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Abstract

Catalysis is one of the principles of green chemistry which is in combination with
other principles can be used to develop the atom economical green processes. It plays a
vital role in the production of wide variety of products, which are having applications in
drugs, plastics, agrochemicals, perfumery, detergents, food, clothing, fuels etc. In addition
to these, it plays an important role in the balance of ecology and environment by
providing cleaner alternative routes to stoichiometric technologies. The present work
aims at a selective synthesis of the organic molecules used as intermegtets in various

industries by using various solid acid and metal catalysts. Diffg@w
synthesized by using methods developed in our laboratory method @ eported elsewhere

alysts were

in the literature. Hydroxyalkoxylation of phenol and ethylenq:eogbbnate was catalyzed by

calcined hydrotalcite. y-valerolactone was synthesized evulinic acid catalyzed by

Ru supported on octahedral molecular sieves. Po promoted La-Mg catalyzed
synthesis of 2-phenyl propionitrile from phenyl
was synthesized from vanillin and dimeth;@on e catalyzed by potassium promoted

La-Mg. Sulfated iron zirconia was useo\@
Classification: Heterogt@%lysis, Sustainability, Green Chemistry

itrile was studied. Veratraldehyde

lyst for esterification of salicylic acid.

Keywords: Esterif'&Catalyst support, Kinetics, O-methylation, Hydrotalcite, Fine

chemicals ‘%Q
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Introduction

1.1 Preamble

Catalysis is an important interdisciplinary scientific and technological area for the
development of environmentally benign chemical processes. Homogeneous catalysts are
difficult to recover, reuse and generally require neutralization process. To overcome
drawbacks of homogeneous catalysts heterogeneous catalysts have been used to develop
green processes [1,2]. Considering the new environmental regulations and amendments,
the Green chemistry and engineering concepts were introduced in order to define exactly
what the needs of future industries and processes are [3,4]. It consists of 12 different
principles which can easily be found in several articles. Amongst the 12 different principles
such as catalysis, process intensification, atom efficient process, waste minimization, use
of renewable resources etc. are few well-practiced principles. %

Green Chemistry comprises designing, development and %'%tion of chemical
products and processes to decrease or remove the use al% neration of hazardous
substances. It is an innovative, non-regulatory, econo y driven approach toward
sustainability. Sustainable development is now acce bykgovernments, industry and the
public as a necessary goal of achieving the %ﬁd combination of environmental,
economic and societal objectives. The r.eleas@ha ful chemicals into the environment

must be minimized or, preferably, compkA eliminated. It should be an endeavor to use
t

renewable resources and extend the @
way [3]. \

In recent years, clagsical organic transformations using solid acid-base catalysts
continue to attract @ ble attention in both industrial and academic laboratories

and recyclability of products in an economical

because of the potential’of such technologies to simplify processing and improving the
economics Q@eactions, thus converting them into green processes [5].

1.2 Research Strategy

Owing to the growing importance of heterogeneous catalysts in organic synthesis,
it was thought worthwhile to study synthesize various heterogeneous catalysts and their
suitable applications in fine chemical and intermediates synthesis. Therefore, the synthesis
and characterization of catalysts, both reported and new, was considered to be an area of
immense potential.

Thus, a general theme with the following specific objectives was planned, under the

aegis of the current work. The following reaction systems were planned:

11



Introduction

1. Selectivity engineering in hydroxyalkoxylation of phenol by ethylene carbonate
using calcined hydrotalcite

2. Novel synthesis of Ru supported on OMS by solvent-free method: Highly active
catalyst for selective hydrogenation of levulinic acid to y-valerolactone in aqueous
medium

3. Potassium modified La-Mg mixed oxide: selective mono-methylation of
phenylacetonitrile with dimethyl carbonate

4. Green synthesis of veratraldehyde using potassium promoted lanthanum-
magnesium mixed oxide catalyst

5. Solvent-free synthesis of methyl salicylate using combustion synthesized novel

sulfated iron-zirconia catalyst Q
1.3 Organization of Thesis QCQQ

Chapter 1 is the introduction to the thesis depictin

Chapter 2 gives a glimpse of some of the useful tends and application of various forms
of catalysts for the selective synthesis. Als@§cludes the literature related to acid, base
and metal catalysts designing and syn \e

Chapter 3 is about the applicatib@@c‘:ined hydrotalcite as a heterogeneous catalyst for
the selective hydroxyalkoxyl f phenol by ethylene carbonate. It also accounts the
different characterizatjo %d to understand the nature of the catalyst and systematic
study of various rea(@%meters to derive a mathematical model useful for kinetic data
analysis. '&

Chapter 4&% of the selective hydrogenation levulinic acid to y-valerolactone in an
aqueous medium over novel synthesis of Ru supported on OMS by the solvent-free method.
The catalyst was characterized by different techniques. Also, a mathematical model was
developed to understand the kinetics of the reaction.

Chapter 5 describes the synthesis of novel potassium modified La-Mg mixed oxide
catalyst and its application to the selective mono-methylation of phenylacetonitrile with
dimethyl carbonate. The catalyst was characterized by using different methods and a
mathematical model was developed based on experimental data.

12



Introduction

Chapter 6 deals with the green synthesis of veratraldehyde using potassium promoted
lanthanum-magnesium mixed oxide catalyst and its characterization by using different
methods. The catalyst is highly active and selective.

Chapter 7 covers the esterification of salicylic acid with dimethyl carbonate under solvent
free condition. A novel combustion synthesized sulfated iron-zirconia catalyst was
developed to get better activity and selectivity as compared to reported literature.
Chapter 8 presents a summary of significant contributions made under the aegis of present
dissertation followed by the scope of future work and outlook.

1.4 Summary

This work dealt with the synthesis, characterization and a\g‘%on of novel
catalysts such as ruthenium supported on octahedral molecular sie@ MS), potassium
supported on La-Mg mixed oxide, and sulfated ferrous zirc Several catalysts were
@s s were fully characterized
nthesis phenoxyethanol from

synthesized and evaluated in each reaction studied. The

and used in the synthesis of value-added products. F
phenol and ethylene carbonate, calcined hydrotal alyst was found to be highly active
and robust. y-Valerolactone was synthesizery the aqueous phase hydrogenation of
biomass-derived levulinic acid using R;& rted on OMS. Selective mono-methylation

of phenylacetonitrile was cataly potassium modified La-Mg mixed oxide.

Veratraldehyde was synthesiz m vanillin and dimethyl carbonate catalyzed by
potassium modified La-M
catalyst for esterifi%c?ﬁtﬂf salicylic acid. These reactions are of great industrial

importance. Detail{m hanistic and kinetic aspects have been discussed in all cases.

<§Q

d oxide. Sulfated iron-zirconia catalyst was used as a
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2.1 Introduction

Synthesis of safer chemicals using catalytic systems is the ultimate goal of present
thesis. It includes the use of heterogeneous acid, metal and combination of both to make a
multifunctional catalytic system. There are various types of catalysts that have been
employed to get a selective and efficient synthesis of various products. In this chapter
attempts have been made to cover the difference between homogeneous and heterogeneous
catalysis, use of acid catalysts, basically sulfated iron-zirconia mixed oxide, use of metal
catalysts in the hydrogenation reaction, use of base catalysts.

2.2 Homogeneous vs. Heterogeneous Catalysis

In the chemical industry, use of catalysts has resulted to get the @sﬁbm available
resources in different areas such as pharmaceutical, polymer, petrol@‘n, etc. [6]. Based on
the phase of catalyst present in the reaction mixture, they are %fied as a homogeneous
and heterogeneous catalyst. Homogeneous catalysts are @1% in the same phase as that
of reaction mixture which is generally liquid. V hemicals and fine chemical
industries are based on the use of homogeneous ¢ 1S as it gives a very selective product
and is cheaper. However, it has a drawback s product contamination and separation
difficulties from the reaction mixture. J eneous catalysts are used in stoichiometric
quantities and are at times diffi.c@andle, corrosive in nature, which increases the
capital and processing cost and es the process equipment life [7]. There is no control
of the reaction, by-produc ation; also, reusability and regeneration of catalyst are
major concerns. It d%ﬁﬁgythe process efficacy. The effluent stream containing harmful
acids need neutraljaati and presence of heavy metals make post processing difficult,
cumbersomea @stly. A possible answer is immobilization of the catalytic material and
efforts are beingtaken to heterogenize the homogeneous catalysts.

Heterogeneous catalysis, in particular, addresses the goals of Green Chemistry by
providing the ease of separation of product and catalyst, thereby eliminating the need for
separation through distillation or extraction of the catalyst. Indeed, several different modes
of operation and reactor configuration to increase process efficiency and intensification
become possible. Solid acid catalyst is such an example which replaces homogeneous
catalyst like H.SO4, HF, AICI3, etc. completely from petrochemical industry and is
beginning to impact non-petrochemical industries [6]. The use of heterogeneous solid
catalysts being in a different phase than the reagents and products has an obvious advantage

in terms of easy separation from the reaction mixture, allowing the recovery of the solid
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and eventually its reuse, provided that the solid catalyst is not deactivated during the course
of the reaction. The development of selective and reusable solid catalysts for organic
reactions has been a very active area of research [8]. Thus, in addition to easy separation
[9-11], the use of insoluble solid catalysts has the extra bonus of minimizing wastes derived
from catalyst separation and disposal, fulfilling the principle of recyclability. In addition,
solid catalysts allow the design of continuous flow processes that are economically very
attractive at the industrial scale. A scientifically rewarding methodology could, therefore,
be to transform a successful homogeneous catalyst into a heterogeneous solid catalyst. The
simplest strategy to perform this task is by supporting the soluble metallic complex on the
surface of an insoluble solid [12-15]. Our lab has been instrumental in deyéloping various
heterogeneous catalysts including UDCaT series of novel solid acid c@vhich can be
employed in many industrially important chemical processes [16—2@

2.3 Solid Acid Catalyst Q
A general trend in catalysis is to transform a '@(ul homogeneous catalyst into

a heterogeneous catalytic system [22,23]. Solia@; and, in particular, zeolites have
contributed immensely to the developrpen @ost-effective refinery processes such as
cracking, isomerization, oligomerizati@lization, etc., [7-9] but their commercial
applications in organic synthesis@ﬁther limited. Some important solids such as
heteropoly acid, clays, ion exc esins, modified metal oxides, mesoporous materials
(MCM-41, SBA-15, HMS)(@, ave been studied vociferously in a number of industrial

reactions [7,24]. Ho%?ﬂhe main focus was given on the application of sulfated iron-
zirconia as a solid gcid catalyst for synthesis.

QO

2.3.1 Sulfated iron-zirconia mixed oxide as super acid

Metal oxides exhibit super acidity when they are modified or promoted with sulfate
ions. Thus, there has been a rapid progress on the development of sulfate promoted metal
oxides such as ZrO», TiO2, SnO,, Fe;03, HfO2, etc. [20,25]. Amongst them, surface of
zirconium oxide is known to possess all these catalytic activities. Zirconium oxide or
zirconia when modified with anions, such as sulfate ions, forms a solid super acid catalyst
exhibiting a high activity to catalyze many reactions [25,26]. It has been widely used to
catalyze reactions such as hydrocarbon isomerization, alkylation, acylation, esterification,
etherification, condensation, etc. [26-30] . Thus, sulfated zirconia (S-ZrO-) and its variants
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form an important class of catalysts as is evident from the voluminous research that has
appeared in the last decade. Moreover, these catalysts show a promising future in that they
can provide environmentally clean processes for the chemical industry of this eco-friendly
era.

