CO, and

methanol).

Chapter 3 presents DMC synthesis through transesterification of cyclic carbonate with
methanol over La-Mg-Al mixed oxides. Mg-Al HT modified with rare-earth elements (La’",
Ce’, Y**, Pr'" and Sm’") and different mol% of La were prepared by a co-precipitation method.
Calcination of these precursors yielded ternary lanthanum-magnesium-aluminum oxides. Among
the catalysts, La (10 mol%) modified HT showed the highest activity (DMC yield = 95 mol%
and 58 mol% (from EC and PC, respectively)) at moderate reaction conditions (80 °C and 4 h
for EC + MeOH and 150 °C and 2 h for PC + MeOH). The influence of reaction parameters and
calcination temperature on catalytic activity was also investigated. Kinetic parameters were
determined for EC as well as for PC transesterifications. This catalyst was found to be reusable
without loss in activity in at least four cycling experiments. The basicity of the catalyst plays a
crucial role in its catalytic activity.

Chapter 4 discusses the application of NaTNT catalyst in the transesterification of
EC/PC. The catalytic activity of Na,Ti3;0; nanotubes obtained by alkaline hydrothermal
treatment was investigated for the cyclic carbonate transesterification at ambient reaction
conditions. The influence of reaction time and catalyst amount on the DMC yield was studied.

They are highly active yielding 90% of DMC from EC at room temperature and 66% of DMC
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from PC at 100 °C. Kinetic study has been carried out at three different reaction temperatures
and at varying reaction times, which revealed that the activation energy required for this catalyst
is lower than other known catalysts. It was found that basicity with high surface accessibility to
reactants is the principal factor that drives this reaction efficiently.

Chapter 5 discusses the direct synthesis of DMC from CO, and methanol over calcined
zirconium phenyl phosphonate phosphite (ZrPP-C) catalysts. ZrPP of different composition and
crystalline nature were prepared by changing the synthesis procedure (phosphorous
acid/phenylphosphonic acid molar ratio, use of HF and calcination temperature). Controlled
calcination of ZrPP resulted in the formation of zirconium pyrophosphate like structure with bi-
functional sites. This hydrophobic, acid-base bi-functional catalyst was highly active in DMC
synthesis from CO, and methanol yielding 8.03 mmol/g of DMC at 170 °C for 12 h. The
activity was further improved up to 26.06 mmol/g of DMC by using dimethyl formamide (DMF)
(10 ml) and 3A-molecular sieves (0.5 g) as solvent and water scavenger, respectively. The role of
acid-base sites, hydrophobicity and other structural- textural properties on catalytic activity and
stability were established by methodical characterization and structural-activity correlations.

Chapter 6 presents the factors influencing catalytic activity of CeO, on the direct
synthesis of DMC in presence of stoichiometric quantities of 2-cyanopyridine as the reactive
dehydrating agent. CeO, of varying morphology (cubes, rods, spindles and no definite shape)
was used as a catalyst. CeO, with spindle morphology (Ce-S) was found to be superior in
catalytic activity. The influence of reaction parameters and calcination temperature on DMC
yield of spindle catalyst was also investigated. Defect site concentration and medium type
acid/base site ratio of CeO, markedly influenced its catalytic activity/selectivity. The highest
catalytic activity of Ce-S was attributed to its spindle morphology having a right balance of
medium acid-base sites and defect centres.

Chapter 7 furnishes an overall summary and conclusion of the thesis work.

By and large, this thesis contributes towards developing an eco-friendly, sustainable
catalytic process for making DMC through transesterification of cyclic carbonate with methanol,
and direct synthesis from CO; and methanol. Factors influencing the catalytic performance of

solid oxide catalysts for these reactions were investigated.
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2.1. Introduction
This chapter describes the synthesis methodology of solid oxide catalysts investigated in
this thesis. A concise narration of physicochemical characterization techniques used and the
reaction procedure adopted for the synthesis of dimethyl carbonate (DMC) is provided. The solid
catalysts used in the study are as follows:
1) Hydrotalcite (HT)-derived mixed oxide (for transesterification of cyclic ethylene and
propylene carbonates (EC/PC) with methanol),
2) Sodium titante nanotubes (NaTNT) (for transesterification of EC/PC with methanol),
3) Calcined zirconium phenyl phosphonate phosphite (ZrPP-C) (for direct synthesis of
DMC from carbon dioxide (CO,) and methanol), and
4) Ceria (Ce0O,) of different morphologies (for direct synthesis of DMC from CO, and
methanol).
The catalysts were characterized by powder X-ray diffraction (XRD), N,-physisorption,
thermogravimetry (TG), scanning electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), Fourier-transform infrared spectroscopy (FTIR), FT-Raman
spectroscopy and *’Al & *'P magic-angle spinning nuclear magnetic resonance spectroscopy
(MASNMR). The chemical composition of the catalysts was determined using inductively
coupled plasma-optical emission spectroscopy (ICP-OES), micro elemental analysis and energy
dispersive X-ray analysis (EDX). The acidic and basic properties of the catalysts were
determined by temperature-programmed desorption techniques (TPD) using NH3 and CO, as
probe molecules, respectively. Catalytic activities of the above materials were tested for DMC
synthesis by indirect (transesterification of EC and PC with methanol) and direct (reaction of
CO; with methanol) means of utilization of CO;. Product analysis and quantification was done
using 'H NMR and gas chromatographic (GC) techniques.
2.2. Catalyst preparation
2.2.1. Hydrotalcites-derived mixed oxides
A hydrotalcite (HT) with Mg : Al molar ratio of 2:1 was prepared by a co-precipitation
method [1,2]. In a typical synthesis, 8.2 g of Mg(NO3),.6H,O (Merck, India) and 6 g of
AI(NO3);.9H,0 (Merck, India) were dissolved in 75 ml of distilled water. In a separate beaker,
50 ml of distilled water was taken and the pH was adjusted to 10 using a solution containing

NaOH and Na,CO; (3 M each; Thomas Baker). To it, the above-metal precursor solution was
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added slowly while stirring continuously for 2 h while maintaining the pH of the contents at 10.
The slurry obtained was transferred into a 250 ml Teflon-lined stainless steel autoclave and aged
at 90 °C in an electric oven for 24 h. The solid (HT-as-syn) formed was separated by filtration
and washed thoroughly with deionized water until the pH of the wash was 7. It was dried at 90
°C. The calcined form of HT-as-syn (600 °C for 6 h) was designated as HT-C.

Catalysts with varying amounts of La’" (2, 5, 8 and 10 mol% with respect to AI’") and
other rare-earth ions (8 mol% of Y**, Ce’", Pr’*, and Sm’" with respect to AI’"; Mg*" : (AI’" +
Ln’")= 2) modified HTs were prepared in a similar manner. Nitrate salts of rare-earth ions
(Thomas Baker or Leonid Chemicals) were used as precursors. The modified catalysts, thus
prepared, were designated as HT-X M, where M stands for rare-earth ion and X represents mol%
of rare-earth ion incorporated. Calcined samples of these modified HT were designated as HT-X
M-C.

For comparative study, MgO-La,0; (2:1 molar ratio) and "neat" MgO were also prepared
adopting a similar procedure.
2.2.2. Sodium titanate nanotubes

Sodium titanate nanotubes (NaTNT) were prepared by a hydrothermal synthesis method
[3]. In a typical preparation, 10 g of anatase-TiO, powder (Merck India) was suspended in 200
ml of aqueous NaOH solution (10 M) and transferred into a 250 ml Teflon-lined stainless steel
autoclave and placed in an electric oven maintained at 120 °C for 7 days. The solid formed was
filtered, washed with deionized water until the pH of the water wash became 7 and dried at 110
°C for 12 h. The solid obtained was designated as NaTNT.
2.2.3. Calcined zirconium phenylphosphonate phosphite

Zirconium phenylphosphonate phosphite samples were prepared in the presence (ZrPP-
HF) and in the absence of HF (ZrPP-X; X stands for the molar ratio of phosphorous acid
(H3PO3) to phenylphosphonic acid (C¢HsPOs3) used in the synthesis) [4,5].
2.2.3.1. Synthesis of ZrPP-HF-C

In a typical synthesis of ZrPP-HF, solution-A was prepared dissolving 4 g of
ZrOCl,.8H,0 (Loba chemie) in 20 ml of distilled water and 9 ml of concentrated HF (Thomas
Baker) taken in a polyethylene beaker. Solution-B was prepared dissolving 1.06 g of
phenylphosphonic acid (Spectrochem) and 26.8 g of phosphorous acid (Loba chemie) in 50 ml of

distilled water taken in a polyethylene beaker. Solution-A was added to solution-B with
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continuous stirring over 30 min. The beaker containing solution A was rinsed with 14 ml of
water and the contents were added to the above reaction mixture which was then, heated at 70 °C
for 34 h (placing in an temperature-controlled oil bath) till it got dried completely. The material
(ZrPP-HF), thus formed, was washed with 2 1 of distilled water and dried at 90 °C overnight.
ZrPP-HF-C was prepared calcining ZrPP-HF at 550 °C for 2 h.
2.2.3.2. Synthesis of ZrPP-1-C

In the preparation of ZrPP-1, phenylphosphonic acid (1 g; 6.3 mmol) and phosphorous
acid (0.52 g; 6.3 mmol) were dissolved in 20 ml of distilled water. To that, 2.04 g of
ZrOCl,.8H,0 (6.3 mmol) dissolved in 5 ml of distilled water was added drop-wise during a
period of 10 min. The mixture was heated to dryness at 90 °C for 3 h placing in a temperature-
controlled oil bath. The solid was recovered, washed with 500 ml of distilled water and dried at
90 °C overnight. The solid obtained was designated as ZrPP-1. ZrPP-1-C was prepared by
calcining ZrPP-1 at 550 °C for 2 h.
2.2.3.3. Synthesis of ZrPP-2-C and ZrPP-3-C

ZrPP-2 and ZrPP-3 were prepared in the same manner as described for ZrPP-1 but using
phosphorous acid : phenylphosphonic acid molar ratios of 2:1 and 3:1, respectively. Calcination
of those materials at 550 °C for 2 h yielded ZrPP-2-C and ZrPP-3-C, respectively.
2.2.3.4. Zirconium pyrophosphate

ZrP,0O; was prepared as per the known procedure [6]. In a typical synthesis, 50 g of
ZrOCl,.8H,0 was dissolved in 100 ml of distilled water. To it, 20 ml of phosphoric acid (H3POy;
88%  solution; Thomas Baker) was added drop-wise. The white precipitate obtained was
separated by filtration and washed with distilled water until it was chloride free. The solid cake
obtained was dried at 120 °C for 12 h and then, calcined at 500 °C for 5 h.
2.2.4. CeO, of different morphologies

CeO, samples of varying morphology were prepared by non-template, hydrothermal
synthesis methods [7, 8].
2.2.4.1. Spindles

CeO, with spindle morphology was prepared as follows: 1.042 g of Ce(NOs);.6H,O
(Loba Chemie) and 0.384 g of urea (Merck, India) were dissolved in 80 ml of milli-Q water at
room temperature. It was stirred for 15 min. The transparent solution obtained was transferred

into a 100 ml Teflon-lined stainless steel autoclave. It was placed in a rotating hydrothermal

42



Chapter- 2: Experimental methodology

synthesizer (Hiro Co., Japan) and heated at 120 °C for 8 h (rotation speed = 30 rpm). The
precipitate formed was separated, washed with 2.5% of ethanol in water (~ 500 ml). After drying
at 80 °C for 24 h, the product was calcined at 600 °C for 5 h and was designated as Ce-S.
2.2.4.2. Cubes

CeO; with cube-shaped morphology was prepared as follows: 1.736 g of Ce(NO3)3;.6H,O
was dissolved in 10 ml of milli-Q water (solution-A). 19.2 g of NaOH (Thomas Baker) was
dissolved in 70 ml of milli-Q water (solution-B). The latter was added to the former with
continuous stirring at room temperature over 15 min to get a purple slurry, which was transferred
into a 100 ml Teflon-lined stainless steel autoclave. It was placed in a rotating hydrothermal
synthesizer (Hiro Co., Japan) and heated at 180 °C for 24 h (rotating speed = 30 rpm). The
precipitate formed was separated, washed with 2.5% ethanol in water until the pH of the
washings became 7. After drying at 80 °C for 24 h, the product was calcined at 600 °C for 5 h
and was designated as Ce-C.
2.2.4.3. Rods

CeO, with rod-shape morphology was prepared by using same procedure adopted for the
synthesis of Ce-C except that the synthesis temperature was 100 °C instead of 180 °C. The final
sample obtained after calcination was designated as Ce-R.
2.2.4.4. No-definite morphology

For the comparative study, CeO, with no definite morphology was also prepared. In a
typical synthesis, 6.31 g of Ce(NO;);.6H,O was dissolved in 180 ml of distilled water and
transferred into a triple-necked, glass, round-bottomed flask fitted with a water cooled
condenser. Then, it was kept in an oil bath maintained at 80 °C. In the next step, aqueous NaOH
solution (0.1 M) was added to it drop-wise for 1 h with constant stirring while maintaining the
pH at about 10. Stirring was continued for another 3 h. It was cooled to room temperature. The
precipitate formed was separated by filtration and washed several times with distilled water until
the pH of washings was 7. The solid obtained was dried at 80 °C for 24 h and calcined at 600 °C
for 5 h. It was designated as Ce-N.
2.3. Catalyst characterization techniques
2.3.1. X-ray powder diffraction

XRD is an important characterization technique for phase identification and

determination of the percentage of crystallinity and average crystallite size of a catalyst material.
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Each crystalline solid has a unique XRD pattern which is a “fingerprint” for its identification.
The interaction of monochromatic X-rays with the sample results in constructive interference of
diffracted X-ray beams when the Bragg’s Law [9] given by Eq. (2.1) is satisfied.

nA = 2dsin@ (2.1)

Here, A is the wave length of X-rays, d is the distance between two lattice planes, 0 is the angle
of incidence with lattice plane (called Bragg's angle) and "n" is an integer that represents the
order of reflection. Output of the diffraction measurement is a plot of intensity of diffracted X-
rays versus incident angle. Analysis of the position, area and shape of diffraction peaks allows
the identification of lattice parameters, type and composition of phase present, percentage
crystallinity and crystallite size of the sample. Average crystallite size can be estimated using the

Scherrer equation (Eq. 2.2),
1= K\/BcosO (2.2)

where 7 is the mean size of the ordered (crystalline) domains (which may be smaller or equal to
the grain size), K is a dimensionless shape factor, with a value close to unity, but varies with the
actual shape of the crystallite, 4 is the X-ray wavelength and g is the line width at half the
maximum intensity (FWHM). Generally, heterogeneous catalysts exist as polycrystalline
powders. Sharp diffraction pattern is observed only when the sample possesses a sufficiently
long range order [9-12].

The XRD patterns of the catalyst samples in the present study were recorded on a Philips
X'pert Pro diffractometer using Cu-Ka radiation (A = 0.15406 nm) and a proportional counter
detector. The diffraction patterns in the low-angle region (20 = 0.5 - 5°) were recorded at a scan
rate of 0.2°/min and those in the high-angle region (20 = 5 - 90°) were recorded at a scan rate of
4°/min. The step size in the measurements was 0.02°.
2.3.2. Na-physisorption

Gas adsorption techniques are commonly employed for determining surface area and
porosity of a catalyst sample [13]. Typically, dinitrogen at liquid nitrogen temperature (-196 °C)
is used as an adsorbate for determining the properties of adsorbent, although many other
adsorbates have also been used. Determination of the adsorption isotherm is a preliminary step in

the estimation of pore properties. An adsorption isotherm is attained by measuring the amount of
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gas adsorbed across a wide range of relative pressures at a constant temperature. Contrarily,
desorption isotherms are formed by measuring removed gas as pressure is reduced. The shape of
isotherm depends on the porous structure of a solid. The hysteresis of adsorption isotherms gives
an idea about the pore shape. Total pore volume, average pore size and pore size distribution are
the important textural parameters. Its determination is based on the fact that the adsorbate gas
condenses into a liquid on the capillary pores at lower pressure relative to the saturated vapor
pressure of the adsorbate. Total pore volume is obtained from the amount of gas adsorbed at a
relative pressure close to unity. At such a condition, it is assumed that pores are filled by the
liquid adsorbate [13,14].

Brunner-Emmet-Teller (BET) model is the most accepted method for calculation of
monolayer coverage of the adsorbate. The basic assumptions of BET model are the following:
(1) The heat of adsorption of first layer is constant and lateral interactions are ignored. (2) Rate
of adsorption of any layer is equal to the rate of desorption of the next layer lying above it. (3)
The heat of adsorption of second and all the other layers is equal to the heat of liquefaction of

gas [15]. For infinite number of layers, the adsorption is defined by Eq. (2.3),

V[(PT;)_l] =t t e (pi) (2.3)

where V is the volume of gas adsorbed at a pressure P, Vy, is the volume of adsorbate as
monolayer, P, is the saturation vapor pressure of adsorbate, P/P, is the relative vapor pressure
and C is the BET constant related to heat of adsorption and liquefaction. This equation is of the
linear form with an intercept 1/V,C and slope of (C-1)/Vy, C. Substituting the value of Vy,, the
total surface area (S;) of a material can be determined using the following equation (Eq. (2.4))

[15,16],
Sy =2 2.4)

where N is Avogadro number, ¢ is cross sectional area of adsorbed molecule and V is molar
volume of adsorbate gas. For nitrogen molecule, the generally accepted value of o is 0.162 nm”.
Specific surface area is then determined from the total surface area. The volume of liquid

nitrogen adsorbed on the pores is calculated using Eq. (2.5).

v, = P‘;"%Va (2.5)
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where P and T are the ambient pressure and temperature, respectively, V, is the volume of
nitrogen adsorbed, V,, is the molar volume of liquid adsorbate. The average pore size can
calculated using pore volume. The evaluation of pore size distribution of the material is carried
out mostly on the basis of Barret, Joyner and Halenda model, where speculative emptying of the
pores by a step-wise reduction of P/P,, and allowance for the contraction of the multilayer in
those pores already emptied by condensation are considered [17]. The pore size distribution is
represented as a plot of AV,/Ar,, versus rp,, where V,, is the pore volume and r;, is the pore radius.