The S-ZrO; behaves as a solid super acid, depending on its method of preparation
and activation. A considerable amount of debate is centered on the application of the term
super acid to the S-ZrO; catalysts. Umansky et al.[27] suggested that S-ZrO> does not fall
in the family of super acids since its acidity is not stronger than that of 100% H>SOs. S-
ZrO», however, is known to catalyze reactions such as n-butane isomerization even at low
temperatures [28,29] . The fact that this isomerization requires highly acidic«catalysts when

‘%h etal. [30]

coupled with the above observation, suggests that S-ZrO> is super acig@ge
e the measurable

have observed that the activated S-ZrO. catalyst appears to eIiv@a
catalytic activity even in the presence of 100% sulfuric acid,Andplying that, based on the
competition of water, it is a stronger acid. It is also sug @e of the super acidity of S-
ZrO2 since 100% H»SOs4 is itself a strong dehydratin ‘& Moreover, S-ZrO> exhibits a
Hammett acid strength of Ho= —16.04, whereas 0% sulfuric acid it is only —11.99.
The catalytic properties of sulfated zirconia@ni antly depend upon the preparation
methods and the activation treatments [. 7. Although S-ZrO; shows higher strength, it
suffers from deactivation due to,co %ﬁmation at high temperature. The deactivation of
S-Zr0O- has, to a large extent, be ?&ome by modifying it with various transition metals,
like platinum, nickel, pall "&gallium and tungstate of which platinum-promoted S-
ZrO2 has been Wid@ed for alkane transformations. Yadav and Nair [25] have
reviewed all pertitha ects of S-ZrO;,
Q

2.3.2 Combustign synthesis

Combustion synthesis (CS) or self-propagating high-temperature synthesis is an
effective, low-cost method for production of various industrially useful materials. The
combustion synthesis method explores an exothermic, generally very fast and self-
sustaining chemical reaction between the desired metal salts and a suitable organic fuel,
which is ignited at a temperature much lower than the actual phase formation temperature.
Its key feature is that the heat required to drive the chemical reaction and accomplish the
compound synthesis is supplied by the reaction itself and not by an external source.
Recently, the combustion synthesis of nanoscale oxides has been gaining a reputation as a

straightforward preparation process to produce homogeneous, very fine, crystalline and
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unagglomerated powders, without the intermediate decomposition and or calcining steps.
These are the characteristics required of a catalyst and suggest the possibility of producing,
in a single stage, the oxide precursor of a supported catalyst. Although this method appears
to be a breaking down (destructive) process, is in fact, a building up process as the product

nuclei are formed initially and grow.

2.3.3 Advantages of combustion synthesis:

4+ Simple and fast (explosion type)

+ Low power requirement

4 Low operating temperature (<400 °C) and high combustion témperature (up
to 3500 °C) Q‘%

+ Front propagation velocities (~ 25 cm / second) Q

4 Pure product with better catalytic properties (me us, meta-stable phases
with unique Structures and surface defects Q

+ Very high-temperature gradients (~10 ) and fast reaction rates

+ Elimination of volatile impurity po@ (self-cleaning)

+ Potential for industrial app.lic@

2.4 Base Catalyst . (b‘
The studies on the c‘w solid acids are enormous. Though a little attention

is devoted to solid base cata in comparison with solid acid catalysts, high activities and
selectivities are Oft@ d only by solid bases for many kinds of reactions. Actually,
numerous reactions’such as isomerization, addition, alkylation and cyclization are carried
out industn%r sing liquid bases as catalysts. Furthermore, many organic reactions
require a stoichfometric amount of liquid bases. The replacement of liquid bases by solid
base catalysts would have the advantages of decreasing corrosion and environmental
problems while allowing easier separation and recovery of the catalysts. Excellent reviews
by Hattori on the catalysis by solid bases have been published [31,32]. The main topics will
be hydrotalcite as solid bases and solid superbases, namely, potassium promoted

lanthanum-magnesium mixed oxide.

2.4.1 Hydrotalcite and calcined hydrotalcite
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Hydrotalcite has the ideal unit cell formula, MgsAl2(OH)16(CO3%) 4H,0; the ratio
of Mg/Al ratio can be variable (1.7-4) in synthetic samples. By synthesis, Mg can be
replaced by Zn, Fe, Ni and Co, and Al can be replaced by Cr and Fe. The kinds of anions
are widely variable by synthesis or ion exchange. Their structure consists of positively
charged brucite layers, altering with negatively charged interlayers containing with anions
and water molecules [33,34]. The basic sites in the alkali earth oxides can originate from
O? (strong basicity), O™ species near hydroxyl groups (medium strength), and OH groups
(weak). The addition of AI** alters the acid-base site distribution through the introduction
of AIP*-O? sites with moderate Lewis acidity and medium basicity. Hydrotalcite-like
materials become active as solid base catalysts when heated at about §73 K to give
dehydrated and dehydroxylated mixed oxides, especially in th 4355 of Mg-Al
combinations [33,35,36]. The base-catalyzed reactions studied s@r include the aldol
zae and formaldehyde to
methyl vinyl ketone [37] and the isomerization of pent- -ene 8]. Corma and coworkers

S

ed Mg-Al hydrotalcite for the

condensation of acetone [36], cross aldol condensation of a

studied the catalytic activity and selectivity of a
\J
different pKa and concluded that the calcined@dr
16.5, most of them being in the range ot{& pKa < 13:3 [39].

Knoevenagel condensation of benzaldehyde wi vated methylene compounds with

alcite has basic sites with pKa up to

2.4.2 Lanthanum-Magnesium@de
b

Mixed metal oxid %
to their strong basic y as well as their large surface area compared to that of single
metal oxides. Eﬁéal y, Mg-Al hydrotalcite, Mg/Al/Zr mixed oxide, KF modified

C0304/Zn0O have been successfully applied to different chemical

een widely applied as a heterogeneous base catalyst due

hydroxyapadtig,
synthesis [40—43] . La2Os is one of the strongest basic metal oxides but its low surface area
decreases its activity as a heterogeneous base catalyst. To increase the surface area, and
thereby to enhance the catalytic activity, La2Os is frequently supported with MgO and CaO
[44-47]. La-Mg mixed oxides are stable due to their preparation at high temperature and
could be more easily regenerated after deactivation. La-Mg mixed oxides were active for
base catalyzed reactions of epoxidation of activated olefins [48] and isomerization of
isophorone [49] with activities comparable to rehydrated hydrotalcite. The La-Mg mixed

oxide was reported in various chemical reactions like Wadsworth-Emmons reaction [50],
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transesterification reaction[51], Wittig reaction[45], synthesis of glycerol carbonate[52],

Michael addition reaction[53] and epoxidation of an olefin [54].

2.4.3 Potassium promoted La-Mg mixed oxide

Solid bases have been observed to be more active than metal compounds and require
milder reaction conditions than acids [55,56]. More recently, there has been an increasing
development of heterogeneous catalysts, such as NaOH and a series of potassium catalysts
supported on alumina [57,58], alkali-doped metal oxide [59], and zeolite [60]. The activity
of solid bases generally increased with base strength. Although the reaction is complete,
there are some interests in the leaching of active species on the support. It was reported that
the heterogeneous catalysts lose some activity after their use. The Ieac@gf otassium on
v-Al>0O3 to methanol during the reaction was reported [61]; howev@m leaching tests of

potassium on zeolite were investigated. @
Solid superbases are materials that possess basic sites wi rength (H-) higher than 26
[62]. In the past decades, there was rapid developmeqthn $he research of solid superbase

catalysts due to their excellent catalytic %) mance and environment-benign

-Al203 [63,64], Eu.Os/y-Al203 [65],
KNOs/ZrO; [66,67], KOH/ZrO, [68])\’ gO [69], Na/NaOH/MgO [70], KNOs/KL
[71] and Ca(NOz3)2/SBA-15 [72]) (béported. In these cases, the common supports are
v-Al203, ZrOz, MgO and mes '&wlecular sieves. Obviously, due to the limited use
of support materials, a vari&lid superbases is restricted. It is envisaged that the use

of new support ma% a way to enrich the diversity of solid superbase materials.
0

characteristics. Many superbases (e.g.,

Previously, a serie&f uperbase materials were synthesized using composite oxides as
supports a t@ium salts as modifying agents [73-75]. However, most of them show
unsatisfactory catalytic performance that can be related to the poor amount of super basic
sites. Composite oxides have attracted much attention in recent years due to their unigque
physical and chemical properties [76]. The composites based on alkaline earth and rare
earth metal oxides may afford a new type of supports for superbases preparation. Materials
of this kind have been used as catalysts or supports in various chemical reactions, especially
in the oxidative condensation of hydrocarbons [77,78]. Lanthanum-magnesium composite
oxide with base strength (H-) between 15.0 and 18.4 has basicity higher than that of the
individual oxides [77,78]. However, there are no reports on superbases that are originated

from lanthanum-magnesium composite oxide. Nonetheless, a study of Clacens et al.
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demonstrated that the use of a basic support favored the generation of strong basic sites
[79]. It is known that the use of a potassium compound such as KNO3z [64,80,81], KOH
[68], KF [82] and K.COs3 [83] can promote the formation of solid superbases. All these
information prompted us to investigate the possibility of preparing a super base material
using lanthanum-magnesium composite oxide as support and potassium salts as modifying

agents.

2.5 Hydrogenation Reaction

Various metal catalysts were employed for the heterogeneous catalyzed
hydrogenation reaction. It mainly contains Group VIII transition metals, i.e. Ru, Co, Rh,
Ir, Ni, Pd, or Pt, or other base metals such as Cu and Fe. Sometimes th Is are used in
combinations, optionally incorporating promoters, e.g. Cr, Ba, Mn. Prgsiowus metal catalysts

are often preferred because they can operate under mild conditi® hence allow better
control of selectivity [84-86]. %

Catalyst performance is optimized by careful co che reaction parameters, e.g.
temperature, pressure, catalyst concentration; by c& reaction solvent; or in some
cases by selective poisoning. After havi ceeded through several stages of

development catalytic hydrogenations is r@ arried out essentially in two ways: low-

temperature low-pressure hydrogenatj glass apparatus at temperatures up to about
100 °C and pressures of 1-4 atnf, Igh pressure processes at temperatures of 20 —400
°C and pressures of a few to undred atm (e.g. 350 atm) [87]. The great advantage

of heterogeneous ce%&rogenaﬁon is a very easy isolation of the products. This

aspect is especially 1 ant for large-scale industrial reductions for which, as a rule,
complex hydr'd%'&yctions are not suitable.

The st common hydrogenation catalysts are nickel, platinum, palladium,
rhodium and ruthenium. Cobalt and copper chromite are also used and rhenium has
catalytic properties which make it useful for the hydrogenation of some functional groups
[88]. Here, only a limited literature about some metals are covered. Details about other

metal can be easily found in earlier work [89].

2.5.1 Ruthenium
Ruthenium is the most active catalyst for hydrogenation of aliphatic carbonyl
compounds, particularly in the presence of some water [90]. Hydrogenation of a,

unsaturated aldehydes to saturated aldehydes is readily achieved over most platinum

23



Literature

metals. The selective synthesis of unsaturated alcohols is, however, much more difficult to
achieve. Platinum and ruthenium have been suggested for these reactions, in particular the

latter because of its lower price and comparable catalytic properties [91].

Supported or unsupported ruthenium catalysts were seldom employed in the past to
carry out hydrogenation reactions in petrochemistry and chemical synthesis. Instead, these
reactions were usually achieved in the gas phase or in organic solvents over platinum,
palladium, rhodium, and nickel catalysts tailored to obtain optimum activities and
selectivities toward desired products. Triggered by the threat of dwindling fossil resources
and by the hope to decrease CO2 emissions, many attempts have been made during the past
two decades to produce chemicals by catalytic conversion of platform ﬁles obtained
from polysaccharides or lignocellulosic materials by depolymerlzatl \ ntation, and
pyrolysis processes [92-94]. These water-soluble, bio-sourced Ies were converted
into chemicals currently produced from fossil resource %2( as succinic acid and
derivatives [95], or into new bioproducts that had hetic counterpart, such as

isosorbide and lactic acid derivatives [96]. Q,

2.6 Conclusion Q

In this chapter, a brief m%ﬁbon was provided to some of the key aspects of

reactions and the terms used in esis. Heterogeneous catalyzed reaction leads to the
goal of achievement of gr and economical route of synthesis. Different catalysts
especially sulfated |®ma potassium promoted La-Mg mixed oxide and ruthenium

supported on octa olecular sieves proved to be a good catalyst to achieve the goal
of green che%@ several industrially relevant reactions.

24



CHAPTER 3

Sl
SELECTIVITY ENGKN,?&RlNG IN
HYDROXYALKOXY.LSQD%N OF PHENOL BY
ETHYLENE CARB@ATE USING CALCINED

%A&I@'%OTALCITE
<

J. Molleti, G.D. Yadav, Selectivity engineering in

hydroxyalkoxylation of phenol by ethylene carbonate using
calcined hydrotalcite, Clean Technol. Environ. Policy. 19
(2017) 1413-1422.

25






Selectivity engineering in hydroxyalkoxylation phenol by.....

3.1 Abstract

The high consumption of mono-ethylene glycol phenyl ether in various sectors
requires clean and green synthesis. Herein we report an efficient, selective and green route
of hydroxylation using calcined hydrotalcite for preparation of mono-ethylene glycol
phenyl ether. Various types of solid base catalysts were prepared and well characterized by
TGA-DSC, FT-IR, XRD, CO2-TPD, NHs-TPD, SEM, and BET surface area. The catalyst
possesses very high activity for hydroxyalkoxylation of phenol and ethylene glycol with 96
% conversion at 180 °C in 2 h with catalyst loading of 0.03 g/cm?®. The insight of reaction
reveals that it is kinetically controlled with second order reaction and follows power law
model. The apparent activation energy for the reaction is 21.3 kcal/mol. qThe catalyst is
highly reusable and shows green chemistry perspective and gives ex @‘Qresum up to

four runs.
<Z)
P

extensively used in solvents

3.2 Introduction

Phenoxy ethanol is a typical organic solvent
and has large applications in personal care items li rance, soaps, toiletries, detergents,
preservatives, cosmetics, and antiseptic, pha uticals. The commercial production of
mono-ethylene glycol phenyl ether (M ¢ n the world is 170000 Tons per annum and
the biggest consumption is in the so ébSector which is nearly 80 % of the total. MEGPE

prepared by hydroxyalkoxylati

ethylene oxide with phenol which deals with
dangerous alkylene oxide atrb' lyst with high negative impact on the environment with
high cost of producth;lgfﬂ'r

Butler and Qn w [98] and Rindfusz [99] have reported mono chlorohydrins for
hydroxyalk @1 of phenol by trimethylamine as a homogeneous catalyst with
extremely low ¥ield. Morgan [100] and Carlson [101] have discussed the application of
alkali carbonate as a catalyst for alkylation of phenol with ethylene carbonate as an
alkylating agent. Use of alkali hydride, halogen based catalysts, solid alkaline metal oxides
and tri organo phosphine catalysts were well cited in the literature for the synthesis of glycol
phenyl ethers [102-104]. The homogenous method cited in the literature [105] faces
obvious drawbacks like waste generation and poor recovery of desired product. The
effectiveness of the process is also determined by nature product. Due to the application of
halogen and phosphorous based homogeneous catalysts the physical appearance of product
changes. Therefore, heterogeneous catalyst would be always welcome. Recently Kinage et

al. [97] have reported zeolite catalyzed synthesis of MEGPE by reacting of phenol with
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cyclic carbonates at 170 °C for 24 h and Ziosi et al. [106] have reported Na-mordenite
catalyst at 210 °C for 7 h.

A large number of papers are available in the literature for intensification of
industrial processes using solid acid and super acid catalysts [107-109]. Production of
valuable chemicals for pharmaceutical and biodiesel industry using KOH, Ca(OH), and
NaOH as homogeneous catalysts are well demonstrated previously [110,111]. The
application of homogeneous catalysts gives raise various inevitable problems such as
difficult product separation from reaction mass, recovery of catalyst, and reactor corrosion
[112,113]. In the field of heterogeneous solid base catalyst hydrotalcite is a very important
component to be focused due to its good reusability, stability and, tungble acid base
property. \

Hydrotalcite (MgoAl.CO3(OH)16. 4H20) is a layered doubl@ roxide (LDH) and
it consisting of brucite type structure in which in Mg?* and A *% octahedrally separated
by charge balancing anions and water which reside in@layer space [114]. In many
samples of hydrotalcite, a few of the Mg?* cations are by trivalent AI** ions, which
results in a net positive charge in the cation layers! 6'
was observed when calcination was co.nd@bel w 200 °C, due to loss of interstitial
water molecule. At higher temperature, \QQ 0°
Up on further calcination up to 900,A€ \they lead to the formation of well dispersed mixed
metal oxides with characteiri;(ﬁv erties [115-117]. The resulting so-called activated

ormation of anhydrous hydrotalcite

C, COs% and further water are removed.

LDHs are known to be th ctive solid base for a variety of base catalyzed organic

reactions [118]. %)
Here for thﬁfjrs time we a report detailed kinetic study of hydroxyalkoxylation of
phenol by i g{

better catalyst from green chemistry point of view (Scheme 3.1). Several parameters

onates catalyzed by calcined hydrotalcite (CHT) as an effective and

affecting kinetics of the reaction are explored in detail and a kinetic model developed

including its validation against experimental data.

3.3 Experimental
3.3.1 Chemicals

Magnesium nitrate hexahydrate (Mg (NO3).. 6H20), aluminum nitrate nonahydrate
(Al (NOgz)3. 9H20), sodium carbonate (Na.COs), ethylene carbonate (CsH403) and sodium

hydroxide (NaOH) were procured from Hi-Media Chem. Ltd., Mumbai, India. Phenol,
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THF, magnesium oxide and aluminum oxide were procured from S. D. Fine chem. Ltd.,

Mumbai, India. Laboratory grade common chemicals were used.

3.3.2 Catalyst synthesis

CHT of Mg:Al ratio 3:1 was prepared by a combination of two solutions [119] :
solution A containing 38.3 g (0.15 mol) of Mg (NOs)2. 6H20 and 18.9 g (0.05 mol) of Al
(NO3)3. 9H20 in 30 mL distilled water was prepared. Solution B containing 18 g (0.45 mol)
of NaOH and 14 g (0.1 mol) of Na2COsin 30 mL distilled water was prepared. Solution A
and B were simultaneously added to round bottom flask (500 mL) using dropping funnel
with speed of agitation with 400 rpm maintained by overhead stirrer in oil bath at 30 °C for
2 h. White precipitate of hydrotalcite (HT) was obtained and left at 60 °\gr 2 h. HT was
filtered, washed with distilled water to obtained pH 7 and then drie@ ven at 100 °C for
24 h. The material was calcined at 450 °C for 6 h to get C %)1). The composition of
Mg: Al in the catalyst is varied as 1:1, 2:1and 5:1and th e identified as CHT (1:1),

3.3.3 Reaction procedure

In all experiments, a1l mar (Mumbai, India) autoclave equipped with 4 blade
pitch turbine impeller w. . The autoclave was provided within built a proportional
integral derivative ﬁ%r for maintaining the desired temperature. The speed of
agitation was m&ned at 5 rpm of the experimental value. The calculated amount of
reactants wewg™taken in the autoclave. The autoclave was tightened and the desired
temperature was set, and after attaining the temperature zero-minute sample was removed.
A typical experiment consisted of 0.025 mol of phenol, 0.05 mol of ethylene carbonate, 0.2
m L of n-decane as an internal standard with a catalyst loading of 0.03 g/ cm? of total
volume of the liquid. The speed of agitation and temperature were maintained at 180 °C
and 1000 rpm respectively. The total reaction mixture of volume was 30 cm?®. Being a
heterogeneous catalytic reaction recovery of catalyst was done by simple filtration, and all
the experiments were performed in triplicate to determine the experimental variability

(within a standard deviation of £5%).

3.3.4 Method of analysis
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Samples were withdrawn periodically from the reaction mixture and analyzed by
GC equipped with a capillary column BPX-50 (0.25 mm diameter and 30 m length) and
FID detector. The product was confirmed by GC-MS (Perkin Elmer, Clarus 500 with Elite-

1 capillary column) and by matching the retention time of pure samples.

3.4 Results and Discussion

3.4.1 FT-IR analysis

FT-IR spectra of hydrotalcite (HT) show absorption band at 3506 cm™ attributed to
the stretching of hydrogen bonding located between the brucite lay ere 3.1). The
band at 1641 cm™ is ascribed to H,O bending vibration, Wherea@Qat 1372 cmt
assigned to interlayer carbonates. The low frequency show nd at about 858 cm™,
ssigned to the Mg-O [121].

ificantly decreased due to de-

corresponding to the Al-O and the band at 658 cm™ coul
In case of CHT (3:1) catalyst, the peak at 3506 cm™
hydroxylation. The decrease in intensity of wbraﬁ%
at around 1372 cm™ in CHT (3:1). It support a

is remained intact after calcination. \)\
AP

rresponds to interlayer carbonates

ct'that layered structure of hydrotalcite
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Transmittance (%)
40
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Figure 3.1 FT-IR spectra of HT and CHT (3:1)

3.4.2 XRD
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XRD patterns of hydrotalcite show reflections (003), (006) (012) for 2-theta values
of 11.6°, 22.9° and 34.8° respectively (JCPDS card number 35-0965), indicating layered
crystalline structure (Figure 3.2). The crystalline nature of material results in a basal
spacing decrease (dooz) and shifts towards higher 2-theta values. The calcination of material
at 450 °C results in the creation of holes in the crystal surface due to loss of its water and
carbon dioxide molecules [121]. The formation of fine pores in 20-40 A° range results in

increased surface area and the crystalline morphology supports above observation.