All these measurements in the present work were carried out using a Quadrasorb SI
automated surface area and pore size analyzer (Quanta Chrome / NOVA 1200 equipment).
Before the adsorption study, the sample was degassed at 200 °C for 3 h in vacuum (50 - 500 milli
torr). After degassing, the sample was cooled to room temperature and the weight was recorded.
The degassed sample was then analyzed in the relative pressure range of 0.01 to 0.99. The
standard isotherm was measured with 40 data points. The specific surface area of the samples
was determined by the BET method using the data points in the relative pressure (P/P,) region of
0.05 - 0.3. The total pore volume was determined from the uptake of adsorbate at a relative
pressure (P/P,) of 0.99. A reference alumina sample (supplied by Quanta chrome, USA) was
used to calibrate the instrument. The pore size distribution was determined using the desorption
branch of the isotherms with the help of the BJH model.
2.3.3. Inductively coupled plasma-optical emission spectroscopy

ICP-OES is an emission spectrophotometric technique, where the component elements
(atoms) are excited by the explosion of plasma energy. These excited electrons emit energy at a
specified wavelength as they return to ground state. This emission is determined and the element
present in the composition of the catalyst sample is detected from the position of the emission.
The basic feature of this process is that each element emits energy at particular wavelength. The
intensity of the energy emitted at a particular wavelength is proportional to the concentration of
that element in the analyzed sample [18]. Accordingly, the elemental composition of the given
sample can be estimated. A solution form of the sample is required to carry out ICP-OES
analysis. Sample for the analysis can be made either by a combined acid attack (making use of
HF, HNO; and HCI) or by a LiBO, flux-fusion technique. The acid digestion procedure results
imperfect in the examination of obstinate elements such as Ti, Cr, and Zr because their host

minerals are often difficult to dissolve. The flux-fusion approach is promising because of
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numerous reasons: (1) HF is not involved, (2) it is a complete dissolution technique, permitting
determination of all elements, including Si and the refractory elements and (3) the resultant
solution is similar in composition of the catalyst [18].

In this thesis, the composition of ions in the oxide samples was determined using Spectro
Arcos ICP-OES equipment. A known quantity (2-10 mg) of the catalyst was dissolved in a
minimum amount of HNO; and made up to the required volume before using in the ICP-OES
analysis.
2.3.4. Fourier transform infrared spectroscopy

FTIR spectroscopy measures the absorption of infrared radiation by the catalyst sample.
When the applied infrared frequency is equal to the frequency of vibration of the molecule,
absorption of IR radiation happens at that particular frequency. Only the vibrations associated
with a change in dipole moment of the molecule result in an absorption band in IR spectoscopy.
Solid samples can be examined by grinding a milligram of the sample with about 100 mg of
KBr. The combination is then hard-pressed to create a transparent disk. In the reference beam
path a disk of pure potassium bromide is placed [19, 20]. FTIR spectra of the samples used in
this thesis were recorded on a Shimadzu 8201 spectrophotometer in the region of 400-4000 cm™,
with an accumulation of 100 scans at a spectral resolution of 4 cm™.
2.3.5. FT-Raman spectroscopy

A monochromatic light, for example laser, incident on the molecule originates elastic and
inelastic scattering of photons. Photon undergoing scattering without energy exchange is called
elastic scattering, also known as Rayleigh scattering. Raman spectroscopy relies on the inelastic
scattering of photons (scattering with energy change). The frequency of the reemitted photons is
shifted up or down in comparison with original monochromatic frequency, which is called the
Raman effect [21]. In Raman spectra, all the vibrations are not noticeable like in IR
spectroscopy. The vibration which causes the change in polarizability of the molecule is Raman
active. The laser beam can be considered as an oscillating electromagnetic wave with an
electrical vector E, which induces electric dipole moment by the interaction with the sample,
leads molecular deformation. Such a periodic deformation results in the vibration of molecule at
a particular frequency. Consequently, the Raman shift provides information about the
vibrational, rotational and other low frequency transitions in molecules [19, 22]. Raman

spectroscopy 1is an important characterization tool for solid catalysts which includes
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determination of the nature of molecular species and structure of non-crystalline phases,
identification of active species formed during catalyst preparation and pretreatment, detection
and quantification of defect sites. It is an important technique to examine oxidic catalysts [19].
FT-Raman spectra of the oxides were recorded on a Horiba JY Lab Raman HR 800 micro
Raman spectrometer using 630 nm wavelength generated by a He-Ne laser operating at 20 mV.
The samples were prepared as loosely pressed circular discs on a glass plate for analysis.
2.3.6. MAS NMR

MAS NMR is a characterization technique used for solid samples to acquire high
resolution NMR data. It was developed to overcome the line broadening observed in solid state,
especially in powdered samples, due to their large anisotropic interactions such as dipolar
coupling and chemical shift anisotropy, in contrast to liquid NMR. Powdered solid sample
encompass several crystallites with random orientation and all those give different spectra, which
makes the overall spectrum of a powdered sample complicated. In MASNMR, the sample is
spun around an axis at magic angle (0., = 54.74°) with respect to the stationary field. The sample
is spun at higher rate than the anisotropy of the interaction. The anisotropic interactions are
averaged and thereby, signal narrowing is observed [23-25]. ’Al and *'P MASNMR spectra of
hydrotalcites and ZrPP were recorded on a Bruker AV300 NMR spectrometer using 4 mm
sample rotors. Samples were spun at a speed of 8 kHz. A single pulse sequence was applied and
the NMR measurements were performed at 25 °C.
2.3.7. Scanning electron microscopy/Energy dispersive X-ray analysis

SEM is used for examine the morphological characteristics of materials. SEM scans over
a sample surface with a probe of electrons (5- 50 eV) and detects the yield of either secondary or
back-scattered electrons as a function of the position of the primary beam. Contrast is generally
caused by the orientation of the sample towards detector. Parts of the surface facing the detector
appear brighter than the surface pointing away from the detector. The interaction between the
electron beam and the sample generates different kinds of signals providing detailed information
about the surface structure and morphology of the sample [19]. When an electron from the beam
encounters a nucleus in the sample, the resultant Coulombic attraction leads to a deflection in the
electron's path, known as Rutherford elastic scattering. A fraction of these electrons will be
completely backscattered, re-emerging from the incident surface of the sample. Since the

scattering angle depends on the atomic number of the nucleus, the primary electrons arriving at a
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given detector position can be used to produce images containing topological and compositional
information [26]. SEM is also proficient for carrying out analysis of selected point regions on the
sample, which is particularly important in qualitatively or semi-quantitatively determination of
chemical composition by using EDX. The composition of the material is resolved by measuring
the characteristic X-rays that are generated by the contact of the electrons with matter. SEM
images of the catalyst samples in this work were recorded a Leica 440 instrument operating at
100 kV. The samples for the analysis were prepared by dispersing the catalyst (0.005 - 0.008 g)
in isopropanol (5 ml) by ultrasonication (0.5 h) at room temperature and drop casting the solution
(2 - 3 drops) on the holy carbon grid. It was dried at room temperature for 12 h and then used for
analysis.
2.3.8. Transmission electron microscopy

TEM is generally used for high resolution imaging of thin films of a solid sample for
micro structural and compositional analysis. It reveals particle size distribution, metal dispersion,
morphology and chemical composition of the supported metal particles. The technique involves:
(1) irradiation of a very thin sample by a high-energy electron beam, which is diffracted by the
lattices of a crystalline or semi-crystalline material and propagated along different directions, (ii)
imaging and angular distribution analysis of the forward scattered electrons (unlike scanning
electron microscopy where backscattered electrons are detected) and (iii) energy analysis of the
emitted X rays [27]. In detail, a primary electron beam of high energy and high intensity passes
through a condenser to produce parallel rays, which impinges on the sample. As the attenuation
of the beam depends on the density and thickness, the transmitted electrons form a two-
dimensional projection of the sample mass, which is subsequently magnified by the electron
optics to produce the so-called bright field image. The dark field image is obtained from the
diffracted electron beams, which are slightly off angle from the transmitted beam. Typical
operating conditions of TEM instruments are 100-200 keV electrons, 10 mbar vacuum, 5 nm
resolution and magnification of about 3 x 10° (or 10°). For high resolution transmission electron
microscopy (HRTEM), the operating conditions are: 100 - 300 keV electrons, 10 vacuum, 0.5
nm resolution, and magnification of about 3 x 10° (or 10°). The topographic information obtained
by TEM in the vicinity of atomic resolution can be utilized for structural characterization and
identification of various phases [28]. TEM also provides real space image on the atomic

distribution in the bulk and surface of a nano-crystal.
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HRTEM images of the samples used in the thesis were collected on a FEI Technai-F30
instrument with a 300 kV (Cs = 0.6 mm, resolution 0.17 nm) field emission gun. The samples
analysed by HRTEM were prepared by dispersing catalysts (0.001 - 0.005 g) in 5 ml of
isopropanol and sonicated for 0.5 h at room temperature. The highly dispersed catalyst particles
were single drop-casted on a copper grid (200 mesch, Icon Analytical) dried for 12 h at room
temperature and then used for the analysis.

2.3.9. Thermogravimetric analysis

TG analysis measures the change in mass of a substance as a function of temperature or
time in the scanning or isothermal mode under a controlled temperature programming in a
controlled atmosphere. The change in mass associates with various thermal actions such as
adsorption, desorption, oxidation, reduction, sublimation, vaporization and decomposition. The
change in mass of a material relies on the experimental conditions adopted. It enables calculating
the chemical composition of a material. For example, the chemical composition of zirconium

phenylphosphonate phosphate (Eq. 2.6) is calculated as follows (Eq. 2.7) [4],

ZI’(C6H5PO3)X(HPO4)2_X —> ZI’P207 + 6XC02 + (4X+2)H20 (26)

[92.22+158 x+96 (2—x)—266.2] x 100
Formula weight of the complex

% weight loss above 400°C = (2.7)

TG of the different samples was carried out under nitrogen (50 ml/min) atmosphere on a Perkin
Elmer Diamond TG-DTA instrument in the temperature range 25 - 1000 °C with a ramp rate of
10 °C/min.
2.3.10. Temperature-programmed desorption

TPD technique is used for the quantitative determination of acid and basic sites present
on the solid catalyst material. It quantifies the desorbed probe gas molecule which was evolved
out from their adsorbed state from the catalyst surface, upon increasing temperature. Prior to
measurement, the physically adsorbed species are removed by flushing the sample with an inert
gas. In general, basic molecules like NH3 and iso-propylammine are used as probe molecules for
acidity measurements and an acidic gas CO, is used as a probe molecule for basicity

measurements [10].
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The acidity and basicity of different samples studied in this work were quantified using
NH; and CO,, respectively, as probe molecules and using a Micromeritics AutoChem 2910
instrument. About 100 mg of the sample was placed in a U-shaped, flow-through, quartz sample
tube. Before the TPD experiments, the catalyst was activated at a particular temperature under a
flow of He. The sample was cooled to 50 °C and NH; or CO; (10% in He) was adsorbed for 30
min. Desorption of NH3 or CO, was recorded followed by raising the temperature. A gold-plated
filament thermal conductivity detector was used for detecting the amount of NH; or CO,
molecules desorbed.
2.3.11. Titration method for ion-exchange capacity measurement

The amount of exchangeable H ions or Bronsted acid sites can be determined by acid-
base titration method. In a typical procedure, catalyst samples were weighed accurately (~ 50
mg) and dispersed in 10 ml of 0.01 M NaCl solution and allowed to equilibrate for a definite
period of time (1 h). After that, the catalyst was separated out by filtration. The filtrate obtained
was titrated against a 0.01 M NaOH solution using phenolphthalein as indicator. Volume of

NaOH required to neutralize the H™ present in the liquid portion was calculated as follows:

VNaoH X MNaoH (2.8)

Amount of exchangable H*ion present in the catalyst = W
C

where Vnqon 1s the volume of NaOH consumed, Mnaop is the molarity of NaOH and W is the

weight of catalyst, respectively [29].

2.4. Reaction procedure
2.4.1. Transesterification of cyclic carbonate with methanol
2.4.1.1. Hydrotalcites-derived solid oxides

Prior to the reaction, the catalyst was activated in air at 180 °C for 2 h. In a typical
reaction, PC or EC (10 mmol; Spectrochem), methanol (100 mmol; Merck, India) and catalyst (5
wt% with reference to PC/EC) were taken in a Teflon-lined stainless-steel autoclave (100 ml)
placed in a rotating hydrothermal reactor (Hiro Co., Japan; rotation speed = 50 rpm). Reactions
were conducted at 40 - 100 °C and 80 - 190 °C (0.5 - 6 h) for EC and PC transesterifications,
respectively. To determine the kinetic parameters (rate of reaction, equilibrium constant and
activation energy), reactions were conducted at four different temperatures 40, 60, 80 and 100 °C
(for EC-methanol) and 110, 130, 150 and 170 °C (for PC-methanol) over a period of 0 - 6 h

using HT-8 La-C and HT-10 La-C catalysts. Initial rates were determined from the time versus
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conversion plots collected at different temperatures. Activation energies were determined from
the Arrhenius plots. Pseudo-first order kinetics was considered. Mass balance was > 98%.

Catalyst recyclability study: At the end of each run, the catalyst was separated, washed
with methanol, dried at 200 °C for 4 h, and then subjected to recycle study. At the end of fourth
recycle, the catalyst was separated, washed with methanol, activated at 600 °C for 6 h, and then
used in the fifth recycle study.
2.4.1.2. NaTNT

Prior to the reactions, the catalyst was activated in air at 130 °C for 2 h. In a particular
reaction, EC or PC (10 mmol), methanol (100 mmol) and catalyst (5 - 40 wt% of EC or PC) were
taken in a glass, round-bottomed flask having a magnetic needle and placed on a magnetic
stirrer. In some experiments the reactants were taken in a Teflon-lined stainless-steel autoclave
(100 ml) placed in a rotating hydrothermal reactor (Hiro Co., Japan; rotation speed = 50 rpm).
The reactions were conducted at 23 - 100 °C for 0 - 10 h. To determine the reaction rate and
activation energy for EC transesterification, the reactions were conducted at three different
temperatures (30, 40, 60 °C) over a period of O - 10 h. Initial rates were determined from the time
versus conversion plots collected at different temperatures. Activation energies were estimated
from the Arrhenius plots. Pseudo-first order kinetics was considered.

Catalyst recycle study: At the end of each run, the catalyst was separated by
centrifugation, washed with methanol, dried at 80 °C for 8 h. Prior to recycling runs, the dried
catalyst was activated at 130 °C for 4 h.

2.4.2. Direct conversion of CO; into DMC
2.4.2.1. ZrPP

Prior to reactions, the catalyst was activated at 170 °C for 2 h in air. All the reactions
using ZrPP catalysts were conducted in a 100 ml stainless-steel Parr high pressure reactor (Parr
Instrument Co., Parr 4871) equipped with a mechanical overhead stirrer, thermo-well, gas inlet
and outlet, liquid sampling valve, safety rupture disk, transducer for digital pressure display and
an automatic temperature controller system. Methanol (16.02 g; 500 mmol) and activated
catalyst (0.1 - 0.4 g) were taken in the reactor which was then pressurized with CO; to 1 - 4 MPa.
The temperature of the reactor was raised to 120 - 170 °C and the reactions were conducted

while stirring at a speed of 600 rpm for 4 - 15 h. The effects of solvent (DMF, THF, 1,4-dioxane;
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0 - 10 ml) and physical adsorbent - molecular sieve 3A (0 - 500 mg) were studied by charging
them along with the reactants.

Catalyst recycle study: At the end of each recycle, the catalyst was recovered, washed
with acetone, activated at 250 °C in air for 2 h and reused in the subsequent recycling
experiment.
2.4.2.2. CeO,

Prior to reactions, CeO, catalyst was activated at 200 °C for 2 h in air. All the reactions
using CeO, based catalysts were conducted in a 100 ml stainless-steel Parr high pressure reactor
(Parr Instrument Co., Parr 4871). Methanol (3.2 g; 100 mmol), 2-cyano pyridine (2-CP, chemical
water trapping agent; Aldrich Co.; 5.2 g, 50 mmol) and catalyst (0.1 g) were taken in the reactor
which was then pressurized with CO; to 5 MPa. The temperature of the reactor was raised to 120
- 160 °C and the reaction was conducted while stirring at a speed of 600 rpm for 1- 6 h.

2.5. Product analysis
2.5.1. Transesterification of cyclic carbonate
2.5.1.1. Gas chromatography

After the reaction, the autoclave was cooled to 25 °C and the catalyst was separated by
centrifugation/filtration. The liquid product were analyzed by gas chromatography (GC, Varian
3800; CP-8907 column; 15 m x 0.25 mm x 0.25 pm or CP-SIL 5 CB column; 60 m X 0.32 mm X
0.25 pm) and identified by GC-MS [Varian CP 3800 GC and Saturn 2200 MS; coloumn HP-5
(30m x 0.25mm x 25 um)] using a programme: 40 - 80 °C at 10 °C/min and 6 min hold at 80 °C,
80 - 270 °C at 20 °C/min and 8 min hold. For quantitative analysis of DMC, different known
concentrations (0 - 100%) of standard analyte (reactants and possible products) mixtures were
prepared, injected into GC and peak areas of each analyte were noted. A graph of peak area
versus concentration of each analyte was drawn and response factor was calculated, which was
then used in determining the exact concentration of the products formed in the reaction mixture.

Conversion and selectivity were determined using the following equations:

(Initial moles of cyclic carbonate—final moles of cyclic carbonate)x 100

% Conversion = (2.9)

Initial moles of cyclic carbonate

Moles of product formed x 100

% Product selectivity = (2.10)

Moles of cyclic carbonate converted into products
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25.1.2. 'HNMR.