2
=
| HT
“, A A CHT
1'0 20 3'0 4'0 S.D 50 7'0
2-Theta
Figure'aQasz of HT and CHT (3:1)
3.4.3 TGA-DSC

TGA-DSC Aﬁned in STA 449 F3 Jupiter from NETZSCH simultaneous
Thermal AnalyserAJ he analysis of CHT (3:1) catalyst was carried out at 25-600 °C with a

heating rate%g:/ min in N2 atmosphere. Three endothermic peaks were observed as
shown in Figure 3.3. First peak was observed at 25-100 °C due to loss of water content of

catalyst. Second peak was observed at 100-260 °C due to loss of crystallinity. Third peak
was observed at 260-450 °C due to the formation of oxide from hydroxide. Above 450 °C

temperature, significant weight loss is not obtained which indicates catalyst is thermally

stable.
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Figure 3.3 TGA-DSC analysis of CHT ¢3:1)

TPD of CHT (3:1) was carried out in Micr cs AutoChem 112920 in which 10
% CO2-He was used as probe molecule to fm@%&mty and 10 % NHs-He was used as
probe molecule to find out the acidity of ¢ t@ NHz desorption peak was observed at 243

3.4.4 NHz and CO2-TPD

°C corresponds to weak acidic sites 0 entratlon 0.74 mmol g* as shown in Figure 3.4
(Table 3.1). CO desorption peak. observed at 270 °C corresponds to weak basic sites
of concentration 0.84 mmol 8. ‘as shown in Figure 3.5. Regenerated CHT (3:1) is also

showing about the s%m; ty of acidity and basicity as shown in Table 3.1.

0.02

Q 0.015 +

0.01 +

0.005 T+

TCD Signal (a.u.)

Temparature (°C)

Figure 3.4 NHs3-TPD pattern of CHT (3:1)
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Table 3.1 CO2-TPD and NHs-TPD analysis of CHT (3:1) and Reused CHT (3:1)

Catalyst Acidity in mmol g! Basicity in mmol!
CHT (3:1) 0.74 0.84
Reused CHT (3:1) 0.72 0.81
0.005
1E-17 ¢
-0.005 \
E 001 §
I
S 0015 ¢
[7p]
a)
O 002 §
|_
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O
Figu'ra@coz-TPD pattern of CHT (3:1)

3.4.5 Surface area and pﬁéﬁalysis

The surfacs%%%f HT and CHT (3:1) were determined by Micromeritics ASAP
2020 (USA)at Q Both catalysts showed type IV adsorption isotherms with well-defined
steps in nitrogén adsorption and desorption isotherm (Figure 3.6) which indicates the
presence of mesoporous material. HT and CHT (3:1) showed H1 type of hysteresis which
indicates the presence of pores of capillary type open at both ends. Table 3.2 shows surface

area, average pore and pore volume of HT and CHT (3:1) catalysts.

Table 3.2 Surface area, pore volume and pore diameter analysis of HT, CHT (3:1)

Catalvst BET surface area BJH pore volume  BJH average pore
’ (m?g?) (cm*g?) size (nm)
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Figure 3.6 N2 adsorption- desorpt@ms of HT and CHT (3:1)

3.4.6 SEM analysis

The particle morphology of prep(e)&T CHT (3:1) and reused CHT are shown in
oad, the particles size in all three samples are in

Figure3.7. The size distribution 13@4
the range of 10-100 um. There is ifference in the topography of sample after reuse.

Figure 3.7 SEM Images of (A) HT, (B) CHT (3:1) and (C) Reused CHT (3:1)
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3.4.7 Hydroxyalkoxylation of phenol by ethylene carbonate

The reaction of hydroxyalkoxylation of phenol by ethylene carbonate using CHT
(3:1) given in Scheme 3.1.

H OH
~o0 o O/\/
)’I\ CHT (3:1)
+ O 0 S + cCo,
\ ’ 180 °C
phenol 1,3-dioxolan-2-one 2-phenoxyethanol
(MEGPE)

Scheme 3.1 Hydroxyalkoxylation of phenol by ethylene ca@?te

3.4.8 Efficacy of solid base catalyst Q)Q

The activity of various base catalysts towards t@%?nthesis of MEGPE was
demonstrated using phenol and ethylene carbonate. Ca hydrotalcite with varying Mg:
Al mole ratio like CHT (1:1), CHT (2:1), CHT (3;®T (5:1), HT (3:1), CHT supported
on hexagonal mesoporous silica and commer ilable Al>Os, MgO, were studied for
hydroxyalkoxylation reaction (Figure e reaction was conducted in an autoclave
using phenol to ethylene carbonate §\ét|o 1:2 at 1000 rpm with a catalyst loading of

0.03 g/cm?® on the basis of total N . The reactivity of hydrotalcite was greatly affected

by various parameters like sium to aluminum ratio, calcination temperature and
method of preparatig observed that highest conversion of MEGPE was obtained
when the ratio of %Nas 3:1in CHT. The obvious reason for excellent conversion is
the maximu :@ of catalyst observed at 3:1 mole ratio of Mg: Al. The further increase
in the molar tgtio of Mg: Al leads to decreased in the conversion possibly due to a
disturbance in the structure of calcined hydrotalcite. The activity of pure Al.Oz was found
very less due to lack of basic sites. Supporting 20 % w/w CHT on HMS leads to increase
in surface area but, the number of active sites available for the reaction decreased thus
conversion is less when compared to CHT (3:1). 40 % conversion obtained in the case of
pure MgO with poor reusability. The combination of proper Mg and Al is very necessary
for the good conversion and reusability of the catalyst; hence the synergistic effect of both
leads to catalyst of choice. Hence CHT (3:1) was selected as a superior catalyst for detailed

Kinetic investigation.
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Figure 3.8 Catalyst screening for phenol conversion: Pheno@)zs mol, Ethylene
carbonate-0.050 mol, Catalyst loading-0.03 g/cm?, Temparatagﬁo °C, total volume 30

cm?, reaction time 120 min. '&

3.4.9 Effect of Speed of Agitation

(}\

The agitation speed was varied fro to 1200 rpm at 180 °C. The catalyst
loading was 0.03 g/cm? on the basis of ume of the reaction. Figure 3.9 shows there
is no effect of mass transfer resis $ percentage conversion when speed of agitation

was changed from 1000-1200 & en
A\

ce all reactions were conducted at 1000 rpm.
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Figure 3.9 Agitation effects on phenol conversion: Phenol-0.025 mol, Ethylene
carbonate-0.050 mol, Catalyst loading-0.03 g/cm®, Temparature-180 °C, Solvent-
Tetrahydrofuran. (¢) 600 rpm, (=) 800 rpm, (4 ) 1000 rpm, (x) 1200 rpm.

3.4.10 Effect of catalyst loading

Effect of speed of agitation reveals that reaction is free from mass transfer
resistance. Hence in order to evaluate the influence of catalyst loading on rate of reaction
it was changed from 0.01 g/cm? to 0.035 g/cm?®. In Figure 3.10 shows that up to 0.03 g/cm?
there is an increase in rate of reaction due to the availability of active sites where as from
0.03-0.035 g/cm? there is no appreciable changes in the reaction. The convgrsion remains
almost same i.e. 96 % of conversion of reactant into a product for Q «§935 g/cm? of
catalyst loading. It is due to surpassing the number of active sites av for reaction than

the number of molecules actually present for the reaction.
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P
r *?
Og ................... : .........
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Figure 3.10 Effect of catalyst loading on conversion on phenol: Phenol-0.025 mol,
Ethylene carbonate-0.050 mol, Speed of agition-1000 rpm, Temparature-180 °C, Solvent-
Tetrahydrofuran. (#) 0.015 g/ cm?, (m) 0.020 g/ cm?3, (4) 0.03 g/ cm?, (x) 0.035 g/ cm?®

3.4.11 Effect of mole ratio

Herein we have varied the mole ratio phenol to ethylene carbonate from 1:1 to 1:3.
The catalyst loading and the reaction temperature were 0.03 g/cm? and 180 °C, respectively
(Figure 3.11). There is no effect on conversion at mole ratios of 1:2 to 1:3 phenol to

ethylene carbonate ratio was taken as optimized value.
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Figure 3.11 Effect of mole ratio on conversion of phenol: Spee@‘ agition-1000 rpm,
Catalyst loading-0.03 g/cm?®, Temparature-180 °C, Solvent-Teﬁ%dro furan. (¢) 1:01, (m)

1:02, (4) 1:03 Q‘&Q

Figure 3.12 shows the effect emperature on the conversion of
hydroxyalkoxylation reaction. It is ver ﬁuc clear that rate of reaction and conversion
dramatically increases with incr temperature. This confirms that reaction is
kinetically controlled. The Arrh€hius plot (Figure 3.14) of Ink vs 1/T was used to calculate
the energy of activation g xyalkoxylation between phenol and ethylene carbonate.
The apparent activak%ljwéy was found to be 21.3 kcal/mol.
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Figure 3.12 Effect of temperature on conversion of phenol: Speed of agitation- 1000
rom, Phenol-0.025 mol, Ethylene carbonate-0.050 mol, Catalyst loading-0.03 g/cm?,
Solvent-Tetra hydro furan. (¢) 160 °C, (m) 170 °C, (4) 180 °C, (x) 190 °C

3.4.13 Reusability of catalyst

The strength and applicability of heterogeneous catalyst depend on its reusability.
Hence after completion of reaction, the reaction mass was filtered. The obtained spent
catalyst was every time washed with reaction solvent in order to desorb any material
adsorbed on the surface of catalyst and it was dried for 12 h at 120 °C. The volume of the
reaction mass was adjusted so that added spent catalyst matches with desired optimized
catalyst loading or the makeup amount of fresh catalyst was added to m sired loading
of catalyst. Figurel3 shows that catalyst is reusable four cycles @ any loss of its

activity. %Q)

A\

Fresh 1st reuse 2nd reuse 3rd reuse

100

80 1

60 1

40 {

Conversion (%)

20 A

%ﬂg& Reusability
Figure 3.13 Reusability of catalyst: Phenol-0.025 mol, Ethylene carbonate-0.050 mol,
Speed of agitation- 1000 rpm, Catalyst loading-0.03 g/cm?®, Temparature-180 °C.

3.4.14 Reaction mechanism and mathematical model

The detail reaction mechanism is given in Scheme 3.2. CHT catalyst consists of
both basic sites (S1) and acidic sites (S2). Phenol gets adsorbed on basic site and ethylene
carbonate gets adsorbed on acidic site. Hydroxyl group of phenol get converted to phenoxy
ion which attacks carbocation of ethylene carbonate to give intermediate. This intermediate
undergoes decarboxylation on catalyst sites to give MEGPE. This product gets desorbed
from the catalytic site into the solution and makes it available for the next cycle. We have
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also done the theoretical calculations to see the effect of intra particle diffusion resistance
on the rate. The detail can be easily found in our earlier work [122,123]. The value of Cwp
was found to be 0.0005 which is far less than unity hence confirms that there is no effect
of intra particle diffusion resistance. Using power law model because of weak adsorption

of all species on the sites, the following is developed.

asic site @ Acidic site

Scheme 3.2 React&yhechanism of hydroxyalkoxylation of phenol by ethylene
carbonate

Ther Qeaction of A can be given as

ry =kC,Cow @
h=-— dCA = k1WCACB (2)
dt
Let Ceo [Cr =M at t=0. Then the above equation
dX
tA =kWwC,, (1-X,)(M-X,) (3)

Integrating above equation
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In {(%J} —k,C,, (M -1t @)

(M _XA)
M (1—XA)

The plot of |ﬂ{ }vs t (Figure 3.15) was made for different temperatures

which give an excellent fit and hence validates the proposed model. Using above plot rate
constants were calculated to make Arrhenius plot (Figure 3.14) to get apparent activation

energy. The activation energy was found to be 21.3 kcal/mol which confirms the kinetically

A
-7 ,

controlled reaction.
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Figure 3.15 Kinetic plots for various temperatures: Speed of agitation- 1000 rpm,
Phenol-0.025 mol, Ethylene carbonate-0.050 mol, Catalyst loading-0.03 g/cm?, Solvent-
Tetra hydro furan. (¢) 160 °C, (m) 170 °C, (4) 180 °C, (x) 190 °C

3.5 Conclusion

The hydroxyalkoxylation of phenol and ethylene carbonate was successfully carried
out in presence of different mole ratios of Mg/Al to study the nature of basicity. CHT (3:1)
was found to be an excellent catalyst. The factors affecting the rate of reaction and
efficiency of catalyst towards this reaction have been thoroughly studied. A fletailed kinetic
study was carried out, which indicates that reaction follows the po % model. The

activation energy was found to be 21.3 kcal/m Q
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4.1 Abstract

y-Valerolactone (GVL) is an important biomass —derived molecule for the
sustainable production of value-added chemicals and fuels mainly synthesized by levulinic
acid hydrogenation using supported ruthenium catalyst. Here we are reporting the synthesis
of ruthenium supported on manganese oxide octahedral molecular sieve (OMS-2) catalyst
prepared by different methods. Three different methods i.e. reflux, hydrothermal and
solventless was used for the preparation of OMS-2. The prepared catalysts were used for
the selective hydrogenation of biomass-derived levulinic acid (LA) to GVL using
molecular hydrogen in water. Solventless synthesized OMS (OMS-2s) is energy efficient,
rapid and economical way of synthesis. Among three different catalysts, Rl supported on
solventless OMS-2 i.e.1 wt % Ru/OMS-2s catalyst showed LA conv x 99.9 % and
selectivity of 100 % towards GVL in 1h with the overall turnover @%cy of 0.95 s at
mild conditions (100° C, 30 atm H3). Different OMS-2 suppo u catalyst shows a very
high turnover frequency in comparison with literature e synthesis of GVL. The
specific textural and chemical properties of catal re characterized by various
techniques. Moreover, 1 wt % Ru/OMS-2s catans reusable up to four times without
significant loss of activity and is very S'Eab ‘%studying the effects of different process
parameter kinetic model was developed&\@on LHHW type of mechanism. The apparent

activation energy for LA hydroggnati (bb GVL 1s 11.75 kcal/mol.

4.2 Introduction

The depletj &ossil fuels and increasing global climate change concerns have
led to rese inities for alternate resources, for the value—added chemicals and
production fuel’[124—126]. Biomass is a promising alternative for fossil resources because
it is renewable, abundant, and low cost [127]. Cellulose is a leading component of biomass.
Extensive work has been done to converting biomass into platform chemicals such as
levulinic acid (LA) [128], 5-hydroxymethylfurfural [129], and y-valerolactone (GVL)
[130]. In biorefinery concepts, the production of GVL from LA is a key transformation
because of its versatile functions and benign properties [131].

GVL is extensively used as liquid fuel, food additive and solvent [132—134]. It can
be synthesized through hydrogenation of LA followed by cyclization using either

homogeneous or heterogeneous catalyst [135-140]. Published literature specified that
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homogeneous Ru-based catalysts show higher activity for the selective conversion of LA
to GVL [141-143]. However, there are many problems in using homogeneous catalysts
such as separation, recovery and recycle of the catalyst. Several heterogeneous catalysts
such as Pt, Ru, Ir, Au and Rh anchored on different supports like metal oxides or carbon
supports have been tried [144]. Also for the same reaction non—noble catalysts such as
Cu/Si0s [145], Cu/ZrO; [146,147], Cu-Fe [148], Cu-Cr[149] also have been reported to
achieve a high conversion of LA. However, these catalysts have seviour drawbacks such
as long reaction time and poor reusability. Different types of Ni-based catalysts were
investigated to overcome those problems. However, because of harsh conditions (6.5-8.0
MPa and/or 250 °C), it still was not preferred [150,151]. Activated catbon-supported
ruthenium catalyst displayed remarkable activity among all the ¢ 42%‘[owards LA
hydrogenation reaction. Al-Shall et al. reported 97.5 % selectivit@ GVL and 100 %
conversion of LA over Ru/C catalyst at room temperature |; Recently Huang et al.
reported that 100% GVL selectivity and 99.7 % LA co @on using Ru/FLG catalysts
under 40 atm H» in 8 h reaction time at room temp emonstrating the best results
obtained to date [153]. Further, the long reaction {ﬁ

high-cost support and reusability problgwxi t which need to be overcome. Also,

several authors reported formic acid as)&a rogen source to get maximum yields of the

hydrogenation of LA [134,154,15@ever, there are several drawbacks using a formic
acid like leaching of metals 1:@ tions, due to the corrosive medium of reaction and

igh metal content, use of typically

undesirable side reactions.(& ce, the use of molecular hydrogen is considered more
favorable as a sourc ogen for hydrogenation of LA.

Manganese%ta edral molecular sieves (OMS) have open tunnel structure based
on linked @Qtahedral moieties. Cryptomelane (OMS-2, also known as K-OMS-2)
possesses excellent redox properties due to the presence of Mn ions and has a variety of
applications including batteries [156] and adsorption, catalysis [157]. OMS-2 supported
metal catalysts reported mostly on oxidation reactions [158,159], have also been used in
hydrogenation reactions with cinnamaldehyde and ketoisophorone [160], acetophenone
[161], and nitrobenzene [162,163]. It also has acidic sites which help for hydrogenolysis as
earlier reported [160,161]. Hence it could be very useful in the synthesis of GVL from LA.
OMS-2 synthesis usually requires a long reaction time and controlled reaction condition
which gives very low surface area. Ding et al. have reported rapid, high surface area and

solventless synthesis of OMS-2 (designated OMS-2s) which gives better results than
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conventionally synthesized counterparts. Based on their results and advantages offered by
the current method we have synthesized OMS-2s and used for the Ru metal loading and
used for the synthesis of GVL. We have also compared the activity of different prepared
OMS-2.

Here, we report the synthesis of novel ruthenium impregnated on OMS-2 prepared
by different methods. The catalysts were characterized by different techniques and reveal
that high dispersion of Ru particle. Prepared catalysts were used for the synthesis of GVL
from LA and based on the literature and our experimental results, Ru supported on OMS-

2s gives very promising results. Different reaction parameters were studied to evaluate their

8

4.3 Experimental 0

effects on the rate and suitable mathematical model was developed.

4.3.1 Chemicals %Q)

All chemicals were procured from reputed fir sed as such without further
purification. Potassium permanganate, manganese , Futhenium chloride (S. D. Fine
Chem. Ltd., Mumbai, India.), hydrogen (99.90?; pOkity) cylinder (INOX, Mumbai, India).

Levulinic acid was procured from Thermo Scientific Pvt. Ltd., Mumbai, India.

4.3.2 Preparation of catalyst , @'

Three types of OMS- orts were prepared using three different methods such
as solvent-free (S), refl ‘(b‘, and hydrothermal (H) named as OMS-2s, OMS-2r and
OMS-2y depending 9??method of preparation all procedures can be found in the
literature [16 —16»

1 wt u/OMS-2s was prepared by wet impregnation method. 1 g OMS-2s was
dispersed in water (100 mL) for 1 h with ultrasonication and 3 mL aqueous solution of
RuCl; (0.04 g) was added dropwise to the above suspension and stirred for 2 h. Then an
aqueous solution of hydrazine hydride was added (2 mL) dropwise and kept for 2 h under
vigorous agitation. The precipitate was filtered and washed with water and then dried at

100 °C for 8 h. We followed a similar procedure for the preparation of 1 wt % Ru/OMS-2r
and 1 wt % Ru/OMS-2y catalysts.

4.3.3 General procedure for hydrogenation of LA
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All experiments were carried out in a 100 cm® autoclave made of stainless steel
(Amar equipment’s, Mumbai, India) equipped with 4 blade pitched turbine impeller. The
temperature was maintained at £2 °C of the desired value. A typical experiment consisted
of 7.5x10* mol/cm® of LA, 30 atm hydrogen pressure, water (total volume 40 ml) as a

solvent and 100 mg of catalyst, at 100 °C with an agitation speed of 800 rpm.

4.3.4 Characterization Methodology

XRD Patterns were recorded on Bruker AXS, D8 Discover instrument using Cu Ko
radiation (1.5406 A°) at 40kV and 100mA. The measurements were step scanned in the 260
range of 5-80° with stepping time of 0.5 s. FTIR spectra of catalysts &%ﬂlected on a

Perkin Elmer instrument and a blank KBr pellet was taken as a refer ach sample.
KBr and samples were mixed in 100:1 ratios (approximately) and p@ d to make pellets.
The FTIR spectra of prepared catalyst pellets were obtained %wave number range of
4000-600 cm™ at 2 cm™ resolution at room temper: emperature programmed
adsorption of ammonia (NH3-TPD) of different cat re recorded on AutoChem II
2920 TPD/TPR, Micromeritics, USA using IO%QFI helium gas. Approximately 50 mg
of catalyst was pre-treated at 350°C unger ow of 50 ml/min for lhr. After pre-
treatment, the temperature was cooled \)&;\nd the 10% NHj3 in helium was passed
for the adsorption of ammonia.or@(hurface for 1 h. The physisorbed ammonia was
removed by helium flushing a \ame temperature for 30 min. Finally, the catalyst was
heated to 650°C at 30°C/|f§

ammonia was meas@ sing TCD of a gas chromatograph. The morphology of the
prepared sample wds stidied by using Field Emission gun-scanning electron microscopy

(FEG-SEM)N @ collected on Tescan MIRA 3 microscope. The dried samples were

ating rate. The temperature programmed desorption of

mounted on specimen studs and sputter coated with a thin film of platinum to prevent
charging. The platinum-coated surface was then scanned at various magnifications using
FEG-SEM. The surface area, pore volume and pore diameter of samples were measured by
BET method on ASAP 2010 instrument, Micromeritics, USA using nitrogen adsorption -
desorption process at 77K temperature. The samples were degassed under high vacuum at
300°C for 6 h prior to measurement. Thermo gravimetric analysis was conducted by taking
20 mg of the sample on TGA instrument (NETZSCH). The temperature was varied from
30 °C to 700°C with a scan rate of 30°C/min under nitrogen atmosphere. TEM micrographs

of samples were obtained using a PHILIPS CM200 transmission electron microscope
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having 2.4 A° resolution and operating voltage range between 20 — 200kV. The catalyst
samples were dispersed in ethanol by means of sonication and then deposited on Cu grid
coated with carbon film. Hz-pulse chemisorption was conducted on a Micromeritics
AutoChem 2920 instrument to calculate the active surface area of palladium. The sample
was reduced at 300 °C for 1 h under 10% H> /Ar flow and then cooled to 50 °C. The

chemisorption was carried out by a pulse of a mixture of 10% Ha /Ar.