'H NMR spectroscopy was used for the analysis and quantification of liquid products
obtained from PC transesterification. Bruker Advance 200 MHz spectrometer with a sweep
width of 4138.95 Hz, acquisition time of 7.9167 sec and CDCl; as a solvent was used for this
purpose. Signals due to methyl proton of PC (1.54; doublet), propylene glycol (PG) (1.14;
doublet) and DMC (3.79; singlet) (Fig. 2.1) were integrated and the area of characteristic signals
was determined. The following equation was used to estimate PC conversion and DMC
selectivity from 'H NMR spectroscopy (Eqgs. 2.11 and 2.12).

area of CH3 signal of PC
area of CHz signal of PC+PG

PC conversion(mol%) = [1 - ] x 100 (2.11)

DMC selectivity (mol%) = (aa‘jzjf)fz‘;::;:’if"x}c )x100 (2.12)

Catalytic activity data obtained from both GC and NMR techniques were comparable within the

experimental error (2- 5 mol %).
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Fig. 2.1. 'H- NMR spectrum PC transesterification product
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2.5.2. Direct conversion of CO, to DMC

The liquid products were analyzed and quantified with the help of a Varian 3400 gas
chromatograph (GC) equipped with a flame ionization detector and CP-8907 (15 m x 0.25 mm X
0.25 pm) or CP-SIL 8CB column (30 m x 0.53 mm x 0.25 um) or CP-SIL 5 CB (60 m x 0.25
mm x 0.25 um) using a program: 40 - 80 °C at 10 °C/min and 6 min hold and 80 -270 °C at
20°C/min and 8 min hold. Nonane-1-ol was used as an internal standard for quantification of
products by GC. For quantitative analysis, different known concentrations (0 - 100%) of standard
analyte (reactants and possible products) mixtures were prepared and added to it a known
amount (0.2020 g) of nonane-1-o01 as an internal standard. The standard samples of the products
- 2-picolinamide (2-PA), methyl carbamate (MC) and 2- methyl picolinate (2-MP) obtained from
Aldrich Co., and DMC from Loba Chemie were used for calibration. Mixtures of different
composition were injected into GC and peak areas of each analyte and internal standard were
determined. A graph of ratio of peak area of particular analyte to internal standard versus ratio of
exact concentration of analyte to internal standard was drawn and the response factor was
determined, which was then used in determining the exact concentration of the products in the
reaction mixture. DMC yield in mmol/g was determined by the amount of DMC formed divided
by the amount of catalyst used. Conversion, selectivity, yield and mass balance were determined

using the following equations (Egs. 2.13. to 2.25).

mmol of DMC formed

% DMCyield = (mmol of MeOH taken/2) x 100 (2.13)

mmol of MeOH Consumed

% MeOH conversion = x 100 (2.14)

mmol MeOH taken

mmol of 2—CP consumed

% 2 — CP conversion = x 100 (2.15)

mmol of 2—CP taken

% 2 — PA yield — mmol of 2—PA formed %100 (2.16)

mmol of 2—CP taken

% MC yield _ mmol of MC formed %100 2.17)

mmol of 2—CP taken

0% 2 — MP yield = ZmolofMClormed ', 44 (2.18)

mmol of 2—CP taken
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mmol of DMC formed

% DMC selectivity = x 100 (2.19)

(mmol of MeOH consumed /2)

9% 2 — PA selectivity = —molof2-PAformed (2.20)

mmol of 2—CP consumed

% MC selectivity = —mmotofMcformed _ 4 2.21)

mmol of MeOH consumed

mmol of 2—MP formed

% 2 — MP selectivity =

x 100 (based on MeOH) (2.22)

mmol of MeOH consumed

mmol of 2—MP formed

% 2 — MP selectivity = x 100 (based on 2 — CP) (2.23)

mmol of 2—CP consumed

(mmol of unreacted MeOH+2 x mmol of DMC formed)
+mmol of MC formed+mmol of 2—MP formed

mmol of MeOH taken

MeOH mass balance = x 100 (2.24)

(mmol of unreacted 2—CP + mmol of 2—PA formed +)
mmol of 2—MP formed

2 — CP mass balance =
mmol of 2—CP taken

x100  (2.25)

where MeOH = methanol, DMC = dimethyl carbonate, 2-CP = 2-cyano pyridine, 2-PA = 2-
picolinamide, MC= methyl carbamate and 2-MP = 2-methyl picolinate).

2.6. Conclusions

In this chapter, the methods of preparation of catalyst samples (HT-derived mixed oxides,
NaTNT, ZrPP and CeO;) used in the thesis were described. The basic principles of
physicochemical techniques used for characterization of catalysts were presented. Reaction
procedures for DMC synthesis by transesterification of cyclic carbonate with methanol and by

direct synthesis from CO; as well as the methodology of product analysis were presented.
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3.1. Introduction

Dimethyl carbonate (DMC) is an environmentally benign building block having a wide
application in chemical industry [1,2]. It is used as a methylation and carbonylation agent
alternative to toxic and corrosive methyl halide/dimethyl sulfate and phosgene, respectively.
Furthermore, DMC can also be used as a fuel additive in place of toxic and less biodegradable
methyl-tert.-butyl ether (MTBE) [2-6]. Its high dielectric constant enables its use as an
electrolyte [7]. The traditional methods for DMC production such as phosgenation and oxidative
carbonylation of methanol are unsafe [8]. The environmentally-friendly routes for DMC
synthesis are the direct synthesis from methanol and CO, [9,10] and transesterification of cyclic
carbonates with methanol [11-14]. The yield of DMC in the former route is low because of the
thermodynamic limitation. Transesterifiation of cyclic carbonate with methanol is a promising
route. Most of the hitherto known homogeneous or heterogeneous catalytic systems suffer from
low catalytic activity, high reaction time/temperature and involvement of noble metals [15-19].
Sankar et al. [20] reported 80 mol% of DMC yield from transesterification of ethylene carbonate
(EC) with methanol at ambient condition using an alkali and alkaline earth metal tungstate
catalyst. Later, the same group [21] reported CaO-ZnO-based catalysts with varying Ca/Ca+Zn
ratio for the synthesis of DMC with a yield up to 83 mol% at ambient conditions both in batch
and continuous processes. However, this catalyst has limitation because of its low turnover
number (TON) and metal oxide leaching into the product stream. Development of efficient,
environmentally-friendly, stable, solid catalysts is, therefore, highly important. Both acid and
base catalysts are used for this reaction. The latter are more efficient. Solid base catalysts have
obtained greater attention, among which hydrotalcites (HTs) show unique catalytic activity.

HTs are layered double hydroxides (anionic clay) with a general formula
[M1—0” "My (OH),]* (A" yn)-yH20. They have received much attention in recent years because
of their eco-friendly nature and large variety of applications, including those in several base-
catalyzed organic reactions, medicinal applications, etc [22-26]. Their structure resembles
brucite, in which a part of the bivalent metal ion (M>" = Mg”") is isomorphously substituted with
trivalent metal ions, resulting in the formation of a positive charge on the layers, which in turn is
charge balanced by anions present in the interlayer. Water of crystallization is generally observed
in the HT galleries. HTs can be used as additives in polymers and as precursors for magnetic

materials [26,27]. Moreover, they are efficient solid base catalysts, which can replace the

60



Chapter- 3: Transesterification over mixed oxides

homogeneous bases like NaOH, KOH, etc., for transesterification reactions. Watanabe and
Tatsumi [12] & Murugan and Bajaj [28] have reported the catalytic use of Mg-Al HTs for the
synthesis of DMC from ethylene and propylene carbonates (EC and PC). Wu et al. [29] reported
the use of fluorine-modified Mg-Al mixed oxides for the preparation of propylene glycol methyl
ether from methanol and propylene oxide. The main advantage of the HT catalysts is their
controllable acid-base properties. HTs are decomposed to yield mixed oxides with strong Lewis
base features [30].

In this chapter, Mg-Al HTs modified with rare-earth elements (La3+, Ce3+, Y3+, Pr’* and

. 8 mol% of Al) are investigated, for the first time. Their catalytic activity for

Sm
transesterification of propylene carbonate/ethylene carbonate (PC/EC) with methanol producing
DMC along with propylene glycol (PG)/ethylene glycol (EG) as a co-product is investigated

(Scheme 3.1).

(0]

)K (0} HO OH
o 0) La- Mg-Al Oxides
+ 2CH;0H =< — )K +
OH;C OCH;

R
R=H or CH;

Scheme 3.1. Transesterification of EC/PC with methanol.

Different mol% of La containing Mg-Al HT catalysts were prepared by a co-precipitation
method, calcination of which yielded ternary lanthanum-magnesium-aluminum oxides. These
catalysts were characterized by chemical analysis, X-ray diffraction (XRD), N, adsorption and
%7 Al magic-angle spinning nuclear magnetic resonance (*’Al MAS NMR) and Fourier transform
infrared (FTIR) spectroscopy. Basicity of the ternary oxides was determined by temperature-
programmed desorption using CO; as a probe molecule (CO,-TPD). It should be noted here that
HTs are the precursors of the catalysts. The ternary oxides formed on calcination of modified
HTs are the actual catalysts in this study. The effects of preparation procedure (La content and
calcination temperature) and reaction parameters on the transesterification activity were
investigated. The products were identified and quantified by 'H NMR and gas chromatographic
(GC) methods.
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3.2. Experimental
3.2.1. Catalyst preparation

Mg-Al hydrotalcites (Mg : Al = 2 : 1) and different rare-earth modified HTs were
prepared by a co-precipitation technique as reported in Chapter 2 (Section 2.2.1). The materials
obtained were labeled as follows: HT-as-syn and HT-X M, respectively, where M is the rare-
earth element, X represents mol% of M and molar ratio of HT is Mg/(Al+M) = 2. They were
then calcined at 600 °C for 6 h. The mixed oxides, thus, obtained were designated as HT-C and
HT-X M-C, respectively.
3.2.2. Characterization techniques

The composition of Mg>", AI’" and La’" ions in the ternary oxide samples were
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Spectro
Arcos). A known quantity of the catalyst (2 — 9 mg) was dissolved in a minimum amount of 2 N
HNO; and made up to the required volume (50 ml) before the ICP-OES analysis. X-ray
diffraction (XRD) patterns of the powder samples were recorded on a Philips X'pert Pro
diffractometer using Cu-K, radiation and a proportional counter detector. The diffractograms
were recorded in the 20 range of 5 to 80° with a scan rate of 2°/min and step size of 0.02°.
Specific surface area (Sggr) of the samples was determined from N, adsorption measurements at
-196 °C using a Nova 1200 Quanta Chrome equipment. FTIR spectra of the samples as KBr
pellets were recorded on a Shimadzu 8201 spectrophotometer in 400-4000 cm™ region. Basicity
of the catalysts was determined by temperature-programmed desorption of carbon dioxide (CO,-
TPD) technique. About 0.1 g of the catalyst was activated at 500 °C under He (30 ml/min). The
sample was cooled to 50 °C and CO, was adsorbed (40 ml/min) for 30 min. Desorption of CO,
was followed in the temperature range of 50 to 900 °C by rising the temperature at the ramp rate
of 10 °C /min.
3.2.3. Reaction procedure

Details of the reaction procedure and methods used in the product identification and
quantification are described in Chapter 2 (sections 2.4.1.1 and 2.5.1.1). Methanol (99%; Merck
India) and PC & EC (Spectrochem, India) were procured and used in the reactions without any
further purification. DMC, EG and PG were purchased from Loba Chem., India as standards for

the identification and quantification of products.
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3.3. Results and discussion
3.3.1. Catalyst characterization
3.3.1.1. XRD

XRD analysis was carried out to confirm the formation and structural changes occurred
during calcination of HTs. Fig. 3.1(a) shows the powder XRD patterns of as-synthesized
lanthanum (2-10 mol %) containing HTs. “Neat” HT-as-syn showed XRD pattern typical of a
layered double hydroxide with sharp and symmetric peaks arising from (003), (006), (110) and
(113) planes and broad asymmetric peaks arising from (012), (015) and (018) planes [30-36].
The XRD profile of HT-as-syn is consistent with the structure of [Mg4Al(OH)2(CO3)(H20)3]0:5
(hexagonal system, rhombo-centered lattice, space group R3m; JCPDS70-2151). The unit cell
parameters (a and ¢) were calculated from the peak position of (110), (003) and (006) reflections
by using the formulae: a = 2d(110) and c (basal spacing between the layers) = 3/2[d(003) +
2d(006)]. Values of these parameters (Table 3.1) are in good agreement with those reported by
others [30-36].

The XRD patterns of different mol% of La and 8 mol% of other rare-earth elements (Y,
Ce, Pr, and Sm) incorporated HTs are shown in Fig. 3.1(a) and Fig. 3.2(a), respectively. Except
for La and Pr modified HT, the rest of the samples showed XRD patterns typical of HT structure
with observation of no additional peaks due to rare-earth oxide/hydroxide. In the case of La-
containing HTs, the presence of a mixture of La(OH); and Lay(CO3),(OH), (JCPDS 70-1774)
phases was detected (Fig. 3.2(a)). The intensity of the XRD peaks corresponding to those phases
increased with increasing La content. Lanthanum carbonate formation occurred in the early
stages of co-precipitation because of the strong anionic character of La (lowest electronegativity
as compared to other rare-earth elements). The La prefers to locate in the interlayer gallery of HT
as separate hydroxide and hydroxy-carbonate phases due to its high ionic radius (0.103 nm).
With an increase in lanthanum loading, the unit cell parameter, c, corresponding to interlayer
separation, increased from 2.26 to 2.30 nm (Table 3.1). This indicates the decrease of
electrostatic force of attraction between the layers and the interlayer anions. Calcination (at 600
°C for 6 h) of the trivalent rare-earth elements modified HTs led to mixed oxide-type materials.
The XRD patterns of the calcined rare-earth modified HTs are shown in Fig. 3.1(b) and Fig.
3.2(b). All of these calcined materials showed reflections at 35.1, 43.4, and 62.6° corresponding
to (111), (200), and (220) planes, respectively, of (Mg)Al oxide [37].
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Fig. 3.1. Powder XRD patters of “neat” and lanthanum incorporated HTs: (a) as-synthesized and (b) calcined samples. Peaks marked

by an asterisk correspond to the La,0O,COs3 phase.
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Fig. 3.2. Powder XRD of (a) as-synthesized and (b) calcined 8 mol% rare-earth ion incorporated HTs. Peaks marked by asterisks

correspond to rare earth hydroxide/oxide and hydroxy carbonate/oxide carbonate phases.
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Additionally, the formation of a segregated rare-earth oxide phase was also detected as revealed
from the additional peaks. However, the intensity of these additional rare-earth oxide peaks were
rather weak in the case of HT-8 Y-C and HT-8 Sm C (Fig. 3.2(b)). For HT La-C, the formation
of La,0,CO; phase (JCPDS 48-1113) due to re-adsorption of gaseous CO, coming from HT
decomposition or by the air contamination was also detected. The cell parameter (a) of (Mg)Al
oxide calculated from the peak position of (200) plane is reported in Table 3.1.
3.3.1.2. ICP-OES

The chemical compositions of HTs were determined using ICP-OES technique (Table
3.1). The Mg:Al molar ratio of 1.9:1 for HT (as-syn & calcined) determined from ICP-OES is in
good agreement with the nominal value of 2:1. The lanthanum content in HT-La catalysts has
almost matched with the expected one. In HT-8 Y-C, the yttrium content is found to be 3 times
lower than the expected value.
3.3.1.3. Surface area analysis

Ny-physiorption analysis was carried out for determining the surface area of HTs and
mixed oxides derived from them. The specific surface area (Sgpr) of the materials increased after
calcination. The value of Sggpr decreased with an increase in the lanthanum content in the
materials. However, Sggr of the other rare-earth element containing oxides was found higher
than La-Mg-Al oxides (Table 3.1).
3.3.14. FTIR

FT-IR spectra give information about interlayer species and structure of HTs. They also
revealed the structural changes of HTs into oxides on calcination. FT-IR spectra of as-
synthesized HT samples showed a broad, asymmetric band at 3470 cm™, corresponding to the
stretching vibrations of OH groups attached to Mg and Al in the brucite-like layer [31, 32, 36,
37]. The bending mode of water present in HT galleries was observed at 1642 cm™. The various
peaks corresponding to interlayer carbonate at 1367, 867 and 659 cm™ are designated as vs, v,
and v4 modes, respectively. The bands corresponding to Al-O stretching modes were observed at
943 and 762 c¢cm’'. The shoulder seen at 1507 cm’' is ascribed to CO;> species. In calcined
samples, the intensity of v; mode decreased and the band corresponding to OH stretching had

almost disappeared, consistent with the formation of a mixed oxide phase (Fig. 3.3).
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Table 3.1. Elemental composition, structure, and textural properties of HTs

Sample Elemental composition (ICP-OES)* Unit cell parameters Sger (m?/g) Total basicity
(XRD, nm)
a c umol/g pmol/m*
HT-as-syn Mg : Al=1.9(2) 0.305 2.261 - - -
HT-2 La Mg : (Al+La) = 1.8(2), Al : La = 64.8 (49) 0.304 2.264 64 - -
HT-5 La Mg : (Al+La) = 1.6(2), Al : La=19.3(19) 0.304 2.270 61 - -
HT-8 La Mg : (Al+La) = 1.8(2), Al : La=11.2(11.5) 0.304 2.276 60 - -
HT-10 La Mg : (Al+La) =2(2), Al : La=8.1(9) 0.304 2.301 53 - -
HT-C Mg : Al=1.9(2) 0.416 - 121 422 3.5
HT-2 La-C Mg : (Al+La) = 1.8(2), Al : La=64.8 (49) 0.416 - 96 481 5.0
HT-5 La-C Mg : (Al+La) = 1.6(2), Al : La=19.3(19) 0.417 - 82 489 5.9
HT-8 La-C Mg : (Al+La) = 1.8(2), Al : La=11.2(11.5) 0.416 - 79 521 6.6
HT-10 La-C Mg : (Al+La) =2(2), Al : La=8.1(9) 0.417 - 68 446 6.7
HT-8 Y-C Mg : (AI+Y)=1.9(2), Al : Y =39.1 (11.5) 0.417 - 204 418 2.0
HT-8 Ce-C Mg : (Al+Ce) = 2.2(2), Al : Ce = 10.2(11.5) 0.417 - 157 251 1.6
HT-8 Pr-C Mg : (Al+Pr) =2.2(2), Al : Pr=16.1(11.5) 0.417 - 115 266 23
HT-8 Sm-C Mg : (Al+Sm) =2.1(2), Al: Sm=11.2(11.5) 0.417 - 286 354 1.2

*Values in parentheses correspond to nominal values.
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Fig. 3.3. FTIR spectra of as-synthesized and calcined HTs

3.3.1.5. ”’Al MAS NMR

*’Al MAS NMR spectra of as-synthesized forms of HT and HT-8 La showed a sharp
intense signal at 7.6 ppm corresponding to Al in an octahedral coordination (Fig. 3.4; curves a
and b). HT-8 La-C showed two asymmetric broad signals at 72.2 and 8.7 ppm (Fig. 3.4, curve c).
While the signal at 8.7 ppm is attributed to Al in octahedral coordination, that at 72.2 ppm is
corresponded to Al in a tetrahedral coordination environment. The asymmetric nature of the
NMR signal suggests non-zero quadrupolar coupling interactions. These signals for the calcined
sample are consistent with the presence of Mg(Al) mixed oxides [38,39]. The spectrum of a
spent HT-8 La-C (Fig. 3.4, curve d) is nearly the same as that of fresh HT-8 La-C, suggesting

that the structure of the mixed oxide material is intact even after its use.
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Fig. 3.4. ”’Al MAS NMR spectra of (a) HT-as-syn, (b) HT-8 La, (c) HT-8 La-C and (d) spent
HT-8 La-C.