4.4 Results and Discussion
4.4.1 XRD

XRD patterns of OMS-2s, Ru loaded different OMS-2 and used 1 wt % Ru/OMS-
2s catalyst are shown in Figure 4.1. XRD pattern of OMS-2s shows di %.
=28.45°, 37.24°, 41.62°, 49.59° and 59.90° corresponding to refle@%of (301), (211),
(310), (114), and (600) respectively of standard crystallin tomelane structure as
confirmed with JCPDS (29-1020) [164]. The crystallin:& of metallic ruthenium were
recognized with JCPDS (06-0663). Peaks related to R were observed for a reflection

peaks at 20

at 20 =38.5°, 44.1°, 54.3° and 58.4°, which conﬂ%nds to the diffractions of the (100),
(101), (211) and (102) planes of the Ru resp i [167]. Diffraction corresponding to Ru
at 20 = 38.4°, 44.0° and 58.2° cannot b& nguished , which is due to low loading and

high dispersion of Ru on OMS—@H as same reported in earlier cases [168,169].
e 1 wt % Ru/OMS-2s and OMS-2s were calculated

Crystallinity and crystalline si

using Scherrer’s formula. T&ge crystallinity of the OMS-2s decreases after loading
of Ru from 77 % to% d average crystallite size of 1 wt % Ru/OMS-2s and OMS-2s
was 12.3 nm and ng r
Table 1. Th @ size of 1 wt % Ru/OMS-2s 1 wt % Ru/OMS-24 and 1 wt % Ru/OMS-
2r were found t0 be 12.3 nm, 14.9 nm and 18.2 nm respectively. The XRD patterns of 1 wt
% Ru/OMS-2s and reused 1 wt % Ru/OMS-2s were compared and XRD patterns are almost

espectively. The particle size of different materials are listed in

same which further confirms that prepared catalyst is stable.
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Figure 4.1 XRD of (a) OMS-2s, (b) 1 wt % Ru/OM %used 1 wt % Ru/OMS-2s,
(d) 1 wt % Ru/OMS-24, (e) RU/OMS-2r

442 FT-IR . \Q'Q

The FT-IR spectra of OM@W % Ru/OMS-2sand reused 1 wt % Ru/OMS-2s
catalysts are shown in Figurg~4. he OMS-2s spectra show bands of stretching and
bending vibration of hyd roups at 3420 and 1628 cm™, respectively, which are also

seen in spectra of 1@OMS-ZS. It provides a strong evidence that ruthenium metal

incorporated suﬁglly on manganese dioxide molecular sieve with its structure being
intact. FT- ectra of virgin and reused catalysts also indicated there are no structural

changes. It indicates that there is no externally adsorbed species on the surface of the reused
catalyst.
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Figure 4.2 FTIR of OMS-2s, 1 wt % Ru/OMS-2s and re@ wt % Ru/OMS-2s

Table 1 lists the BET surface area, a@gezpore diameter, and pore volume for
OMS-2s, OMS-2r, OMS-24, 1 wt % R J 2s, 1wt % Ru/OMS-2g, 1wt % Ru/OMS-2n

4.4.3 Surface area and pore size analysis

and reused Ru/OMS-2s catalysts.. Al ysts showed a type IV isotherm, indicative of the
formation of mesoporous mat x igure 4.3) [170]. The adsorption curve has the

hysteresis loop type H3 at pressures between 0.8 and 1 corresponding to rod-like

fibres given rise to oW=slit porous shape [171]. The BET surface area, average pore
diameter and por: %ﬁne of OMS-2s was 164 m*> g!, 12.7 nm and 0.54 cm’g’
respectively, h%l face area of Ru/OMS-2s catalyst decreased to 65 m> g after the
addition of ruthenium metal. This indicates the Ru is successfully supported on OMS-2s.
The average pore diameter and pore volumes of 1 wt % Ru/OMS-2s and reused 1 wt %
Ru/OMS-2s catalysts were almost same.

Table 4.1 BET surface area of the Ru/OMS materials

BET Average pore BJH pore
Catalysts su rfaczze diameter(nm) volusme
area(m?/q) (cm®/g)
OMS-2s 164 12.7 0.54
OMS-24 101 14.6 0.45
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OMS-2r 98 17.8 0.48

1wt%
Ru/OMS-2s
1wt%
Ru/OMS- 61 22.3 0.34
2H
1wt%
Ru/OMS- 58 20.6 0.30
2r
Reused 1wt
% 63 21.5 0.35
Ru/OMS-2s

65 22.2 0.36
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Figure 4.3 N2 adsor %{%%rptmn plot for the catalyst: (a) 1 wt % Ru/OMS-2s, (b)

444Ammc&l

Acidity of different catalysts were determined by TPD analysis with ammonia as

% Ru/OMS-2g, (¢) 1 wt % Ru/OMS-2un

probe molecules and are depicted in Table 4.2. NHz:—TPD values of different samples i.e.
OMS-2s, OMS-2H, OMS-2R, 1 wt % Ru/OMS-24, 1 wt % Ru/OMS-2g, and reused 1 wt %
Ru/OMS-2s are given in Table 4.2. 1 wt% Ru/OMS-2s catalyst shows as NH3 desorption
peaks at 131° C and 532 ° C corresponds to weak and strong acidic sites (Figure 4.4), and
the quantity of NH3; was 0.10 and 0.15 mmolg™. All samples show two distinct peaks
around 200 and 520 corresponding to the presence of weak and strong acidic sites. The
acidic sites of 1 wt% Ru/OMS-2s were not affected too much by the loading of the
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ruthenium metal on OMS-2s. The acidity of regenerated catalyst have no significant

changes.
0.005
0.004
g 0.003
&
2 0.002
o
o
0.001
04
Temperature (°C)
Figure 4.4 NH3-TPD pattern of 1 wt% @MS-ZS
Table 4.2 Ammonia -’@f different samples
AN
. QV' NHs TPD analysis
.(\\ Acidity (mmol g1)
Catalyst: Yy
atalysts (89 Weak Moderate/strong Total
OMS-&)C 0.22 0.23 0.45
%':@&' 0.06 0.16 0.22
OMS-2r 0.15 0.22 0.37
1 wt % Ru/OMS- 0.10 0.15 0.25
2s
1 wt % Ru/OMS- 0.06 0.10 0.16
2H
1 wt % Ru/OMS- 0.08 0.02 0.10
2R
Used 1 wt % 0.09 0.12 0.21
Ru/OMS-2s
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445TGA

Figure 4.5 shows the TGA of 1 wt % Ru/OMS-2s. The initial weight loss below
120 °C due to the removal of water presents on the surface or physisorbed water molecules
on the manganese oxide lattice structure. There is no significant weight loss observed in
TGA results. It verifies the catalyst is stable up to 600 °C and can be used for high

temperature reaction.

105

103 +

S
g \
: 99 +
S
= 3 N
= g4
95

25 125 225 325 425 525

Temparature (°C)

Figure 4.5 TGA Q@ % Ru/OMS-2s catalyst.
4.4.6 TEM @
Figure 4.6 %@M micrographs of 1wt % Ru/OMS-2s catalyst. The

X

impregnation of rut particles on the OMS-2s support can lead to deposition on the
external surf; e@ mped to channels. As shown in Figure 4.6a the ruthenium particles
(black spots) were well dispersed on the OMS-2s support and the catalyst reveals a particle

aggregate morphology and the average particle size is 18.4 nm
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e

Figure 4.6 TEM images of 1 wt% Ru/OMS%% and b)

4.4.7 FESEM and EDXS &

Figure 4.7 shows field emission SEM 1mag OMS-2s (Figure 4.7a and b) and 1
logy of OMS-2s catalyst changed from

wt% Ru/OMS-2s (Figure 4.7c and d). The
nanofibrous structure to clusters of na t&

llites after the loading of ruthenium metal.

Table 4.3. Shows EDXS analysis % Ru/OMS-2g catalyst, which confirms the
incorporation of ruthenium m}e@ e surface of OMS-2g support.

% Table 4.3 EDXS analysis.
N

QO
Q Mass%o
Element

oM 2 RUIOMS 2
0] 22.50 22.55
K 0.79 0.41
Mn 76.71 76.64
Ru 0 0.80
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Figure 4.7 FESEM images of OMS-2s (a and b) and Ru/OMS-2s (¢ and d)

4.4.8 Ha-pulse chemisorption Q

H> pulse chemisorption studies ;(’) c@ed for 1 wt % Ru/OMS-2s, 1wt % Ru/OMS-

2n and1 wt % Ru/OMS-2r catalysts
d using the stoichiometric factor (Rus/H) as 1. The

4.4). Ruthenium metal dispersion, surface area
and average particle size were ca:lb;‘
results suggest that 1 wt % S-2s catalyst has high metal dispersion and Ru metal
surface area in compari h other catalysts and the order follows as 1 wt % Ru/OMS-
2s>1 wt % Ru/OM % wt % Ru/OMS-2r.

Q Table 4.4 Hz-pulse chemisorption analysis.

H2 Ru surface area

. .
Catalysts uptake Dis( e/(;)sion ParELC:ﬁ)S'ZG
(umol/g) P (m?/g)
0, -
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1 wt % Ru/OMS-

104.6 52.9 284.5 1.5
2R

4.4.9 Catalytic reaction

The reaction of hydrogenation of LA to GVL using 1 wt % Ru/OMS-2s catalyst given in
Scheme 4.1

(0]
0
1 wt % Ru/OMS-2g 0]
OH + H, o
100 °C, 30 atm,
0 Water, 1h \
Levulinic acid (LA) 0 olactone (GVL)

Scheme 4.1 Hydrogenation of LA to %@)

Q

4.4.10 Efficacy of various catalysts .&

Different Ru supported catalysts such as l@: Ru/OMS-2s, 1 wt % Ru/OMS-2r
and 1 wt % Ru/OMS-24 were tested for LA enation to GVL using water as a solvent
at the same conditions (100 °C, and 30 a . (Figure 4.8). The order of activity was found
as follows: 1 wt % Ru/OMS-2s>]1 %/OMSQH >1 wt % Ru/OMS-2r. Hydrogenation
of LA to GVL is a two-ste &n in which firstly LA is hydrogenated to form
hydroxypentanoic acid Whiﬁr undergoes dehydration to form GVL. In the presence
of acid sites, dehydv@ ery fast and hence, acidity of OMS-2 can play an important
role. Differently S\%he zed OMS-2 have acidity in the following order 1 wt % Ru/OMS-
2s (highest Ru/OMS-21>1 wt % Ru/OMS-2g (least). Our results are also in the
same order. Apart from acidity, surface area and active metal dispersion on the 1 wt %
Ru/OMS-2s is also high and hence, it shows the maximum activity for the reaction. OMS-
2 prepared by the solvent-free method is superior to other methods. The performance of
1wt %Ru/OMS-2s catalyst for production of GVL in water was compared with the activity
of previously reported literature [152,153,172-176,90,177] ( Table 4.6). In the present
work, the main aspect of 1 wt %Ru/OMS-2s catalyst is a high S/M ratio (substrate to metal
mole ratio). The 99.9 % yield of GVL with 100 % selectivity over 1wt %Ru/OMS-2s
catalyst at 100 °C, 30 atm H» in 1h, corresponding to S/M of 3831.Yulei et al. reported LA
conversion of 100 % with GVL yield of 99.9 % at 70 °C with high S/M value (4789), but
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the pressure was 40 atm and the reaction time was long (4h). Hence, 1wt %Ru/OMS-25

catalyst showed competitive activity towards the production of GVL from LA in an

aqueous medium.