3.3.1.6. CO,- TPD
The basicity of mixed oxides was determined using CO,-TPD technique (Table 3.1). HT-

C showed two CO,-TPD peaks with maximum at 246 and 653 °C attributable to CO, desorbed
from weak and strong basic sites, respectively (Fig. 3.5). Rare-earth modified HTs showed four
CO, desorption peaks at 204, 349, 645 and 815 °C (for HT-8 La-C) consistent with the presence
of four types of basic centers. Intensity of the 2" and 4™ peaks increased with increasing La
content. Based on this observation, the 1% and 3™ peaks were attributed to those arising from
(Mg)ALl oxides while the 2" and 4™ peaks were assigned to a segregated rare-earth oxide phase.
A change in peaks positions was noted with a change in the loading of rare-earth oxide (Fig.
3.5.). With an increase in La loading, peaks corresponding to rare-earth oxide shifted to higher
temperatures and an increase in the overall density of basic sites was noticed. This shift to higher
temperatures could be a consequence of increase in the basic strength and particle size of dopent
oxide. The overall basicity of different modified catalysts is reported in Table 3.1. It decreased in

the order: HT-8 La-C (0.521 mmol/g) < HT-C (0.422 mmol/g) < HT-8 Y-C (0.418 mmol/g) <
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HT-8 Sm-C (0.354 mmol/g) < HT-8 Pr-C (0.266 mmol/g) < HT-8 Ce-C (0.251 mmol/g). In other

words, doping of Sm, Pr and Ce ions had adverse effects on the basicity of these oxides.

TCD Signal Intensity

HT-C

653

150 300 450 600 750 900
Temperature (°C)

Fig. 3.5.CO,-TPD profiles of calcined HT and lanthanum modified HT catalysts.

3.3.2. Catalytic activity - transesterification of propylene carbonate

The catalytic activity data of calcined HT and La modified HTs for DMC synthesis by
transesterification of PC with methanol are listed in Table 3.2. One mole of PC on
transesterification yields 1 mol of DMC and 1 mol of PG (Scheme 1). PC conversion and DMC
selectivity were estimated by two independent techniques - '"H NMR and GC. The data were
found comparable within experimental error (2-5 mol %). This study shows that NMR is an
alternative analytical tool to monitor and follow the reaction of PC with methanol producing

DMC and PG. The methyl proton signals of DMC, PG, and PC were observed at 3.79 (singlet),
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1.14 (doublet), and 1.54 ppm (doublet), respectively. The area of these signals was determined
by integration. The equation used for calculation is explained in Chapter 2 (section 2.5.1.2).

Table 3.2. Catalytic activity data of rare earth modified HTs for transesterification of PC and

methanol®
Catalyst PC conversion =~ DMC selectivity TON
(mol%) (mol%) (mmol/g)
HT-C 7.2 68.0 10
HT-2 La-C 17.2 95.1 32
HT-5 La-C 26.1 94.7 49
HT-8 La-C 33.1 87.7 57
HT-10 La-C 33.8 77.3 51
HT-8 Y-C 9.1 78.5 14
HT-8 Ce-C 20.4 79.8 32
HT-8 Pr-C 34.1 91.8 61
HT-8 Sm-C 12.1 96.0 23

"Reaction conditions: PC = 1.02 g (10 mmol), methanol = 3.2 g (100 mmol), catalyst =5 wt % of
PC, reaction temperature = 150 °C, and reaction time = 1 h. "Turnover number (TON) = mmol of

DMC formed per gram of catalyst

3.3.2.1. Effect of rare-earth element

Controlled experiments at our reaction conditions revealed that this reaction does not
proceed in the absence of a catalyst. HT-C is weakly active (PC conversion = 7.2 mol% and
DMC selectivity = 68 mol%). Incorporation of rare-earth ion enhanced the catalytic activity
[turnover number (TON) = mmol of DMC formed per gram of catalyst] of HT catalysts (Table
3.2). This enhancement for different rare-earth ions increased in the order: Y*© < Sm*" < Ce® <
La*" < Pr’". DMC selectivity is higher on Sm®", Pr’* and La®* than on Ce®" and Y*" modified HT
catalysts. After 1 h of reaction, the catalyst was separated, and the reaction was continued for
another 1 h. An increase in catalytic activity was observed in the case HT-8 Pr-C, indicating that
Pr’" ions got leached out from the solid catalyst. The reaction in this case had contributions from
both homogeneous and heterogeneous phases of praseodymium oxide. Such leaching of metal

ions was not noticed in the case of La incorporated HTs. Hence, all of the further studies were
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conducted only on the La modified catalysts. PC conversion and DMC selectivity increased with
La loading (Table 3.2). A near linear correlation between TON or PC conversion and surface

density of basic sites was observed (Fig. 3.6). Thus, basicity of the catalyst plays an important

role.
60 40
45 - % La-C | 20 g
— o
=2 &
B N
E 30_ HT'5 La'C .5
£ {20'®
Z (B)
O =
= 154 3
1108
-C
0 CHT . | | | | |
3 4 5 6 7

Basic sites density (umollmz)

Fig. 3.6. Correlation between catalytic activity and density of basic sites on HT La-C catalysts.
Reaction conditions: PC = 10 mmol, methanol = 100 mmol, catalyst = 5 wt % of PC, reaction
temperature = 150 °C, and reaction time = 1 h. Turnover number (TON) = mmol of DMC

formed per gram of catalyst.

Fig. 3.7 shows the progress of the reaction as a function of time over HT-8 La-C catalyst.
The intensity of "H NMR signals at 3.79 and 1.14 ppm due to the methyl protons of DMC and
PG increased at the expense of the signals at 1.54 ppm due to the methyl protons of PC.
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Fig. 3.7. Time profile of the '"H NMR spectra of the reaction mixture of transesterification of PC
with methanol. Reaction conditions: PC = 10mmol, methanol = 100 mmol, catalyst (HT-8 La-C)

=5 wt % of PC and reaction temperature = 150 °C.

3.3.2.2. Effect of calcination temperature

Table 3.3 shows the effect calcination temperature on the catalytic activity of HT-8 La-C
catalyst. Calcination enhanced the catalytic activity of the catalyst sample. The uncalcined
sample was weakly active (PC conversion = 8.6 mol %; DMC selectivity = 98 mol %). Although
some loss in DMC selectivity was observed, with increasing calcination temperature from 500 to
750 °C, an increase in PC conversion was observed. The overall DMC yield was found to be
higher at a calcination temperature of 600 °C. Hence, in the remaining part of the study, only the

catalyst calcined at 600 °C was investigated.
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Table 3.3. Effect of calcination temperature of HT-8 La on the transesterification activity”

Catalyst calcination PC conversion DMC selectivity
temperature ( C) (mol %) (mol %)
Uncalcined 8.6 98.0

500 29.2 97.4

600 33.1 87.7

750 344 82.4

"Reaction conditions: PC = 1.02 g (10 mmol), methanol = 3.2 g (100 mmol), catalyst = 5 wt % of

PC, reaction temperature = 150 °C, and reaction time = 1 h.

3.3.2.3. Effect of reaction parameters

PC conversion increased sharply with increase in reaction temperature and reached a
maximum value of 64.3 mol% at 190 °C for the reaction conducted for 1 h (Fig. 3.8). However,
the DMC selectivity decreased as the temperature increased. At higher temperatures, part of
DMC undergoes thermal decomposition and involves in methylation of methanol forming
dimethyl ether (DME). The transesterification reaction is thermodynamically controlled. Higher
temperatures facilitated higher PC conversions. The conversion of PC increased with increasing
reaction time reaching a maximum after 3 h at 150 °C. Without much effect on DMC selectivity,
the PC conversion increased with increasing amount of catalyst and reached a maximum at a
catalyst loading of about 5 wt %. The methanol/PC molar ratio has a major effect on DMC yield.
A ratio of 10 was found to yield higher amount of DMC.
3.3.2. 4. Catalysts recyclability

At the end of each run, the catalyst was separated, washed with methanol, dried at 200 °C
for 4 h, and then subjected to recycle study. A loss in PC conversion by about 10 mol% and
DMC selectivity by 5 mol% was detected at the end of fourth recycle (Fig. 3.9). At the end of
fourth cycle, the catalyst was separated, washed with methanol, activated at 600 °C for 6 h, and
then used in the fifth recycle study. As seen from Fig. 3.9, the original activity (PC conversion)

of the catalyst was regained.

74



Chapter- 3: Transesterification over mixed oxides

90 -
A ]
a b
| @) A 90 (
75- A/“\ .
75 A A
] s _
60 60 )
= S >
o i —
< 45 g 45
4 304
30 @ PC conversion ]
A DMC selectivity 15- °
15+ ] °
| T T T T T T T T T T T 1 0 > ) T ) T i T j T j T
100 120 140 160 180 200 220 0 50 100 150 200 250
Temperature (°C) Reaction time (min)
WV 4 a 90- A
A \A
A ]
75
754 A A
60 -
S 60-
2 45-
45
30 °
1 o
o
15- © 30-
0 20 40 60 80 100 4 6 8 10 12
Catalyst amount (mg) Methanol/PC molar ratio

Fig. 3.8. Influence of reaction parameters on transesterification of PC with methanol over HT-8
La-C. Reaction conditions: (for a) PC = 10 mmol, methanol = 100 mmol, catalyst = 5 wt % of
PC, reaction time = 1 h, and reaction temperature = 110-210 °C; (for b) conditions are the same
as those of panel a except reaction temperature = 150 °C and reaction time = 0-4 h; (for c)
conditions are the same as those of panel a except catalyst amount = 0-100 mg, reaction
temperature = 150 °C, and reaction time = 1 h; (for d) conditions are the same as for panel a
except that methanol/PC molar ratio = 0-12, reaction temperature = 150 °C, and reaction time =
1 h.
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Fig. 3.9. Catalyst recyclability studies. Reaction conditions: PC = 10 mmol, methanol = 100
mmol, catalyst (HT-8 La-C) =5 wt % of PC, reaction temperature = 150 °C and reaction time =
2 h.

The structure of the catalyst was not altered after its reuse as confirmed by XRD, FT-IR,
and *’Al MAS NMR spectra (Figs. 3.4 and 3.10). The chemical compositions of fresh and reused
(first and fourth cycle) catalysts were the same. The study thus reveals that La modified HT
catalysts are stable and reusable

Table 3.4 compares the catalytic activity of HT-8 La-C with several known solid acid and
base catalysts. The catalyst of the present study showed higher conversion of PC at lower
reaction temperatures. On the whole, this section discussed the novel catalytic application of
calcined rare earth ions modified HTs for producing DMC by transesterification of PC with
methanol. The catalyst with 8 mol% of La loading (HT-8 La-C) showed higher catalytic activity
than the hitherto known solid catalysts for this reaction. “Neat” lanthanum and aluminum oxides
were weakly active, while the composite oxide prepared by calcination of La (8 mol%) loaded
HT showed the best activity. The catalytic activity correlated with the surface density of basic

sites.
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Fig. 3.10. Fresh and spent HT-8 La catalysts: (a) XRD and (b) FT-IR
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Table 3.4. Comparative catalytic activities of different solid catalysts for transesterification of
PC with methanol

Catalyst Reaction Reaction PC conversion TON" Ref.
temperature (°C) time (h) (%)

HT-8La-C 150 2 65.4 96 This work
Fe-Zn DMC 170 8 100 35 [15]
Au/CeO, 140 6 63 30 [18]
MgO 160 2 40 21 [23]
MgO 150 4 28 14 [19]
CaO 150 4 25.6 13 [19]
CeO, 150 4 32.8 16 [19]
710, 150 4 11.8 6 [19]
La,0; 150 4 7.1 4 [19]
ALO; 150 4 4.2 2 [19]
K>COs 150 4 61.6 20 [19]

“Turnover number (TON) = mmoles of DMC formed per g of catalyst.

The La modified HT catalyst is heterogeneous and could be recovered and reused even after the
fifth recycle with little loss of catalytic activity.
3.3.3. Catalytic activity - transesterification of ethylene carbonate

Transesterification of EC with methanol yielded equimolar amounts of DMC and
ethylene glycol (EG). Controlled experiments revealed that this reaction doesn’t occur in the
absence of a catalyst. As-synthesized and calcined HTs without a rare-earth ion were weakly
active (Table 3.5, entry no. 1).
3.3.3.1. Effect of rare-earth elements

The calcined samples of Pr and La modified HT showed higher catalytic activity than
HT-C and calcined Ce, Sm and Y modified HTs (Table 3.5). Catalytic activities of different
ternary oxides used in this study increased in the following order: HT-C < HT-8 Sm-C < HT-8
Y-C < HT-8 Ce-C < HT-8 La-C < HT-8 Pr-C. However, Pr modified HT exhibited leaching as
confirmed by hot filtration method. The higher activity of Pr modified HT compared to others
was due to the homogeneous catalytic contribution. Lanthanum oxide and lanthanum oxy

carbonate [La,O(COs);] phases are responsible for high catalytic activity of HT-8 La-C.
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Table 3.5. Catalytic activity for transesterification of EC with methanol®

catalyst EC conversion DMC selectivity (mol %)  TON
(mol %) (mmol/g)

HT-C 16.0 97.7 35
MgO-La,0; 19.2 99.0 42
MgO 27.5 99.5 61
HT-2 La-C 37.7 100 84
HT-5 La-C 52.9 100 118
HT-8 La-C 65.2 100 145
HT-10 La-C 73.8 100 164
HT-8 Y-C 19.0 100 42
HT-8 Ce-C 249 100 55
HT-8 Pr-C 70.2 100 156
HT-8 Sm-C 18.0 96.7 39

"Reaction conditions: EC = 0.88 g (10 mmol), methanol = 3.2 g (100 mmol), catalyst = 5 wt% of
EC, reaction temperature = 60 °C, reaction time = 4 h. Turnover number (TON) = mmol of DMC

formed per gram of catalyst.

EC conversion and turnover number (TON = mmol of DMC formed per gram of catalyst)
increased with increasing La loading (2 - 10 mol%) on HT. These catalysts are active even at
ambient temperature (40 °C) and EC conversion of 55.2 mol% with DMC selectivity of 100%
was obtained using (HT-10 La-C). EC conversion was very low (3.2 mol%) with unsupported
La,Os catalyst. Size reduction could be the possible cause for higher activity of supported
lanthanum oxide phases. HT-10 La-C exhibiting superior activity was chosen for the detailed
study. While there existed no correlation between catalytic activity (EC conversion/TON) and

basicity in terms of per g catalyst, a linear correlation with the density of basic sites, was found

(Fig. 3.11)
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Fig. 3.11. Correlation between catalytic activity and density of basic sites on HT La-C catalysts.
Reaction conditions: EC = 0.88 g (10 mmol), methanol = 3.2 g (100 mmol), catalyst = 5 wt% of
EC , reaction temperature = 60 °C, reaction time = 4 h. Turnover number (TON) = mmol of

DMC formed per gram of catalyst.

3.3.3.2. Effect of reaction parameters

EC conversion increased with increasing reaction time reaching a maximum of 90.6
mol% with DMC selectivity of 100 mol% at 100 °C in 4 h (Fig. 3.12. (a)). It increased also with
reaction temperature without affecting the DMC selectivity (Fig. 3.12.(b)). EC conversion
increased linearly with increasing amount of the catalyst indicating the role of basic sites in the
reaction. This increase was marginal beyond 2 wt% of the catalyst (Fig. 3.12.(c). It showed a
non-linear conversion increase with the amount of catalyst. Two linear regimes could be seen in
the figure (below and above 2 wt%). As the conversion was high above 2 wt% of catalyst, the
products might inhibit transesterification.
3.3.3.3. Catalyst recyclability

HT-10 La-C was reusable in at least five recycling experiments with negligible loss in

catalytic activity (EC conversion) and DMC selectivity (100 mol%; Fig. 3.13). At the end of
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Fig. 3.12. Catalytic performance of HT-10 La-C in transesterification of ethylene carbonate (EC)
with methanol. (a) Effect of reaction time. Reaction conditions: EC = 10 mmol, methanol = 100
mmol, catalyst = 5 wt% of EC and reaction temperature = 80 °C. (b) Effect reaction temperature.
Reaction conditions: same as those for (a) except reaction time = 4 h and reaction temperature =
40 °C, 60 °C, 80 °C or 100 °C. (c) Effect of catalyst amount. Reaction conditions: same as those

for (a) except reaction temperature = 80 °C and reaction time = 4 h.
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each run, the catalyst was separated by filtration, washed with methanol, dried at 200 °C for 4 h

and then, used in the successive recycle run. XRD and FTIR showed that the structure of the

catalyst was intact even after its several reuses (Fig. 3.14). Chemical composition (ICP-OES) of

fresh and spent (1% and 4™ cycle) catalysts was almost the same. All these factors point out the

absence of active sites leaching.
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Fig. 3.13. Catalyst recyclability test. Reaction conditions: EC = 10 mmol, methanol = 100 mmol,

catalyst (HT-10 La-C) = 10 wt% of EC, reaction temperature = 80 °C and reaction time = 4 h.
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Fig. 3.14. (a) XRD and (b)FTIR spectra of fresh and spent HT-10 La-C catalyst.
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Table 3.6. Comparison of activity of different catalysts for transesterification of ethylene carbonate (EC) with methanol

Entry Catalyst Reaction Reaction EC conversion DMC yield TON ref .
no. temperature time (%) (%) (mmol/gca)
W) (h)

1 Na;WO04.2H,0 150 5 82 71 36 [20]
2 CaO-ZnO (Ca/CatZn=0.4) 27 4 - 83 166 [21]
3 ZnO 65 1 19 17 73 [42]
4 Y,03 65 1 11 10 43 [42]
5 Zn0O- Y,05(3:1) 65 1 55 54 231 [42]
6 Zn0O- Y03 (3:1) 20 1 34 33 141 [42]
7 Na-Dawsonite-C 70 6 - 60 67 [43]
8 Mg-Al HT-C (Mg/Al=3) 70 6 - 35 39 [43]
9 MgO 70 6 - 20 22 [43]
10 MgO 150 4 82 60 30 [19]
11 Amberlyst A-21 120 14 88 85 - [45]
12 Smectite-Mg-Na 150 4 70 78 43 [46]
13 Smectite-Mg-Na-K 150 4 75 88 49 [46]
14 polyvinylpyrrolidone 140 4 56 50 28 [17]
15 poly-4-vinyl pyridine 140 4 96 82 47 [17]
16 DABCO 70 6 95 84 449 [47]
17 [C4sDABCO]JOH 70 6 90 81 433 [47]
18 NaOH 70 6 or 73 405 [47]
19 K-TS-I 65 3 81 64 223 [44]
20 BulmBr-CS 160 6 81 74 93 [48]
21 BMImBr-AS 160 6 79 73 91 [49]
22 EMImCI 140 6 76 76 - [40]
23 HT- 10 La-C 80 4 94.5 94 105 This work
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Catalytic activity of HT-10 La-C was found superior to most of the known solid catalysts
(Table 3.6). DMC in higher yields was synthesized at lower reaction temperature and in short
duration. DABCO, [C4DABCO]OH and NaOH exhibited TON values higher (405 - 449) than of
HT-10 La-C. But then, it should be noted that those catalysts are homogeneous and catalyst
recycle poses an issue. Moreover, DMC selectivity over those catalysts was lower than that with
HT-10 La-C. Among the reported solid catalysts, ZnO-Y,0; (entry no. 6), CaO-ZnO (entry no.
2) and K-TS-1 (entry no. 19) showed higher TON (166- 231) than HT-10 La-C (entry no. 23),
but then, DMC selectivity was lower over those catalysts. A caution is, however, need at this
point. The reaction conditions for different catalysts reported in Table 3.6 are different. As the
temperature and loadings have bearing on selectivity and yield of DMC (vide infra), it is
important to compare catalytic activity of different catalysts at similar reaction conditions.
3.4. EC/PC transesterification with HT-X La-C - kinetic parameters and perspectives

Comparative catalytic performance of HT-8 La-C and HT-10 La-C in transesterification
of EC and PC with methanol at similar conditions is reported in Table 3.7. At 100 °C, EC
conversions of 80.2 and 90.6 mol% were obtained in 6 h over HT-8 La-C and HT-10 La-C,
respectively. Under similar conditions PC conversions were 28.2 and 35.3 mol%, respectively.
While the selectivity for DMC was 100 mol% with EC as reactant, it was lower when PC was
used in place of EC. The other product included partially transesterified PC. At 150 °C and
above, DMC decomposed through methylation of methanol and propylene glycol forming
corresponding ethers. This led to reduction in the selectivity for DMC. This was also confirmed
in separate experiments carried out at 170 °C (for 6 h) taking methanol + DMC + catalyst and
propylene glycol + DMC + catalyst. Dimethyl ether formation in the former experiment was 6%.
In the second experiment, dimethyl ether and methylpropylene glycol ethers formed along with
large amount of propylene carbonate and methanol. Methanol alone too got converted into
dimethyl ether over this catalyst. But this conversion was 2.9% at similar experimental
conditions. By and large, the present study reveals that DMC synthesis through
transesterification of EC is more advantageous than with PC. Lower conversion of PC to DMC
than EC to DMC is attributed mainly to steric factors because of the chemical structures of the
different alkylene carbonates [32].

Kinetic studies were carried out at four different temperature for EC (40, 60, 80 and 100

°C) and PC (110, 130, 150 and 170 °C) transesterifications. As the molar ratio of EC(PC)
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Table 3.7. Catalytic activity as a function of reaction time for transesterification of cyclic carbonate with methanol over HT-8 La-C
and HT-10 La-C.

Reaction HT-8 La-C HT-10 La-C
time (h) EC-methanol system PC-methanol system EC-methanol system PC-methanol system
(mol%) (mol%) (mol%) (mol%)
EC DMC DMC PC DMC DMC EC DMC  DMC PC DMC DMC

conv. sel. yield conv. sel. yield conv. sel. yield conv. sel. yield
0.5 33.8 100 33.8 4.6 62.3 2.8 29.1 100 29.1 5.1 64.0 3.2
1 47.7 100 47.7 7.8 68.8 5.3 50.1 100 50.1 7.8 70.1 5.4
1.5 57.5 100 57.5 11.8 77.7 9.1 62.3 100 62.3 14.2 76.7 10.8
2 68.5 100 68.5 13.9 81.2 11.2 76.4 100 76.4 21.6 80.2 17.3
3 79.0 100 79.0 16.6 84.2 13.9 85.4 100 85.4 26.4 84.6 223
4 79.8 100 79.8 21.4 87.1 18.6 90.6 100 90.6 31.8 86.9 27.6
6 80.2 100 80.2 28.2 89.0 25.1 90.6 100 90.6 353 89.1 314

Reaction conditions: cyclic carbonate = 10 mmol [0.88 g for ethylene carbonate (EC) and 1.02 g for propylene carbonate (PC)],
methanol = 3.2 g (100 mmol), catalyst = HT-8 La-C or HT-10 La-C (5 wt% of EC or PC), reaction temperature = 100 °C.
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to methanol was 1 : 10, pseudo-first order kinetics was considered. From the initial rates and
Arrhenius plots, activation energy (E,) was calculated (Table 3.8). E, values for EC-methanol
and PC-methanol reactions with HT-10 La-C catalyst were 10.9 and 22.6 kJ/mol, respectively.
The same with HT-8 La-C were 15.8 and 48.2 kJ/mol, respectively. Filippis et al [40] reported an
E. value of 29 kJ/mol for EC-methanol transesterification over Na,CO3 and Na3PO,. Ju et al [41]
found a value of 50.1 kJ/mol for the reaction catalyzed by ionic liquids. Lower E, values
observed for the catalyst of this study confirms its higher efficiency than the known catalyst
systems. Equilibrium constant (K¢q) for EC + methanol system is nearly two orders of magnitude
higher than for PC + methanol (Table 3.8) indicating more facile nature of the former than the
latter reaction.

Table 3.8. Kinetic parameters for transesterification of EC/PC with methanol over HT-8 La-C
and HT-10 La-C.

Reactants Equilibrium Reaction HT-8 La-C HT-10 La-C
constant (K.)* temperature
(°C) Rate E. Rate E.
constant (k) (kJ/mol) constant (k) (kJ/mol)

40 8.10x107 1.11x10™
60 1.21x10™ 1.42x10™

EC + CH;0H 1.15x10? 15.8 10.9
80 1.61x10™ 1.78x10™
100 1.74x10™ 2.01x10™
110 4.19x10° 7.23x107
130 9.18x107 1.08x10™

438 48.2 22.6

+

PC+CH,OH 150 1.78x10™ 1.43x10™
170 2.07x10™ 2.18x10™

K. value for EC + CH30H at 100 °C and for PC + CH3;0H at 170 °C.

3.5. Conclusions
A novel catalytic application of ternary oxides derived from rare-earth modified

hydrotalcites for transesterification of propylene carbonate and ethylene carbonate with methanol
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producing DMC was investigated. These catalysts were more efficient than the hitherto reported

solid catalysts for this reaction. DMC was synthesized with high yield, selectivity and TON for

both EC and PC with methanol. Basicity of the catalyst played an important role on the

transesterification activity. A linear correlation between the density of basic sites and

transesterification activity was found. The La modified HT catalyst is heterogeneous and could

be recovered and reused even after fifth recycle with little loss of activity. DMC synthesis from

EC-methanol than from PC-methanol reaction is more favorable.
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4.1. Introduction

Development of a sustainable and eco-friendly alternative approach to the conventional
hazardous routes (such as phosgenation and oxidative carbonylation of methanol) for making
dimethyl carbonate (DMC) is highly essential. With such an outlook, the conversion of carbon
dioxide (CO,) into DMC is most attractive. CO, can be converted into DMC either by a direct
reaction with methanol or by an indirect two-step process [1-5]. Due to low yields, the direct
synthesis of DMC from CO, and methanol is not promising as of now in the large scale
production. Honda et al. [6] reported a high yielding DMC process using stochiometric quantity
of 2-cyanopyridine as a water trapping agent. But it is not a suitable reagent that meets the
environmental and economic concerns. In the indirect conversion method of CO, via a two-step
process, CO; is initially reacted with an epoxide preferably ethylene oxide to produce ethylene
carbonate (EC) which in the second step is reacted with an excess of methanol resulting DMC
and ethylene glycol (EG). This is a potential route for the commercial scale production of DMC
[7]. Solid bases, especially basic oxides are more efficient than acid catalysts [8-12]. Watanabe
and Tatsumi [13] reported EC conversion of 70% and DMC selectivity of 58% over Mg-Al
hydrotalcites (HTs). Amine-functionalized MCM-41 provided DMC yield of 44 mol% in a
continuous transesterification of EC with methanol [14]. According to Zhao et al. [15],
quaternary ammonium salt functionalized chitosan gives DMC yield of 54% at a propylene
carbonate (PC) conversion of 71%. Binary zinc-yttrium oxides were also tried for this reaction
and a maximum EC conversion of 55% and DMC yield of 54% was obtained [8]. Polyvinyl
pyridine (PVP) was found to be a highly efficient homogeneous recyclable catalyst for
transesterification of EC with methanol [16]. PVP acted as a base catalyst through lone pair of
electrons present on the nitrogen atom of the pyridine ring. Distillation or phase separation was
adopted to isolate the catalyst from the reaction mixture. Tatsumi et al. [17] reported a study
using K-TS-1 for this reaction. They obtained a DMC yield of 57%. Most of the hitherto known
homogeneous or heterogeneous catalytic systems suffer from low catalytic activity, high reaction
temperature and long reaction times. Among different solid base catalysts, CaO-ZnO (Ca/Ca+Zn
= 0.4) was found to be the most efficient system for DMC synthesis (83 mol% DMC yield at 27
°C) through transesterification of EC. However, this catalyst has a limitation due to its
disintegration into finer particles of Ca(OH), which leach out during the reaction [12]. The

known oxide-based catalysts used have low accessibility of active surface sites to the reactant
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molecules. Development of active, solid base catalyst with high pore and surface accessibility is
the key concern in DMC synthesis through the transesterification route.

Nano-structured solid base catalysts have received considerable attention [18]. Titanate
nanotubes are attractive material due to their excellent physical and chemical properties. Kasuga
et al. [19] proposed a new synthesis method for mesoporous sodium titanate nanotubes
(NaTNT), in which titania is reacted with a concentrated NaOH solution under hydrothermal
conditions (Scheme 4.1). NaTNT are promising catalysts and catalyst supports in heterogeneous
catalytic reactions. In recent times, they were found to be highly efficient catalysts for several
reactions which include biodiesel production [18,20-22]. This chapter discusses the catalytic
application of sodium titanate nanotubes (Na,Ti307) in the synthesis of DMC through

transesterification of cyclic carbonates (EC and PC) at ambient conditions.

(0] Z :"" :
)J\ = 0 HO OH
o} j /
Q + 2CH30H )J\ +
OH;C OCH;
R
R=H or CH;

Scheme 4.1. Benign route for DMC synthesis

4.2. Experimental
4.2.1. Catalyst Synthesis

NaTNT samples were prepared by mixing anatase titania (TiO;) with a highly
concentrated NaOH solution followed by hydrothermal treatment (Chapter 2, section 2.2.2). It
was activated at 130 °C for 4 h prior to use.
4.2.2. Characterization techniques

X-ray diffraction (XRD) patterns of the catalyst samples were recorded on a Philips
X'pert Pro diffractometer using Cu-K, radiation and a proportional counter detector. The
diffraction patterns were recorded in the 20 range of 5-80° at a scan rate of 4°/min and step size
of 0.02°. High-resolution transmission electron microscopic (HRTEM) images of the samples

were collected on a FEI Technai F30 instrument equipped with a 300 kV field emission gun.
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Scanning electron micrographs (SEM) and EDX data were collected on a Leica Stereoscan 440,
LEO Microscopy instrument (Cambridge, UK). FTIR spectra of the samples as KBr pellets were
recorded on a Shimadzu 8201 PC spectrophotometer in 400-4000 cm™ region. Specific surface
area (Sper) of the samples was determined from nitrogen-adsorption measurements carried out at
-196 °C on a Quadrasorb SI automated surface area and pore size analyzer (Quanta Chrome
Instrument). Before the adsorption study, the samples were evacuated at 200 °C. Sgpr was
determined from the linear portion of the adsorption isotherm (P/P, = 0.05-0.31) using the BET
equation. The pore size distribution was calculated employing Barrett-Joyner-Halenda (BJH)
method. Basicity of the catalysts was determined by a temperature-programmed desorption
technique using CO, as a probe molecule (Micromeritics Auto Chem 2910 instrument). About
0.1 g of the catalyst was activated at 250 °C under He (30 ml/min). The sample was cooled to 50
°C and CO, was adsorbed at a rate of 30 ml/min for 30 min. Then, the temperature was raised to
100 °C followed by purging with He gas to remove the physisorbed probe molecule. After the
stabilization of base line, desorption of probe molecules was followed in the temperature range
of 100 - 600 °C (ramp rate = 10 °C /min). The broad peak obtained was deconvoluted and the
amounts of basic sites of different strength were determined.
4.2.3. Reaction procedure

EC/PC (10 mmol), methanol (100 mmol) and catalyst (5-40 wt% of EC) were taken in a
glass round-bottom flask fitted with a magnetic stirrer or in a Teflon-lined stainless-steel
autoclave placed in a rotating hydrothermal reactor (Hiro Co., Japan; rotation speed = 50 rpm).
Reactions were conducted at 23-100 °C for 0-10 h. After the reaction, the autoclave was cooled
to 25 °C and the catalyst was separated by centrifugation/filtration. The liquid product was
analyzed and quantified by gas chromatography (GC, Varian 3800; CP-SIL 8CB column; 60 m %
0.32 mm x 0.25 pm). The identity of the product was further confirmed by 'H NMR
spectroscopy (Bruker Avance 200 MHz). The influence of reaction parameters (reaction time,
reaction temperature and catalyst amount) on the product yield was investigated.
4.3. Results and discussions
4.3.1. Catalyst characterization
4.3.1.1. Microscopic analysis

Fig. 4.1 shows the SEM image of NaTNT catalyst. It reveals the presence of fibrous

structures. Elemental analysis was done by EDX technique. The molar composition of Na, Ti,
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and O (15.3, 24.4 and 60.4 mol%, respectively) revealed that NaTNT has a molecular formula of
Na,Ti307. The HRTEM images of NaTNT (Fig. 4.2) display tubular morphology. The nanotubes

are of multiwalled nature with a outer diameter of 7 - 9 nm and an inner diameter of 3 - 5 nm.

PIEGSUI'O( =3 unp —|
15000 x| 4.3 mm | 20.00 kV_5.87E-4 Pa 11:23:53 AM 0.16 nA ETD NCL - PUNE

Fig. 4.2. HRTEM images of NaTNT.

4.3.1.2. XRD
The XRD patterns of titania precursor and sodium titanate nanotubes are presented in Fig.

4.3. The diffraction pattern of titania (Fig. 4.3(a)) is consistent with the anatase phase (JCPDS
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21-1272). NaTNT exhibited broad and diffused peaks at 9.6, 24.3, 28.4 and 48.1° (Fig. 4.3(b)).
They are corresponded to (100), (201), (111) and (020) planes, respectively, of monoclinic
NaTNT (Na,Ti;O7; JCPDS 31-1329). Absence of peaks corresponding to the precursor titania
phase in the XRD pattern of NaTNT confirms the complete transformation of it into sodium
trititante nanotubes during the hydrothermal treatment. The characteristic band at 9.6° reveals an
inter layer separation of 0.91 nm. The average crystallite size of NaTNT determined by Scherrer
equation was found to be 8.5 nm. The broad and diffuse nature of peaks of NaTNT indicate their

poor crystallinity [20].
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Fig. 4.3. XRD patterns of (a) TiO, and (b) NaTNT.
43.13.FTIR

FTIR spectra of anatase TiO, and NaTNT are depicted in Fig. 4.4. The sharp bands at 753
and 958 cm ' for anatase TiO, were attributed to Ti-O stretching vibrations. Shift in these band

positions to 656 and 897 cm™' confirms the formation of NaTNT structure. Bands at 1634 and
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3400 cm™ were corresponded to bending and stretching vibrations, respectively, of OH groups

present in NaTNT [22].

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm )

Fig. 4.4. FT-IR spectra of (a) anatase TiO, and (b) NaTNT.

4.3.1.4. No-physisorption

Fig. 4.5 presents N»-adsorption/desorption isotherms and the pore size distribution curve
of NaTNT investigated in this study. The adsorption isotherm of NaTNT is of Type IV category.
NaTNT has a specific surface area (Sger) of 143 m?/g, average pore radius of 7.9 nm and total
pore volume of 0.567 cc/g (Table 4.1). It has a bimodal pore distribution. The smaller pores are
the internal pores of the tubes (pore diameter), while the larger ones are the interspace between
the nanotube bundles. The broader distribution of the size of large pores indicates a random

arrangement of nanotubes and nanotube bundles.
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Table 4.1. Physicochemical properties of NaTNT.

Sger (m/g) Average pore  Total pore Basicity (mmol/g)
radius (nm) volume (cc/g)
Weak Medium  Strong Total
(202°C) (338°C) (518°C)
143 7.9 0.567 0.106 0.081 0.043 0.231
400
300 - g
k=)
~ 3
o
|_
@’ 200_ L e B N S |
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S Pore radius ,r (A°)
S
100 -
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0.0 0.2 0.4 0.6 0.8 1.0
P/P, (cc/g)

Fig. 4.5. N,-adsorption/desorption isotherms and pore size distribution (inset) of NaTNT.

4.3.1.5. CO,-TPD

The CO,-TPD profile of NaTNT is depicted in Fig. 4.6. The broad and diffused pattern

indicates the presence of basic sites of different strength. The overall basicity of the sample was

0.231 mmol/g. Deconvolution of the desorption profile resulted into three well-defined peaks of

desorption with maximum at 202, 338, and 518 °C corresponding to basic sites of weak,
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moderate and strong strength, respectively. The density of weak sites was higher than those of

medium and strong sites (Fig. 4.6 and Table 4.1).
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Fig. 4.6. CO,-TPD profile of NaTNT.