Table 4.5 Catalytic Performance of Ru Catalysts in the synthesis of GVL from LA in

an aqueous medium.

Conver

H2 . YaevL
0
No. Catalyst T (°C) source t(h) sion (%) SIM Ref
(%)
1 (5%RU/SBA-15) 150~ rormi g 31 21 '&M 172
¢ acid Q
2 5%Ru/Al,O; 150 Formi 5 16 9 204 172
c acid %Q)
. Formi Q
3 50RU/TiO, 150 . 5 3 204 172
c acid Q,
4 506RU/C 150 rormi Q 100 90 204 172
c acid
O
: >
5 RUEMIOOmE 0 ON) 4 99 99 31 173
tite ° Q 2
6 Ru-NPs ® 25am - 2 100 99 307 174
‘1;5, H., 4
7 R@ 190 Formi 2 87 75 581 175
¢ acid
8 u/TiO, 30 5325‘"“ 1 64 62 296 176
9 RU/TiO, 70 53 atm 1 99 95 296 176
2
10 (1 WE%)RU/TiO, 70 4325‘"“ 4 100 999 4789 177
11 (06W%)RUTIO; 150 3325‘““ 5 100 93 178
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12

13

14

15

16

5 wt%Ru/C

2%Ru/FLG

1wt %Ru/OMS-2s

1wt %Ru/OMS-24

1wt %Ru/OMS-2r

130

20

100

100

100

12 atm
H>

40 atm
H>

30 atm
H»

30 atm
H»

30 atm
H»

w

99.5

99.3

99.9

70

58

86.2

99.3

99.9

69.93

57.94

Note Y: yield of GVL, S/M: molar ratio of substrate (LA) to active

Figure 4.8

30 atm, reaction time 1 h, catalyst loading 2.5x107 g/cm?®

100

80 T

60 T

40 4

Conversion (%)

20 T

1% Ru-OMS-2H 19% Ru-OMS-2R 1% Ru-OMS-2S

Catalysts

359

1460

3831

3831

831

152

153

This
work

This
work

This
work

\Ng
gf various catalysts on conversion of LA: LA 7.5x10* mol/cm?, speed

of agitation 800 rpm, temperature 100 °C, total volume 40 cm?® (water solvent), Hz pressure

4.4.11 Effect of speed of agitation

The effect of agitation speed was studied from 600 to 1000 rpm in order to

understand the effect of external mass transfer resistance on the rate of reaction. Figure 4.9

shows beyond 800 rpm there is no effect on the conversion of LA signifying that the mass

transfer resistance was absent. Thus, 800 rpm taken for further experiments.
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100 A
2
ry
v
80 + 'y
v
> 60 +
E\/ (0]
S v
g 40 +
>
5
(0]
© 20 +
(0]
v
0Frs : : : $ $
0 10 20 30 40 50 60
Time(min) x
\y'

Figure 4.9 Effect of speed of agitation on conversion of LA: @ .5x10* mol/cm’,
catalyst 1 wt% Ru/OMS-2s, temperature 100 °C, total Volumﬁém (water solvent), Ha
pressure-30 atm, reaction time 1 h, catalyst loading 2.5 /em? (¢) 600 rpm, (m) 800
rpm, (4A) 1000 rpm.

4.4.12 Effect of catalyst loading ? Q

Figure 4.10 depicts the effect of & @t oading on conversion of LA from 0.6x10"
3t03.7x107 g/cm®. The convers1on n S w1th increase in catalyst amount up to 2.5%10"

3g/cm’®, which is due to the hnear&& se in the number of active sites. However, beyond

the 2.5x107%g/cm® catalyst g, no significant change in conversion was observed
within the expenm Y Thus, further reactions were carried out at 2.5x10~g/cm’.
Figure 4.11 shows th ial rate of reaction increases linearly with the catalyst loading
which confi @ ass transfer resistance is not acting.
L& 100 T
80 .: ><
[ [ |
[ [ |
—~ 60 1
S X 1
c [ L 2
.g 40 1
s | , m e
X
0 gy ‘ ' ' '
0 10 20 .30 40 50 60
Time (min)
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Figure 4.10 Effect of catalyst loading on conversion of LA: LA 7.5x10* mol/cm’,
catalyst 1 wt% Ru/OMS-2s, temparature-100 °C, total volume 40 cm® (water solvent), Ha
pressure 30 atm, reaction time lh, speed of agitation 800 rpm. (4)0.6x107 g/cm’, (m)
1.2x107% g/em?, (4)2.5%103 g/em?, (x) 3.7x10 g/cm?.

0.03

0.025

0.02

0.015

0.01

0.005

Initial rate (Mol. Lit* min-1)

0 0.001 0.002 0.003 0.004

Catalyst loading (g/cm?3)

v

Figure 4.11 Plot of initial rate versus cataly. I&ng: LA 7.5x10* mol/cm?, catalyst 1
wt% Ru/OMS-2s, temparature-100 °C, teta e 40 cm® (water solvent), Hz pressure 30

atm, reaction time 1h, speed of agltatlegéaﬁ rpm.

4.4.13 Effect of hydrogen press
The influence of @ressme on the conversion of LA was studied from 10

to 40 atm (Figure 4. % the increase in hydrogen pressure, the solubility of hydrogen

increases and ther rate of hydrogenation of LA also increases up to 30 atm. There

was no mg,% 1fference in the conversion of LA at 40 atm due to the constant
concentration of hydrogen on active sites. Therefore, further experiments were carried out

at a hydrogen pressure of 30 atm.
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Figure 4.12 Effect of hydrogen pressure on conversion of LA: &7?5' x10™ mol/cm?,
catalyst 1 wt% Ru/OMS-2s, temperature 100 °C, total volumes40

reaction time 1 h, speed of agitation 800 rpm, catalyst loac@j x1073 g/em?® (4) 10 atm,

(m) 20 atm, (A ) 30 atm, (x) 40 atm. &

4.4.14 Effect of LA concentration %
Figure 4.13 shows the effect of L cehtration from 4.2x10* to 12.5x10*
mol/cm?®. With increase in concentratio\ on rate increases but the conversion of LA

decreases which is due to the very ﬁbﬁncentraﬂon of LA and decrease in vacant site to

substrate ratio. At 7.5x10™ @ igh rate and conversion was observed. Hence, the
further studies were camed

m> (water Solvent),

%10 mol/cm’.

100 Al
< .
80 - [ |
_ 2 Y
S 60 A
c X
o
S 404 * X
g |
S
204 A X
0rs t + + + +
0 10 20 30 40 50 60
Time (min)
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Figure 4.13 Effect of LA concentration on conversion of LA: Speed of agitation 800
rpm, catalyst 1 wt% Ru/OMS-2s, temperature 100 °C, total volume 40 cm® (water solvent),
H; pressure 30 atm, reaction time 1 h, catalyst loading 2.5x1073 g/cm? (¢) 4.2x10™* mol/cm?,

(m) 5.0x10* mol/cm?, (A ) 7.5x10™* mol/cm?, (x) 12.5%10™* mol/cm?

4.4.15 Effect of temperature

Figure 4.14 shows the effect of temperature on the conversion of LA in the
hydrogenation reaction. Temperature was varied from 80 to 110 °C to study its significance
on the rate of hydrogenation. The increase in conversion of LA with an increase in

temperature confirmed that the reaction is kinetically controlled.

0 \

X
80 .
X
— u
g\i 60 +
c u L
i)
[%2]
E, 40 H ¢
S
S X
20 +
« §
9
0 :: .............. : ..............
0 10 20 30 40 50 60
Time (min)

D
Figure 4.14 Effect 0 erature on conversion of LA: LA 7.5x10* mol/cm?, catalyst
I wt % Ru/OMSﬁ»speed of agitation 800 rpm, total volume 40 cm® (water solvent), H>
pressure 3 , Féaction time 1 h, catalyst loading 2.5%107 g/cm? (¢) 80 °C, (m) 90 °C,
(A) 100 °C, (x) 110°C

4.4.16 Reaction mechanism and mathematical model

Reaction mechanism for the formation of GVL from LA on 1 wt % Ru/OMS-2g
catalyst is shown in scheme 4.2. Hydrogen is dissociatively adsorbed on the metal surface
and LA gets adsorbed subsequently on acid sites. The reaction between adsorbed species
gives HPA which undergoes hydrolysis and forms GVL.

Based on above and using LHHWS mechanism a mathematical model is developed

same as reported earlier[ 125,126,178]and detail derivation is given below .
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The detail kinetic model is developed assuming dissociative adsorption of hydrogen on

ruthenium metal site.

/C\A\ Covtetal) 9
H5;C
HyO 0 Ru/OMS ’ NOH

O
v < 0
S T
‘ O %O

X0
e %0& %60 * .
. () .
Q 2N
)
(0]
H3C
/& I o
/
/
HaC o o \ /
| /I
! = = /
! = ’

Ru/OMS : % Ru/OMS

% S
% &
@ &
r\ C’@ﬁ o] Q &
() > S/
H,0 . HiC Qé
0 S
4 OH
\
1 ‘;

* A Ru/OMS
Scheme 4.2 Reacth@b&nanism of hydrogenation of LA to GVL

Different steps are gi

Adsorption of LA e}m tal site Sm

A+S, e%Q S, @
Dissociative adsorption of hydrogen on metal site

H,+2S, —X 52H.S

Surface reaction of adsorbed LA and hydrogen on adjacent metal sites (2)
AS,+HS —“>CS, +S_ A
Dehydration reaction on acid site to form GVL

CS,—2->D.S, +W @
Desorption of LA on acid site

D.S, « = 5D+, “

The hydrogenation reaction of LA on metal site was assumed to be rate controlling step.

64



Novel synthesis of Ru supported on OMS by solvent-fiee method as.....