4.3.2. Catalytic activity
4.3.2.1. Transesterification of ethylene carbonate

Controlled experiments revealed that the reaction of methanol with EC producing DMC
doesn’t take place in the absence of a catalyst. The anatase TiO, exhibited very low EC
conversion (6%) with 100% DMC selectivity when 10 mmol of EC was reacted with 100 mmol
of methanol in presence of 5 wt% of anatase TiO, at 25 °C for 6 h. Interestingly, NaTNT
exhibited excellent catalytic activity at room temperature. It gave 58.2% EC conversion with
100% DMC selectivity at the above conditions. In order to determine the influence of the amount
of catalyst on EC conversion, catalyst amount in the reaction medium was varied between 0.5
and 40 wt% (of EC). EC conversion increased sharply up to 5 wt% of the catalyst and beyond
that amount, the increase was less indicating that the product might be inhibiting the
transesterification. DMC yield as high as 86.1% was obtained with 40 wt% of catalyst in 6 h of

reaction. DMC selectivity was 100% (Fig. 4.7). Fig. 4.8 shows the influence of reaction time on
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the yield of DMC over NaTNT. An EC conversion of 43% (with DMC selectivity of 100%) was

achieved in just 30 min and it touched 90% at 10 h of reaction.
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Fig. 4.7. Influence of the amount of catalyst on transesterification of EC. Reaction conditions:

EC = 10 mmol, MeOH = 100 mmol, reaction temperature = 25 °C, reaction time = 6 h.
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Fig. 4.8. Effect of reaction time on DMC yield. Reaction conditions: EC = 10 mmol, MeOH =

100 mmol, catalyst amount = 40 wt% of EC, reaction temperature = 25 °C.
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Table 4.2. Kinetic parameters for transesterification of EC with methanol using NaTNT.

Reaction temperature (°C) Rate constant (k) E, (kJ.mol™)
30 2.63x 10"

40 2.96x 10 9.67

60 3.74x 10

The kinetic parameters for transesterification of EC using NaTNT catalyst were
determined by carrying out the reaction at three different temperatures (30, 40, and 60 °C)
wherein the molar ratio of EC : methanol was maintained at 1:10. The reaction follows a pseudo-
first order kinetics. Initial rates were determined and the activation energy (E,) was determined
from the Arrhenius plot (Table 4.2). It was found be 9.67 kJ .mol™". This value for La-modified
Mg-Al hydrotalcites reported in Chapter 3 was 10.9 kl.mol”'. In other words, NaTNT is
catalytically more efficient than HT La-C catalysts discussed in Chapter 3.
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Fig. 4.9. Catalyst recyclability test.

NaTNT catalyst was reusable in at least four recycling experiments. A small loss in EC
conversion and 100% DMC selectivity was observed. The experiments were conducted at 25 °C
for 6 h (Fig. 4.9). At the end of each run, the catalyst was separated by centrifugation, washed
with methanol, dried at 80°C for 8 h. Prior to the successive run the dried catalyst was activated

at 130 °C for 4 h. XRD and FTIR spectrum revealed that the structure of the catalyst was intact
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Fig. 4.10. (a) XRD and (b) FTIR of fresh and spent catalysts (after 4™ recycle) of NaTNT.
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even after four reuses (Fig. 4.10). Molar composition from EDX analysis of fresh and spent
catalysts was almost the same.
4.3.2.2. Transesterification of propylene carbonate

The application of NaTNT was extended to transesterify PC with methanol at 25 and 100
°C. Catalytic activity of NaTNT as function of reaction time is presented in Table 4.3. PC
conversion increased with increasing reaction time and reached a value of 18.1 mol% in 10 h
(with DMC selectivity of 93%) at 25 °C. Enhanced conversional were observed at higher
temperature. At 100 °C, PC conversion of 72 mol% with 93.2 mol% of DMC selectivity was
obtained. Higher accessibility of the active basic sites to reactant molecules is the possible cause
for high catalytic activity of NaTNT compared to HTs and other solid base catalysts.

Table 4.3. Catalytic activity of NaTNT for transesterification of propylene carbonate with

methanol.

Reaction 25°C 100 °C

time (h)  PCconv. DMC.sel. DMC yield PCconv. DMCsel. DMC yield
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

0.5 5.9 84.0 4.9 16.4 88.6 14.5

1 6.9 84.1 5.8 21.2 91.0 19.3

2 8.0 84.2 6.7 36.3 95.9 34.8

4 10.6 84.4 8.9 50.1 98.7 49.4

5 10.9 88.6 9.7 53.6 93.7 50.2

6 12.9 89.8 11.6 64.3 95.5 61.4

8 14.6 89.0 13.0 69.9 93.4 65.2

10 18.1 93.0 16.8 72.0 93.2 66.2

Reaction conditons: PC = 10 mmol, methanol = 100 mmol, catalyst = 5 wt% of PC.

4.4. Conclusions

A room temperature (25 °C) process for DMC synthesis by transesterification of cyclic
carbonates (EC/PC) with methanol using sodium trititanate nanotubes catalyst is reported. The
structural and textural properties of the catalyst were evaluated by XRD, EDX, FTIR, HRTEM,
N»-physisorption and CO,-TPD techniques. Basicity of the catalyst with high surface
accessibility played an important role on the catalytic activity. This catalyst was reusable with

little loss of catalytic activity and selectivity.
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5.1. Introduction

Conventional manufacturing processes for dimethyl carbonate (DMC) synthesis
(phosgenation and oxidative carbonylation of methanol) are highly hazardous [1]. Among several
eco-friendly routes, its direct synthesis from CO, and methanol is atom-efficient and attractive [1-
4]. Further, CO;, is a low-cost, renewable, non-toxic CIl building block associated with
environmental benefits. Its utilization in the synthesis of fuels and value-added chemicals is an
important challenge in the current century [5,6]. However, the direct synthesis of DMC is limited
by thermodynamics (AG = +26.21 kJmol™) [7]. Low vyield is usually obtained. Catalyst
deactivation in presence of by-product water is an issue with most of the known homogeneous
and heterogeneous catalysts [8-13]. The development of a novel catalyst which overcomes the
above limitation is desirable. From the previous reports it is evident that acid-base properties of a
catalyst are an important factor to decide their catalytic activity. Hence, the development of a
hydrophobic catalyst along with fine tuning of acid-base properties needs to be of special
attention in catalyst designing for the direct synthesis of DMC from methanol and CO,. ZrO,
based catalysts were identified as an active system for these reaction due to the amphoteric
behavior of ZrO, [14,15]. Acidity of ZrO, enhanced by impregnation with phosphoric acid/
tungstophosphoric acid which was in turn improved the catalytic activity [16,17].

In recent years layered metal organic hybrid materials showed great attention as
heterogeneous catalysts. The preparation and characterization of a number of layered zirconium
compounds containing inorganic phosphorus groups as well as organic phosphonate groups were
reported in the literature. These hybrid materials have application in the field of ion exchange,
adsorption, intercalation and heterogeneous catalysis. Zirconium phenyl phosphonate phosphites
(ZrPP) are one of the interesting class having general formula, Zr(CsHsPO3),x(HPO3)x, where x
varies according to phenyl phosphonic acid to phosphorous acid ratio, preparation method,
synthesis conditions, etc. ZrPP belongs to the class of layered inorganic materials with novel
proton conducting, hydrophobic and luminescent properties [18-22]. The application of calcined
zirconium phenylphosphonate phosphite (ZrPP) as a highly efficient, reusable, solid catalyst for
the direct synthesis of DMC in high selectivity and yield at moderate conditions is studied here
for the first time. Controlled calcination results in the formation of zirconium pyrophosphate
(ZrP,O7)-type interesting phosphor material. Surprisingly, the catalytic properties of calcined
ZrPP have not been explored till date.
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5.2. Experimental
5.2.1. Materials and catalyst preparation

Methanol (AR grade; Merck India), ZrOCl,.8H,O and phosphorus acid (Loba Chemie),
phenyl phosphonic acid (Spectrochem) and concentrated HF (48%) (Thomas Baker) were
purchased and used as received. Carbon dioxide (purity = 98 vol%) was procured from De-luxe
Industrial Gases, Pune. ZrPP-1-C, ZrPP-2-C and ZrPP-3-C were prepared by taking phosphorus
acid : phenyl phosphonic acid in molar ratios of 1:1, 2:1 and 3:1, respectively (Chapter 2, sections
2.2.3.2 and 2.2.3.3). ZrPP-HF-C was prepared in presence of HF (Chapter 2, section 2.2.3.1).
5.2.2. Characterization techniques

X-ray powder diffraction (XRD) patterns of the samples were recorded on a Philips X'pert
Pro diffractometer using Cu-K, radiation and a proportional counter detector. The diffraction
patterns in the low-angle region (20 = 0.5- 10°) were recorded at a scan rate of 0.2°/min and those
in the high-angle region (20 = 10- 90°) were recorded at a scan rate of 4°/min. The step size in the
measurements was 0.02°. Fourier transform infrared (FTIR) spectra of the samples (as KBr
pellets) were recorded on a Shimadzu 8201PC spectrophotometer in the region 400 - 4000 cm'.
Solid state *'P magic-angle spin nuclear magnetic resonance (MAS NMR) spectra were recorded
at 121.49 MHz on a Bruker AV300 NMR spectrometer using 4 mm sample rotors. Samples were
spun at a speed of 8 kHz. A single pulse sequence was applied and the NMR measurements were
performed at 25 °C. Thermogravimetric analyses (TGA) of the samples was done under nitrogen
(50 ml/min) on a Perkin Elmer Diamond TG-DTA instrument in the temperature range 25 - 600
°C and at a ramp rate of 10 °C/min. Specific surface area (Sgpr) of the samples was determined
from nitrogen-adsorption measurements carried out at -196 °C using a NOVA 1200 Quanta
Chrome equipment. The percentage compositions of C and H in ZrPP-HF, ZrPP-1, ZrPP-2 and
ZrPP-3 were determined using a Carlo-Erba 1106 elemental analyzer. Acidity of the calcined
samples was quantified by temperature-programmed desorption of ammonia (NH;-TPD)
technique (Micromeritics AutoChem 2910). About 100 mg of the sample was placed in a U-
shaped, flow-through, quartz sample tube. Before the TPD experiments, the catalyst was activated
at 500 °C under a flow of He (30 ml/min). The sample was cooled to 50 °C and NH3 (10% in He;
30 ml/min) was adsorbed for 30 min. Desorption of NH; was followed by raising the temperature
from 50 to 500 °C at the ramp rate of 10 °C/min. Basicity of the samples was determined on the

same instrument using CO, (10% in He; 40 ml/min) as probe molecule.
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5.2.3. Reaction procedure

All the reactions were conducted in a 100 ml stainless steel Parr high pressure reactor as
reported in Chapter 2 (section 2.4.2.1). After the reaction, the reactor was cooled to 25 °C and
gaseous products were vented out. The catalyst was separated out from the liquid products by
centrifugation followed by filtration. The liquid products were analyzed and quantified with the
help of a Varian 3400 gas chromatograph (GC) equipped with a flame ionization detector and CP-
SIL8CB column (30 m long and 0.53 mm i.d.). Nonane-1-ol was used as an internal standard for
quantification of the products by GC. The gas product was analyzed with the above GC but with
thermal conductivity detector.

5.3. Results and discussions

5.3.1. Catalyst characterization
5.3.1.1. XRD
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Fig.5.1. Powder XRD of (a) uncalcined and (b) calcined zirconium phenyl phosphonate phosphite
catalysts and ZrP,O
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Uncalcined ZrPP-HF showed XRD pattern typical of a layered structure with a basal
spacing of 22.6 A (Fig. 5.1(a); inset shows the low-angle peak). The staged ZrPP reported by
Alberti et al. [20] has a basal spacing of 21.1 A. Clearfield et al [19,21] disclosed a material with
25.5 A basal spacing. The difference in basal spacing was attributed to different amounts of water
in the samples present in the phosphite interlayers. With increase in phosphorous acid to phenyl
phosphonic acid molar ratio from 1:1 to 3:1 in uncalcined ZrPP-1 to ZrPP-3, a decrease in basal
spacing from 15 to 11 A was noted (Fig. 5.1(a)). XRD pattern of the calcined sample, ZrPP-HF-C
was different from that of the uncalcined sample indicating change in molecular structure on
calcination (Fig. 5.1(b)). Interestingly, the sharp peaks in the XRD resembled those of ZrP,O
[23]. Broad, background peaks indicate the presence of some amorphous structure. ZrPP-1/2/3-C
showed only the broad and diffused peaks.

5.3.1.2. FTIR
FTIR spectroscopy provided further evidence for formation of ZrP,O; phase in the
calcined samples showing intense peaks in the fingerprint region (750-1300 cm™) due to

stretching modes of PO, groups in the pyrophosphate (Fig. 5.2) [23].

ZrPP-1-C

— P e
ZrPZO7

pJ
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Fig. 5.2. FTIR spectra of calcined ZrPP catalysts and ZrP,0.
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5.3.1.3. %P MAS NMR

'P MAS NMR spectroscopy provided independent evidence for the presence of
phosphous groups in the uncalcined samples showing signals at d = -7.5 to -9 and -15 to -18.3
ppm due to phenyl phosphonate and P-H of phosphite groups, respectively. In the calcined
samples these signals shifted to lower & values (-22 to -42 ppm) due to formation of the

pyrophosphate structure (Fig. 5.3) [24].

-41.2 — ZrPP-HF

-35.2 — ZrPP-HF-C
-22.2 15

-8.9

Intensity (a.u)

60 -0 20 0 20

o (PPM)

Fig. 5.3.°'P MASNMR spectra of uncalcined (ZrPP-1, ZrPP-HF) and calcined (ZrPP-HF-C)

zirconium phenylphosphonate phosphites.
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5.3.1.4. Thermogravimetric analysis

In thermal analysis, the as-synthesized samples showed, in general, two stages of weight
loss: (1) a minor loss in the temperature range 60 - 100 °C due to weakly bound water and (2) a
major loss at 400 - 500 °C due to decomposition of phenyl phosphonate and conversion of
Z1(CsHsPO3)x(HPO3),.« to zirconium pyrophosphate (ZrP,O7) having molecular weight of 265.2
(Fig. 5.4). Based on weight loss the structural formula was determined and the values were in
good agreement with those determined from the elemental analysis (Table 5.1). As the weight
loss due to water is very low and as it occurs at low temperature (< 100 °C) unlike that in the case

of aluminosilicates (< 200 °C), the catalysts of this study can be designated as hydrophobic.
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Fig.5.4. Thermogravimetric plots of (a) ZrPP-1, (b) ZrPP-2, (c) ZrPP-3, (d) ZrPP-HF.
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Table 5.1. Structural and textural properties of ZrPP based catalysts.

Catalyst SBET Elemental composition d-spacing(A°)  Molecular formula

mg (%)

C H

ZrPP-1 439 21.3(21.4) 1.9(2.0) - Z1(C¢HsPO3)0.99(HPO3)1 01.0.4 H,O
ZrPP-2 260 21.3(21.3) 1.8(1.9) 11.3 Z1(C¢HsPO3)0.97(HPO3)1 03.0.15 H,O
ZrPP-3 268 20.1(21.0) 1.6(1.8) 11.6 Z1(C¢HsPO3)0.0s(HPO3)1 05.0.1 H,O
ZrPP-HF 45 8.0 (7.8) 1.1(1.2) 22.6 Z1(C¢HsPO3)29(HPO3); 71.0.02 H,O
ZrPP-1-C 188 0.41 0.67 - -
ZrPP-2-C 193 1.55 0.70 - -
ZrPP-3-C 199 0.63 0.53 - -
ZrPP-HF-C 26 1.05 0.20 - -

Values in parenthesis correspond to the C and H% obtained from the formula.
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Fig. 5.5. Thermogravimetric plot of ZrPP-HF-C.

In spite of exposing to water vapors, the calcined samples showed no weight loss in thermal
analysis in the temperature range 40—-600 °C confirming hydrophobic nature of these calcined
samples (Fig. 5.5).

5.3.1.5. N2- physisorption analysis
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Fig. 5.6. N, adsorption/desorption isotherms of calcined zirconium phenyl phosphonate phosphite.
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Specific surface area (Sggr), determined from N, physisorption analysis, of the calcined
samples prepared without using HF (ZrPP-1/2/3-C) is higher (188-199 m?/g) than that of ZrPP-
HF-C prepared using HF (26 m?/g). This agrees well with the XRD results demonstrated wherein
only broad peaks corresponding to amorphous nature were observed in the case of the former
while sharp peaks indicating higher crystallinity was observed for the latter type calcined sample.
ZrPP-HF-C was mesoporous having average pore diameter of 14.2 nm (Fig. 5.6).
5.3.1.6. Acidity-basicity measurement

Acid-base properties of the calcined samples were determined using NH; and CO; as
probe molecules. Three overlapping NH3 desorption peaks with peak maximum at around 160,
210 and 300 °C were observed in the calcined ZrPP catalysts. While the first peak is
corresponded to weak Lewis acid sites (surface OH groups), the second and third peaks are

attributed to medium and strong acid (Zr*") sites (Fig. 5.7).
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Fig. 5.7. NH;-TPD profiles of (a) ZrPP-HF-C, (b) ZrPP-1-C, (c¢) ZrPP-2-C, (d) ZrPP-3-C.
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In CO,-TPD, two overlapping peaks were observed at 160 and 300 °C (Fig. 5.8),
attributable to the presence of weak and strong basic sites (O), respectively. The overall acid and
base sites densities of ZrPP-HF-C are higher than those of ZrPP-1/2/3-C samples (Table 5.2). lon-
exchange capacity/m” of the catalyst was found higher for ZrPP-HF-C than for ZrPP-1/2/3-C
(Table 5.2). This experiment in combination with NH3-TPD reveals that the calcined ZrPP

catalysts have both Bronsted and Lewis acid sites.

164

TCD Signal intensity

100 200 300 400 100 200 300 400
Temperature(°C)

Fig. 5.8. CO,-TPD profiles of (a) ZrPP-HF-C, (b) ZrPP-1-C, (c) ZrPP-2-C and (d) ZrPP-3-C.

5.3.2. Catalytic activity

Controlled experiments revealed that the reaction of methanol with CO, producing DMC
doesn’t take place in the absence of a catalyst. While the uncalcined samples ZrPP-1, ZrPP-2 and
ZrPP-3 were inactive, ZrPP-HF exhibited some activity (1.24 mmol/g. catalyst of DMC formed
when 16.02 g of methanol was reacted with CO, (2 MPa) using 1 wt% of catalyst at 170 °C for 8
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h). Interestingly, calcined ZrPP catalysts showed higher catalytic activity than the uncalcined
samples (Table 5.2).

Table 5.2. Physicochemical and catalytic properties of calcined ZrPP.

Catalyst Sger  Acidity Basicity Ion exchange Catalytic activity
(m*/g)* (umol/m*°  (umol/m?)°  capacity (DMC yield; mmol/g.
(neq/m?)®  catalyst)®

ZrPP-1-C 188 54 0.95 3.65 0.597
ZrPP-2-C 193 4.8 0.83 3.24 0.505
ZrPP-3-C 199 4.6 0.70 3.14 0.486
ZrPP-HF-C 26 21.3 13.1 15.0 5.05

“N, physisorption. "NH;-TPD, °CO,-TPD, 50 mg of activated catalyst was suspended in 10 ml of
0.01 N NacCl solution at 25 °C for 30 min, then the solid was removed and the left out liquid was
titrated against 0.01 N NaOH solution using phenolphthalein as indicator. “Reaction conditions:
methanol = 16.02 g, CO, =2 MPa, catalyst = 1 wt% of methanol, reaction temperature = 170 °C,

reaction time = & h.

Among the calcined catalysts, the activity of ZrPP-HF-C was higher by 10 times than
those of ZrPP-1-C, ZrPP-2-C and ZrPP-3-C. At the above-mentioned reaction conditions, ZrPP-
HF-C provided DMC yield of 5.05 mmol/g. catalyst. These studies, thus, reveal that the method
of preparation has a marked influence on the catalytic activity of zirconium phenyl phosphonates.
Interestingly, DMC was the only product formed with 100% selectivity over these zirconium
catalysts. Gaseous outlet at the end of reaction contained only unreacted CO,. Formation of side
products like dimethyl ether and CO were not detected. The yield of DMC increased linearly with
the density of both acid and base sites on ZrPP catalysts indicating their involvement in the

reaction (Fig. 5.9).
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Fig. 5.9. Correlation of DMC yield with acidity and basicity of calcined ZrPP catalysts.

5.3.2.1. Effect of reaction parameters

Under the conditions of 16.02 g of methanol, 2 MPa of CO,, 1 wt% of ZrPP-HF-C catalyst
and 170 °C, the yield of DMC increased with increasing reaction time and reached a maximum
(5.78 mmol/g) beyond 12 h (Fig. 5.10(a)). The initial rate of the reaction over ZrPP-HF-C was
found to be 3.3 x 10 mmol.sec”. Also an increase in yield with raise in reaction temperature
from 130 to 170 °C was noted (Fig. 5.10(b)). Actually this reaction is exothermic in nature (AH =
-27.90 kJ.mol™") [25]. Hence, higher temperatures are unfavorable to this reaction. However, in
order to prevent adsorbed CO, and water molecules poisoning the surface active sites and to
obtain necessary activation energy for CO, adsorption higher temperature is essential. ZrP,0O;

prepared by conventional methods was inactive for this reaction.
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Fig. 5.10. Influence of (a) reaction time and (b) reaction temperature on the DMC yield. Reaction conditions: (a) methanol = 16.02 g
(500 mmol), CO; pressure = 2 MPa, catalyst (ZrPP-HF-C) = 1 wt% of methanol, reaction temperature = 170 °C, reaction time =4 -15

h; reaction conditions for (b) are same as of (a) except reaction time = 8 h and reaction temperature =130- 170 °C.
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5.3.2.2. Effect of CO, pressure
CO; pressure has a marked effect on product yield. With increasing CO, from 1 to 3 MPa
keeping the amount of methanol constant (16.02 g), a linear increase in DMC yield from 1.595 to

7.318 mmol/g.catalyst was noted at 170 °C in 8 h (Fig. 5.11).
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Fig. 5.11. Effect of CO, pressure on DMC synthesis in the absence of solvent using ZrPP-HF-C

catalyst. Reaction conditions: methanol = 16.02 g (500 mmol), catalyst = 1 wt% of methanol,

reaction time = 8 h and reaction temperature = 170 °C.

5.3.2.3. Effect of dehydrating agent and solvents

With a view to increase the amount of dissolved CO, in the liquid phase, reactions were
conducted in presence of polar aprotic solvents [1,4-dioxane (pk, = -2.92), N,N-
dimethylformamide (DMF; pk, = -0.01) and tetrahydrofuran (THF; pk, = -2.92)]. DMC yield was
higher in the presence of DMF (9.29 mmol/g. catalyst; Table 5.3, entry nos. 4 and 5). As water is
the by-product of this condensation reaction, its removal from the system drives the equilibrium
towards right side. This has been achieved by employing water trapping agents such as trimethyl
orthoacetate, 2,2-dimethoxypropane, acetonitrile, cyanopyridine, epoxides and molecular sieves
[25, 26]. Chemical dehydrating agents are more effective but generate their hydrated product

which remains as contaminant increasing separation costs of DMC. Hence, 3A-molecular sieves
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(0.5 g) were used in this study as water trapping agent. Yield of DMC increased from 8.03 to
10.14 mmol/g. catalyst without DMF and from 9.29 to 11.56 mmol/g. catalyst in presence of
DMF (Table 5.3, entry nos. 1, 5, 6 and 7).

Table 5.3. Catalytic activity data of ZrPP-HF-C".

Entry Solvent’ CH3;OH/CO, Molecular CO, Catalyst CH3;OH DMC
no. (molar ratio)  sieve—3A  pressure (wWt% conv. yield
(g) (MPa) CH3;OH) (mol%) (mmol/g)
1 - 4 - 3 1 3.2 8.03
2 1,4-dioxane 4 - 3 1 3.2 8.04
3 THF 4 - 3 1 3.2 8.09
4 DMF 4 - 3 1 3.6 8.95
5 DMF 4 - 3 1 3.7 9.29
6 - 4 0.5 3 1 4.1 10.14
7 DMF 4 0.5 3 1 4.6 11.56
8 DMF 1 0.5 3.5 3.5 19.9 14.30
9 DMF 1 0.5 4 1.9 31.8 26.05

*Methanol = 500 mmol (entry nos. 1-7), 144 mmol (entry no. 8) and 164 mmol (entry no. 9),
reaction temperature = 170 °C, reaction time = 12 h, stirring speed = 600 rpm, 100 ml Paar

autoclave. "Solvent = 5 ml (entry nos. 2, 3 and 4) and 10 ml (entry nos. 5 and 7-9).

Solvent alone could not catalyze this reaction. While maintaining the CO, pressure at 3 MPa,
molar ratio of methanol/CO, was changed from 2 to 4; a marginal decrease in DMC yield from
12.64 to 11.56 mmol/g catalyst [170 °C, 3 MPa (CO;) and 12 h] was observed. All these findings
point out that CO; activation is the crucial step in DMC synthesis. By changing CO, pressure to 4
MPa, we achieved DMC yield of 26.06 mmol/g. catalyst in presence of DMF (10 ml) and 3A-
molecular sieves (0.5 g) (Table 5.3., entry no. 9). To the best of our knowledge, this is the highest
DMC yield and methanol conversion (31.8 mol%) reported so far in a batch reactor over solid
catalysts. The higher activity of ZrPP-HF-C is attributed to its hydrophobic nature which resists

the backward reaction to occur.
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5.3.2.4. Catalyst recyclability

ZrPP-HF-C was reusable in at least four recycling experiments (Fig. 5.12). At the end of
each recycle, the catalyst was recovered, washed with acetone, activated at 250 °C in air for 2 h
and reused in the subsequent recycling experiment. No loss in DMC yield was detected. ICP
analysis indicated no leaching of Zr or P elements into the liquid product. Further, the spent
catalyst at the end of 4™ recycle has the same XRD and FTIR characteristics as of fresh ZrPP-HF-
C indicating structural and compositional stability of the catalyst (Fig. 5.13).
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Fig. 5.12. Catalyst recyclability test. Reaction conditions: methanol = 16.02 g; CO, pressure = 3
MPa, solvent = DMF (5 ml), catalyst (ZrPP-HF-C) = 1 wt% of methanol, reaction temperature =
170 °C, reaction time = 12 h.
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Fig. 5.13. (a) XRD and (b) FTIR of spent ZrPP-HF-C catalyst.
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5.3.2.5. Tentative reaction mechanism

As seen from Fig. 5.14, O ions are the possible basic sites that activate methanol and
produce methoxide ion which in turn coordinates to Lewis acidic Zr'" sites. Thus, formed
zirconium methoxide activates CO; leading to Zr(OCOOCH3) species. Reaction of methanol with

this species assisted with adjacent acidic proton leads to DMC and water.
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Fig. 5.14. Tentative reaction mechanism for direct DMC synthesis over ZrPP-HF-C.

5.4. Conclusions

In conclusion, a highly active, selective, reusable catalyst, ZrPP-HF-C for direct synthesis
of DMC from methanol and CO, is reported in this chapter for the first time. Activity of this
catalyst is superior to most of the hitherto known solid catalysts. Hydrophobicity and acid-base
bifunctionality are the causes for the high activity of ZrPP-HF-C. Comparatively high yield of
DMC is obtained even in the absence of solvents and dehydrating agent. The addition of solvent

(DMF) and molecular sieve 3A results in further increase of DMC yield.
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Direct Synthesis of DM C from CO, and M ethanol over
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6.1. Introduction

Climate change due to increasing amount of CO, emissions into atmosphere has become
amajor hitch, for which much attention is being paid globally to control these emissions by way
of converting CO, back into fuels or chemicals [1-3]. An efficient catalyst is needed for its
activation and utilization because of its high thermodynamic stability and kinetic inertness.
Conversion of CO, to dimethyl carbonate (DMC) has attracted interest as DMC is a green
reagent/solvent, a raw material for manufacturing electrolytes used in lithium ion batteries,
precursor for polycarbonates and a potential gasoline additive with an annual demand of about
30 million tons [4-6]. Direct synthesis of DMC from methanol and CO; is atom-efficient than
other eco-friendly methods for its production [7,8]. Several homogeneous and heterogeneous
catalysts were explored for this method, which include Sn-based catalysts, Cu-based catalysts,
CeO, and ZrO,-based catalysts. Zirconia and ceria-based catalysts were most effective for the
activation of methanol and CO, [4,9-13]. The acid-base property plays an essential role for their
catalytic activity. However, the direct synthesisis low yielding and equilibrium limited. Removal
of water co-generated in the reaction using traps is necessary to overcome those limitations. In
recent times, research interest on the direct synthesis of DMC mainly focused on CeO,-based
compounds because of their excellent activity as catalyst and catalyst support. Wang et a. [13]
reported the influence of morphology of CeO, crystallites on DMC yield. They described a
correlation between morphology, crystal planes, acidity / basicity and DMC yield. The spindle
morphology showed the highest DMC yield among several. However, influence of morphology
on methanol conversion and DMC selectivity was not addressed athough it was highly
important due to the azeotrope behavior of DMC with methanol. DMC forms an azeotrope with
methanol at atmospheric pressure, which demands distinct separation steps through extractive
digtillation, liquid-liquid extraction, evaporation, etc. In order to overcome such problems,
development of a catalyst system for complete conversion of methanol to DMC is desired.
Honda et al. [14] reported, for the first time, that with ceria (CeO,) as a catalyst and 2-
cyanopyridine (2-CP) as water trapping agent, methanol and CO, conversion could be
guantitative with a DMC yield of 94% (Scheme 6.1). This study was quite attractive, however
the role of defects, morphology and type and quantity of acid and base sites was not studied
exclusively. Recently, Asahi Kasai Chemicals Corp. [15] declared construction of a validation
plant for dialkyl carbonates to produce diphenyl carbonate using their proprietary catalyst. In
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view of the industrial importance of DMC, it is of interest to know the factors governing the
catalytic activity / selectivity of CeO, in the direct synthesis route using 2-cyanopyridine as
dehydrating agent. In this study, it is reported that the morphology, defect site concentration and
optimum medium type acid/base sites of CeO, significantly influence its catalytic activity /
selectivity.

Desired Reactions;
2 CH,OH +CO, CH,OC(O)OCH, + H,0
DMC
A A
| ] +mo |
=
N~ “CN N NH.
(@]
2-CP 2-PA
n redR ion
S
2-PA + CH,OH /DMC +NH,/ CH;OC(O)NH,
= OMe
N
(@)
2-MP
DMC + NH, CH,;OC(O)NH,+ CH,OH
MC

Scheme 6.1. Direct synthesis of DM C from CO, and methanol in presence of 2-CP.

6.2. Experimental
6.2.1. Catalyst preparation

Ceriasamples of different morphology [cubes (Ce - C), rods (Ce - R), spindles (Ce - S)
and no definite shape (Ce - N)] were prepared by non-template hydrothermal synthesis methods
asreported in Chapter 2 (section 2.2.4) [13,16].
6.2.2. Characterization techniques

The X-ray powder diffraction (XRD) patterns of the catalyst samples were recorded on a
Philips X'pert Pro diffractometer using Cu-K, radiation and a proportional counter detector. The

diffraction patterns were recorded in the 20 range of 5- 90° at a scan rate of 4°/min. The step size
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in the measurements was 0.02°. High resolution transmission electron micrograph (HRTEM)
images of the samples were collected on a FEI Technai-F30 instrument with a 300 kV field
emission gun. Scanning electron micrographs (SEM) were collected on a Leica STEREOSCAN
440, LEO Microscopy, Cambridge, UK instrument. FT-Raman spectra were recorded on a
Horiba JY LabRaman HR 800 MicroRaman spectrometer using 630 nm wavelength generated
by a He-Ne laser operating at 20 m. Specific surface area (Sget) of the samples was determined
from the nitrogen-adsorption measurements carried out at -196 °C using Quadrasorb Sl
automated surface area and pore size analyzer (Quanta Chrome Instrument). Before N
adsorption, the samples were evacuated at 200 °C. Sger was determined from the linear part of
the adsorption isotherm using the BET equation (p/pp = 0.05-0.31). The pore size distribution
was calculated with the Barrett-Joyner-Halenda (BJH) method. Acidity and basicity of the
catalysts were determined by temperature-programmed desorption techniques using ammonia
and carbon dioxide, respectively, as probe molecules (Micromeritics Auto Chem 2910
instrument). About 0.1 g of the catalyst was activated at 200 °C under He (40 ml/min). The
sample was cooled to 50 °C and NH3/CO, was adsorbed at a rate of 40 ml/min for 30 min. Then
the temperature was raised to 100 °C followed by purging with helium gas to remove the
physisorbed probe molecule. After the stabilization of base line, desorption of probe molecules
was followed between 100 and 900 °C at the ramp rate of 10 °C /min. The broad peak obtained
was deconvoluted and the amounts of different kinds of acid basic sites were determined.
6.2.3. Reaction procedure

All the reactions were conducted in a 100 ml stainless steel Parr pressure autoclave as
described in Chapter 2 (section 2.4.2.2). At the end, the reactor was cooled to 25 °C and
unreacted CO, was vented out. Then, 30 ml of ethanol and 0.2 g of nonane-1-ol was added to the
liquid portion as a solvent and internal standard, respectively, and stirred for 10 min to dissolve
the solid product (2-picolinamide) completely into the liquid portion. The catalyst was then
separated out from the liquid products by centrifugation followed by filtration. The liquid
products were analyzed and quantified with the help of a Varian 3400 gas chromatograph (GC)
equipped with a flame ionization detector and CP-SIL5CB column (60 m-long and 0.32 mm
i.d.).
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6.3. Results and discussions
6.3.1. Catalyst characterization

6.3.1.1. XRD

XRD patterns (Fig. 6.1) confirmed the formation of ceriain a cubic fluorite lattice (unit

cell parameter: a = 0.540 nm; space group = Fm-3m). The average crystalite size (determined

from the full width at half maximum) and intensity of XRD peaks of different samples decreased
in the order: Ce - C (23.7 nm) > Ce - S (17.6 nm) > Ce - N (120 nm) > Ce - R (11.2 nm)
inferring that the ceria sample of cubic morphology (Ce-C) is more crystalline than that the

spindle, no definite shape and rod-like morphologies.

(111) Ce-N
220) (311)
— (200) (220 222)  (400) BHa00) (422)
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Fig.6.1. XRD patterns of ceriawith different morphology.
6.3.1.2. HRTEM

The sample with a cubic morphology had particles with size in the range of 20 - 140 nm
(HRTEM; Fig.6.2(a)). Inter planar spacing (d-spacing) of 0.273 nm confirmed the exposed (100)
planes in the cubic sample. A trace amount contained exposed (111) planes (Fig.6.2(b)). Ceria-
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nano rods have a diameter of 6.8 + 1 nm and length of 50 - 100 nm (Fig.6.2(c)). They contained
exposed (111) and (200) planes with a d-spacing of 0.311 and 0.270 nm, respectively
(Fig.6.2(d)). Ceria-spindles had alength of 3 - 12 um and width of 0.8 - 2.5 um. The ends of the
spindles were sharp and edges were curved indicating the existence of defect sites (Fig.6.2(g)).

They had exposed (111) planes (Fig.6.2(f)). Ceria with no definite morphology (Ce - N) had a
particle sizein the range 10 - 16 nm (Fig. 6.3).

: e |

¥ S
miri s |
ERED ?

Fig. 6.2. HRTEM images of ceriasamples. (a& b) Ce-C, (c& d) Ce-Rand (e& f) Ce- S.

Fig. 6.3. TEM image of Ce-N.
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6.3.1.3. Raman spectroscopy

FT-Raman spectrum showed an intense band at 463 cm™ attributable to the Foy mode of
ceria fluorite phase (Fig. 6.4.). Weak bands centered at 250, 600 and 1179 cm™ were
corresponded to second-order transverse acoustic mode (°Ta), defect-induced mode and
longitudinal optical mode, respectively [17,18]. The intensity of the defects peak (at 600 cm™)
was small due to its weaker sensitivity to visible Raman spectroscopy (Fig. 6.4). The
concentration of the defect sites (ratio of the area of Raman band due to defect-induced mode to
the band due to the F,3 mode) was determined and found that ceria with a spindle morphology
has higher amount of defect sites (1.1%) compared to the samples with no definite shape (0.8%),
rod-like (0.5%) and cubic (0.2%) morphologies.

——CeS
~ — CeR
>
8 — CeC
>
B —CeN
[
£

| exz630 nm

200 400 600 800 1000 1200
Raman shift (cm™)

Fig. 6.4. FT-Raman spectra of ceria samples of different morphology.

6.3.1.4. Surface area analysis

The specific surface area (Sget) of ceria samples decreased in order: Ce - R (105 m?/g) >
Ce- N (77 m%g) > Ce - C (43 m?/g) > Ce - S (36 m?qg). This variation isin near agreement with
that expected from their particle sizes (Table 6.1).
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Table 6.1. Textural, acid-base and catal ytic properties of ceria samples.

Sample Sger  Average Particle size (um; Acidity (umol/g; NHz-TPD)® Basicity (umol/g; CO,-TPD)?
(mflg) crystallite size HRTEM) Weak Medium  Strong Weak Medium Strong
(nm, XRD)
CeN 77 12.0 0.01-0.016 106 240 77 16 51 23
CeC 43 23.7 0.02-0.14 85 128 241 12 25 28
CeR 105 11.2 0.05-0.1x0.007+0.001 42 138 72 23 47 13
CeS 36 17.6 3-12x0.8-25 23 189 73 18 53 14

qWeak (< 200 °C), medium (200 - 400 °C) and strong (> 400 °C).
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6.3.1.5. Acid and base properties
NH3-TPD showed three overlapping desorption peaks with peak maximum at 150 - 200 °C,

320 - 360 °C and 430- 570 °C, respectively (Fig. 6.5(a) to (d)). While the first peak is
corresponded to weak Lewis acid sites, the second and third peaks are attributed to medium and
strong acid sites. CO,-TPD also exhibited three overlapping peaks at 150 - 160 °C, 310 - 330 °C
and 480 - 550 °C (Fig. 6.5(e) to (h)) attributable to weak, medium and strong basic sites,
respectively. The total acidity of the catalysts decreased in the order: Ce - C (454 ymol/g) > Ce -
N (423 pmol/g) > Ce - S (285 pymol/g) > Ce - R (252 pmol/g) and basicity in the order: Ce - N
(90 pmol/g) > Ce - S (85 pmol/g) > Ce - R (83 umol/g) > Ce - C (65 pmol/g) (Table 6.1). While
Ce - C contained more amount of strong acid and base sites, the other samples contained a large
amount of medium acid and base sites. The amount of strong acid sites was nearly the same for
Ce- R, Ce- Sand Ce- N. But the amount of strong basic sites was lower for Ce- Rand Ce- S
than for Ce - N and Ce - C. The concentration of medium acid and base sites decreased in the
order: Ce- N > Ce-S>Ce- R>Ce- C. It should, however, be noted that the position of the
desorption peak of medium and strong acid / base sites shifted to higher temperature as the
morphology changed from cube to rod to no definite shape to spindle. Thus, ceria with spindle
morphology contained medium and strong acid / base sites of higher strength than those of rods,
cubes and no definite morphology (Fig. 6.5).
6.3.2. Catalytic Activity

Controlled experiments (at 150 °C for 2 h with a CO, pressure of 5 MPa) revealed that the
reaction of methanol with CO, producing DMC (in presence of 2-CP as a dehydrating agent)
doesn’t occur without a catalyst. Morphology of ceria had a marked effect on its catalytic
activity. The activity of ceria samples (methanol conversion) decreased in the order: Ce - S> Ce
-N>Ce-R>Ce- C (Table 6.2). Conversions of methanol and 2-CP were 63 mol% over Ce- S
catalyst and DM C and 2-picolinamide (2-PA) formed with 97 mol% selectivity (Table 6.2). With
other catalysts, the yield of DMC was lower (£ 35.4 mol%) and 2-methylpicolinate (2-MP) and
methyl carbamate (MC) were detected in more amount = 6.8 and 1.4 mol%, respectively. The
mass balance was 100% with Ce - S, it was only 91% with Ce - R and Ce - C and 86% with Ce -
N catalysts (Table 6.2). Conversion of 2-CP was higher than the conversion of methanol. This
suggests that a part of 2-CP got decomposed. Such decomposition was minimal over Ce - Sthan
on the other ceria catalysts.
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Fig. 6.5. NH3-TPD (top) and CO,-TPD (bottom) profilesof Ce- C (a& €), Ce-R (b & f), Ce- S(c & g) and Ce- N (d & h).
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Table 6.2. Catalytic activity data of ceriafor direct synthesis of DMC.

Catalyst Conversion Yield (mol%) Product selectivity Product selectivity Mass balance (%)

(mol%) (mol%; based on (%; based on 2-CP)

methanol)
Methanol 2-CP DMC 2-PA DMC MC 2-MP 2-PA 2-MP Based on Based on 2-CP
methanol

Ce-N 51.2 64.6 31.6 440 617 21 68 68.1 10.8 85 86
CeC 37.3 49.6 314 332 842 14 94 66.9 14.1 98 91
CeR 50.0 61.8 354 454 708 22 70 735 11.3 90 91
CeS 63.0 63.0 61.0 60.8 970 12 29 96.5 5.4 100 101

Reaction conditions. methanol = 3.2 g (100 mmol), 2-cyanopyridine (2-CP) = 5.2 g (50 mmoal), CO, pressure = 5 MPa, catalyst = 0.1

g, reaction temperature = 150 °C, reaction time =2 h.
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Gas analysis pointed out that a part of DMC decomposed into dimethyl ether over Ce- R, Ce- C
and Ce - N. Thiswas not the case with Ce - S. In other words, the present study reveals that ceria
sample of spindle morphology is highly active and selective.
6.3.2.1. Effect of reaction parameters

Fig. 6.6 shows the influence of reaction temperature and reaction time on methanol
conversion and DMC vyield over Ce - S catalyst. Conversion of methanol increased with
temperature and remained unaltered above 150 °C. The yield of DMC had aso increased with
temperature and decreased above 150°C. This behavior is due to self decomposition of DMC
above 150 °C. Methanol conversion and DMC yield increased with reaction time and remained
constant after 3 h. The initial rate of reaction over ceria spindles was found to be 10.6 x 107
mmol.sec™. This reaction is exothermic in nature (AH = -27.90 kJ.mol™) [19]. Hence, higher
temperature is unfavourable. However, to prevent poisoning of the surface active sites with CO,
and by-product water and also to activate CO, for the reaction to occur on the solid surface, a

temperature of about 150 °C seems optimum.

70
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Fig. 6.6. Influence of (@) reaction temperature and (b) reaction time on DMC yield over Ce - S
catalyst. Reaction conditions. methanol = 3.2 g, 2-CP = 5.2 g, CO, pressure = 5 MPa and catal yst
=01g.(@dt=2hand(b) T=150°C.

6.3.2.2. Structure-activity correlations
Methanol conversion and DMC yield increased with increasing amount of medium type

acid and base sites (Fig. 6.7). Any deviation from linearity could be due to difference in the
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strength of acid/base sites of different ceria catalysts. The desorption occurred at higher
temperature for Ce - S than for the other catalysts. While the medium type basic sites are
responsible for formation of methoxide ions, the medium type acid sites assist generating CHz"
ions from methanol. A perfect tuning of the acid and base sites is crucial for achieving 100%
DMC selectivity. Ce - S had a right balance of these active sites and thereby showed higher
conversion and DMC selectivity. Methanol conversion (mol%) should be equa to 2-CP
conversion. But, an excess amount of 2-CP got converted on Ce- N, Ce - R and Ce - C catalysts
(Table 6.2). Thisis due to a large percentage of strong acid sites present on those catalysts that

decompose a part of 2-CP taken in the reaction.
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Fig. 6.7. Correlation between catal ytic activity (methanol conversion and DMC yield) with acid /
base sites of medium strength of ceria catalysts. Reaction conditions. methanol = 3.2 g (100

mmol), 2-cyanopyridine (2-CP) = 5.2 g (50 mmol), CO, pressure = 5 MPa, catalyst = 0.1 g,

reaction temperature = 150 °C, reaction time =2 h

DMC yield correlated with the defect sites concentration as well. The defect sites act asa
source to activate CO,. The highly defected morphology (Ce - S in the present study) adsorbs
more CO,, which is further activated by the base sites of medium strength present on the catalyst.

137



Chapter 6: Direct synthesis of DMC over CeO; catalysts

In addition to these, exposed facets may also play arole on catal ytic activity. The most stable
surface (111) is assumed to be the active surface for this reaction, which was exposed mainly in
ceria with spindle morphology. Thus, acid-base sites of medium strength, defect sites, exposed
facet and morphology control the catalytic activity and selectivity of ceriain the direct synthesis
of DMC from methanol and COs.
6.3.2.3. Tentative reaction mechanism

As seen from Fig. 6.8, surface OH group activate methanol and produce methoxide ion
which in turn coordinates to Lewis acidic Ce*" sites. Thus, methoxide ion attached to Ce**
activates CO, adsorbed on the defect centers and further reaction of methanol with this species
assisted with adjacent acidic proton leads to DMC and water.

B
/
N
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|| + H,0 OH CONH,
_C
3co OCH3 Ce“+ ce*
CHZOH
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/ CH3O H+
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% —OH" 2
- H\y 4+Ce/o—\Ce4+
#cg’_ CH—OH
CHZ0H = P OCHj,4

0=C=—0 Ce3+

( OCHj3 _OH
4+ Ce“*—OH
3+
O H*
4+Ce —%Ce—OH

Fig. 6.8. Proposed mechanism for DMC synthesis from methanol and CO, over ceria catalysts.
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6.4. Conclusions

Ceria samples of different morphology were used as catalysts in the direct synthesis of
DMC from methanol and CO, in presence of 2-CP, a dehydrating/water trapping agent. CeO,
with spindle morphology was found superior. Quantitative conversion of methanol with nearly
100 mol% selectivity for DMC was obtained over Ce - S catalyst. Defect site concentration,
medium type acid/base site ratio and exposed (111) surface of CeO, markedly influence its
catalytic activity/selectivity which in turn was assisted by the morphology. Catalytic activity
correlated with the amount of acid/base site of medium strength and defect sites. The highest
catalytic activity of Ce - S was attributed to its spindle morphology having a right balance of

medium acid-base sites and defect centers.
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Dimethyl carbonate (DMC) is an important chemical. Its synthesis has been widely
investigated through phosgene and non-phosgene routes. Among several non-phosgene routes,
transesterification of cyclic carbonates with methanol (indirect utilization of COy) is one of the
viable alternates for producing DMC. Hitherto known catalyst systems for this reaction are low
productive or require high temperatures. Designing of stable and highly active solid base catalyst
is most important for DMC synthesis by this route. On the other hand, the direct synthesis of
DMC from CO;and methanol (direct utilization of CO,) is a greener and atom-efficient approach
for DMC synthesis. However this reaction is restricted by low DMC yield due to thermodynamic
and equilibrium limitations. In order to overcome such limitations development of highly
efficient catalyst with suitable dehydrating systems is necessary.

This thesis work reported the application of basic and acid-base bifunctional solid oxide
catalysts for making DMC through transesterification of cyclic carbonate with methanol and
direct methanolysis of CO,. Catalytic activities of four set of catalysts viz., (i) rare-earth
modified hydrotalcite-derived mixed oxides (Chapter 3), (ii) sodium titanate nanotubes (NaTNT,;
Chapter 4), (iii) calcined zirconium phenyl phosphonate phosphite (ZrPP; Chapter 5) and (iv)
Ce0, of different morphologies (Chapter 6) for DMC synthesis were examined. While catalysts
(1) and (ii) were used for transesterification of cyclic ethylene and propylene carbonates (EC and
PC) with methanol, (iii) and (iv) were used in the direct synthesis of DMC. The influence of
reaction parameters on catalytic activity was probed. These catalysts were stable and reusable in
recycling studies. Main conclusions from different chapters were provided below.

Chapter 1 provided a general introduction to the significance and applications of DMC.
It described the various methods for DMC synthesis and the relevance and advantages of CO,
utilisation in DMC synthesis. The scope and objectives of the work were also presented.

Chapter 2 revealed the synthesis and characterisation methodologies of different solid
oxide catalysts used in this thesis which comprise rare-earth (La, Pr, Ce, Sm and Y)-modified
Mg-Al hydrotalcites-derived mixed oxide (HT La-C), sodium trititanate nanotubes (NaTNT),
calcined zirconium phenyl phosphonate phosphite (ZrPP-C), cerium oxide of cube, rod, spindle
and no definite shape morphology. The general reaction procedures and product analysis were
also discussed.

Chapter 3 presented DMC synthesis through transesterification of EC and PC with
methanol over rare-earth element (La®*", Ce**, Y*', Pr** and Sm*")-modified Mg-Al HTs-derived
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ternary mixed oxide catalysts. The catalytic performance differed with the nature rare-earth ion
modification. Among several mixed oxides, La(8 - 10 mol%)-modified HT showed the highest
activity yielding 95 mol% of DMC from EC and 58 mol% from PC at moderate reaction
conditions (80 °C and 4 h for EC-MeOH and 150 °C and 2 h for PC-MeOH). These catalysts
were active than the hitherto known solid catalysts for this reaction. A linear correlation between
catalytic activity and density of basic sites was found. The La-modified HT catalyst was
recovered and reused in five recycle studies with little loss in catalytic activity.

Chapter 4 reported the catalytic application of NaTNT for transesterification of EC and
PC with methanol at ambient reaction conditions. Optimization study on reaction time and
catalyst amount was conducted. NaTNT was highly active yielding 90% of DMC from EC at 25
°C and 66% of DMC from PC at 100 °C. The activation energy (E,) of this catalyst was lower
than HT-10 La-C (studied in Chapter 3) and other known catalysts. The basicity with high
surface accessibility to reactants is the possible cause for its efficient catalytic performance. This
catalyst was recycled up to four times with little loss in activity.

Chapter 5 presented DMC synthesis through the direct reaction of CO, with methanol
with 100 mol% selectivity using a novel, reusable, hydrophobic, calcined zirconium phenyl
phosphonate phosphite (ZrPP-C) catalyst. The method of preparation of the catalyst influenced
surface acidity and catalytic activity. Among several, ZrPP-HF-C prepared using HF gave
highest DMC yield. It was a hydrophobic, acid-base bi-functional catalyst and yielded DMC of
8.03 mmol/g catalyst at 170 °C over 12 h with the initial reaction rate being 3.3 x 10™. The
activity/DMC yield was further enhanced up to 26.06 mmol/g catalyst using dimethyl formamide
(DMF) (10 ml) and 3A-molecular sieves (0.5 g) as solvent and water scavenger, respectively.
Activity of the catalyst correlated with acid-base site density. Detailed investigation of structure-
function correlation, effect of CO, concentration and other reaction parameters were studied.

Chapter 6 discussed the various causes that control the catalytic activity of CeO; for the
direct synthesis of DMC. Stoichiometric quantity of 2-cyanopyridine (2-CP) was used as a
dehydrating agent. Nano crystalline CeO, with cube, rod, spindle and no definite shape
morphology were employed as catalysts. CeO, with spindle morphology (Ce-S) showed superior
catalytic activity and DMC selectivity compared to other morphologies. Synergic effect of defect
site concentration, exposed surface activity and medium type acid/base site ratio of CeO,

influenced its catalytic activity/selectivity. The influence of reaction parameters on DMC vyield
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was investigated. Ce-S gave highest DMC vyield of 305 mmol/g (61 mol%) at 150 °C and 2 h.
The highest catalytic activity of Ce-S was attributed to its morphology, the right balance of
moderate type acid-base sites and defect centres.

Table 7.1 compares the catalytic activity of the best catalysts reported in this thesis (HT-8
La-C, HT-10 La-C and NaTNT) with the best-known catalysts (Na,WO,.2H,0, Ca0O-ZnO and
Fe-Zn double metal cyanide) for the transesterification of EC/PC with methanol. Na,W0O,.2H,0
and CaO-ZnO are the best-known catalysts for the reaction of EC-methanol. They produced
DMC vyields of 80% and 83%, respectively at room temperature. However, they are limited due
to the following reasons: turnover number (TON) for Na;W0O,.2H,0 was quite low. In case of
Ca0-ZnO, Ca leached into the product mixture. HT-10 La-C catalyst of this thesis gave a DMC
yield of 95%. To best of our knowledge this is the highest DMC vyield reported so far for EC
transesterification. NaTNT gave a DMC vyield of 58% even at 25 °C. DMC yield increased to
86% at 60 °C and 4 h. HT-8 La-C and NaTNT were superior in terms of TON to Fe-Zn double
metal cyanide catalyst for transesterification of PC with methanol (Table 7.1).

Table 7.1. Comparative catalytic activity of solid oxide in transesterification of EC/PC with

methanol.
Reaction Catalyst T (°C) t (h) DMCyield TON
(mol%) (mmol/g)

Ca0-ZnO 25 4 83 166

£C + Metharol Na,WO,. 2H,0 25 5 80 40
HT-10 La-C 80 4 95 105
NaTNT 25 4 58 116
Fe-Zn DMC 170 8 86 35

PC + Methanol HT-8 La-C 150 2 63 96
NaTNT 100 8 66 130

144



Chapter - 7: Summary and Conclusions

Table 7.2. Direct synthesis of DMC from CO, and methanol.

Type of Catalyst T t P.o,  Watertrap DMC yield
dehydrating o
agent c) () (MP) (mmol/g)
With out H3PW12040/C€0_1Ti0_902 170 12 5 - 10.0
/withan — 7ypp.HF-C 170 12 3 - 8.1
inorganic . .
adsorbent  ZrPP-HF-C 170 12 4 Molecular sieve 3A  26.1

150 48 0.5 Acetonitrile 52.6
Reactive  ceQ, (Daiichi) 150 86 1 Benzonitrile 138.2
dehydrating 120 12 5 2-CP 138.2
agent CeO, -Spindles 150 2 5 2-CP 305.0

410 ml DMF was used as a solvent.

A comparison of catalytic activity of ZrPP-HF-C and Ce-S with the best known systems
in the direct synthesis of DMC from CO, and methanol is presented in Table 7.2.
H3PW1,040/Ce01Tip 9O, gave a DMC vyield of 10 mmol /g. catalyst only. In the absence of a
dehydrating agent, ZrPP-HF-C (catalyst of this work) gave a DMC yield of 8.1 mmol/g. catalyst.
However, the yield improved to 26 mmol/g. catalyst when DMF as solvent and molecular sieves-
3A as water trapping agent were used. Ceria with spindle morphology resulted the highest DMC
yield of 305 mmol/g catalyst while using 2-CP as a chemical dehydrating agent (Table 7.2). In
other words, catalysts reported in this study are more active and selective in DMC synthesis by
indirect and direct utilization of carbon dioxide. By and large, the work reported in this thesis
contributes green and sustainable catalytic process for making DMC in high yields utilizing CO,

as a renewable raw material.
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