_rA —

k,C CH.Sm - kllcc.sacsm

1~ AS, ©6)
-1, =k K,C,K,P, C; C; —kK.C.C,C -
C, =Cs +K,P, Cq ®

C

C
Sn = [1+ /|<tHPH2]

C, =Cs +K,C.Cs +K.CCs +KpCrCy

. - a Q
* [L+K,C,+K.Co+KyCpl Q:Q\

From equations 6-9 we have

_rA -

C

t

| kK, Cay KRy, —KK Cc [C C,

9)

[1+ K,Cp + KeC + KoCo ][ 1+ KR, | 6& (10)

For initial rate of reaction, QQ

-r

leACA\/KH PHZCtaCtm (b%i\

"= [1+K,C, ][ 1+ Ky Py,

O (1)

kwK,C

2

A [1-|— KACAQE&i KH PH2 J (12)

Fron&uaﬁon 12, we have calculated different adsorption constant and rate

constant at different temperature and listed in Table 6. Arrhenius plot (Figure 4.15) was

made by using calculated rate constant and the activation energy was found to be 11.75

kcal/mol. This further confirms that reaction is kinetically controlled.

Table 4.6 Values of Reaction Rate Constant and Adsorption Constants for

Hydrogenation of LA.
Temp ki(L?>mol* g Ka (L.mol 4
(°C) 1 min) 1) Kn (L.mol™)
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80 0.06 0.90 5.20
90 0.08 0.75 4.16
100 0.14 0.65 3.13
110 0.22 0.45 2.32

y = -5936x + 13.98
R2=0.99
15 + Q.'. \
._.‘. v
v 2 .
=
2.5 ®
._'.‘
_3 --------------------------

0.00258 0.00263 0.00268 0.00273 0.00278 0.00283

1T (K

Figure thenius plot
4.4.17 Reusability of catalyst &

The reusability of &/QMSQS catalyst for hydrogenation of LA was studied
under the optimize itions: temperature 100 °C, catalyst loading 2.5%107 g/cm?,
agitation speed SO%m and reaction time of 1 h. The catalyst was filtered and washed with
methanol five i in order to eliminate absorbed substance from the catalyst. It was dried
at 100°C. The losses of catalyst were made up with fresh catalyst in the next experiment.
Figure 4.16 shows that 1 wt % Ru/OMS-2g catalyst is reusable and very stable up to four

times without significant loss of activity.
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100 -
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Conversion (%)
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Y
Figure 4.16 Catalyst reusability: LA 7.5x10* mol/cm?, catalys@ % Ru/OMS-2s,
speed of agitation 800 rpm, temperature 100 °C, total Volum§9m3 (water solvent), H>
pressure 30 atm, reaction time 1 h, catalyst loading 2.5x 10'@ 3

4.4.18 Stability of catalyst Q’

The catalyst stability was verified by hot filtration method. The reaction was
stopped after 15 min, the catalyst filtered a@ tor washed with water in order to collect
the traces of catalyst particle from the tor, if any. The reaction mass was then again fed
to reactor and reaction was contin 1h. The sample after 1 h was analyzed to see the
progress of the reaction. The Xsion of LA was almost constant which confirms that
there was no leaching in jon. Also, we did the ICP-AES of reaction mass and found
less than 0.0001 pp ‘%

stable. Q&

which is negligible. It further confirms that catalyst is highly

4.5 Conclusion

A novel 1wt% Ru/OMS-2s catalyst prepared by wet impregnation was used for
hydrogenation of LA to GVL in an aqueous medium, with high conversion of LA and high
yield of GVL with the low loading of Ru (1 wt %). Three different methods (Hydrothermal,
Solventless, and Reflux) of OMS supports were prepared in which OMS-2s was the best
support for Ru. The synthesized 1 wt% Ru/OMS-2s catalyst exhibited excellent stability
and activity in water due to higher Ru dispersion and acidity than other catalysts. It was
found that the LA conversion rate was mainly related to the acidity and Ru dispersion of

the catalyst. The highest GVL yield 0f 99.9 % and LA conversion of 99.9 % were achieved
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at 100° C and 30 atm after 1 h. The catalyst was used four times and shows excellent
reusability. Various parameters were studied systematically to establish LHHW kinetics

and the apparent activation energy for hydrogenation of LA was found to be 11.75
kcal/mol.
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5.1 Abstract

Herein, we report incipient wet impregnation of potassium promoted lanthanum-
magnesium oxide. It is used first time for the selective mono-methylation of
phenylacetonitrile to 2-phenyl propionitrile with dimethyl carbonate as a methylating
agent. The catalyst with different loadings of potassium (1-4 wt %) on La,O3-MgO was
prepared and the activity of catalyst verify for the mono-methylation of phenylacetonitrile
with dimethyl carbonate. Two wt % K/ La203-MgO catalyst showed 100 % of conversion
of phenylacetonitrile and 100 % selectivity of 2-phenyl propionitrile at 150 °C after 2 h.
The characterization of 2 wt % K/ LaxO3-MgO was done using different techniques such
as FTIR, SEM, TGA-DSC, CO.-TPD, XRD, and BET surface area an st%l’wo wt % K/
La203-MgO catalyst was used to study the reaction mechanism, an %&t ¢ model was
developed using LHHW type of mechanism. The apparent activati nér mono-methylation

of phenylacetonitrile to 2-phenyl propionitrile is found to be 287/ kcal/mol.

5.2 Introduction Q

Developing strategies for the synthes me chemicals using economical and
environmentally clean process is a % trend. Most of these technologies employ
homogeneous catalysts, which aro@’rcult to recover and recycle. Hence, substitution of
homogeneous catalysts by he@neous catalysts is essential to make the process green
[179]. Over the year I solid bases have been used for the production of fine
chemicals [31,180 1%

acetonitrile %%&brlvatlves have been used for the preparation of non-steroidal anti-

inflammator

uring past few recent years, monomethylated products of phenyl

rugs (NSAID) such as Ketoprofen, lbuprofen, and Naproxen. These are
commercially well known and used to treat pain, swelling, fever, and inflammation
[182,183]. In industry, base catalyzed monomethylation of methylene-active compounds
using usual methylating agents (methyl halides or dimethyl sulfate) is not easy because the
reaction mainly proceeds towards the formation of dimethyl derivatives [184,185]. These
methylating agents are toxic, corrosive and those methods require a stoichiometric amount
of strong base to neutralize acidic by-products. Hence, there was a need to develop in the
synthesis of heterogeneous catalytic materials and green alkylating agents. Dimethyl

carbonate (DMC), which is a green, safe, and cheap reagent has been reported as a potential
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methylating agent [182]. Therefore, DMC is considered as an environmentally friendly
substitute for those hazardous methylating reagents [186].

The synthesis of 2-phenylpropionitrile (2-PPN) by monomethylation of PAN with
DMC had been extensively investigated using phase transfer catalysts (PTC). Tundo et al.
[187-189] reported 99.5 % 2-PPN selectivity for the reaction of PAN with DMC using gas
liquid PTC and homogeneous catalysts (organic bases and alkali metal carbonates).
However, there was still big problems to use homogeneous systems with the drawbacks
such as separation, recovery and recycle. Fu and Ono [190] reported vapour phase
monomethylation of PAN with methanol as an alkylating agent using alkali- exchanged

zeolites. Normally, zeolite catalysts required higher reaction tem%fre and they

produced various side products. Singh et al. [191] reported with 98.4 % sion of PAN
and 92 % selectivity to 2-PPN with DMC using NH2-Na-Al-MC atalyst for 10 h at
180 °C. Kaneda et al. [192] reported monomethylation of PA RU/HT catalyst at 180

°C with 98 % vyield of 2-phenylbutyronitrile using ethano methylating agent at higher
reaction time (20 h). However, these reported ca% not favorable due to harsh

condition and long reaction time. Thus, develop
catalyst for the efficient synthesis of 2-P.PN tghly desired.

In the past decades, mixed oxide\’mﬁz widely used as solid base catalysts due
to their unique chemical and physii$‘@perties [76]. Lanthanum oxide (La203) is one of
the strongest basic oxides b@‘ w activity due to its low surface area. The activity of

highly active, stable and recyclable

La20s is increased when it with magnesium oxide (MgO) due to increasing basicity
[77,78]. The Mg-@ d oxide was reported in various chemical reactions like
Wadsworth-Emegr ction [50], transesterification reaction [51], Wittig reaction [45],

synthesis o QJ

olefins [54]. Stronger basic sites generate with the loading of alkali or alkaline earth metal

carbonate [52], Michael addition reaction [53] and epoxidation of

on the support materials [79]. Several researchers reported that the use of potassium
precursors like KOH [68], K2CO3[193], KNO3[63,64] and KF [194] can help the formation
of solid super base. Recently, Yin et al. [73] reported solvent-free Knoevenagel
condensation over 10 wt % KOH/La>,03-MgO as a solid super base. Based on their results
we synthesized solid base catalyst using La-Mg mixed oxide as support and potassium as
a modifier.

In the present work, we report a selective monomethylation of PAN using DMC
over 2 wt % K/ La,0O3-MgO catalyst. The fresh and spent 2 wt % K/ La,O3-MgO catalysts

72



Potassium modified La-Mg mixed oxide as active and selective.....

were characterized by various techniques. The catalyst activity was compared by using
various solid base catalysts such as MgO, La.0Ogs, and different loadings of potassium on
La-Mg mixed oxide support. The effect of different parameters was studied systematically
to establish the reaction mechanism and kinetics.

5.3 Experimental
5.3.1 Materials
Phenyl acetonitrile and dimethyl carbonate were procured from SD Fine chemicals

limited, Mumbai. Magnesium nitrate, Lanthanum nitrate, urea and potassium carbonate

Lanthanum- magnesium mixed oxide (La,O3-MgO) wi different mole ratio of

La and Mg were prepared by a hydrothermal method usi rea as a precipitating agent

[195].

The role of urea as a precipitating agent is well dea% by Ogawa et al. [196]. The typical
r

process for the synthesis of La: Mg Wlth 1: ratio is as follows, 2.1 g of La (NOz3)s.
9H.0, 3.86 g of Mg (NO3)3.H.0 and BK ea were dissolved in 150 mL distilled water

were procured from Thomas Baker Chemicals, Mumbai.

5.3.2 Catalyst synthesis

and stirred for 1 h until the solyti me homogeneous. Then it was transferred into
Teflon lined bomb reactor an d at 160 °C for 12 h in a muffle furnace. The solid
material was washed with d water. After filtration, the solid material was dried at

120 °C. MgO and L% yst were prepared by the same procedure as described earlier

and calcined at 65 °C for 4 h. Similarly, we use the same method for the preparation of

La;203 and N@Fn lysts.

Potassium modified La>O3-MgO was prepared by incipient wetness impregnation
method. The required quantity of potassium carbonate dissolved in 2 mL water. The
resultant solution was added to 1 g of La,O3-MgO via wet impregnation technique, under
vigorous agitation at 80 °C. On completion of adsorption of Potassium solution onto the
surface of mixed oxide, the resultant solid dried at 100 °C for 10 h and calcined at 650 °C
for 4 h. Here we prepared 1 to 4 wt % K on La203-MgO by taking the appropriate amount
of precursor and catalyst were named as 1wt % K/ La203-MgO, 2 wt % K/ La>03-MgO, 3
wt % K/ La,03-MgO and 4 wt % K/ La,03-MgO, respectively.
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5.3.3 Characterization methodology
Catalysts were characterized by different techniques. The detailed description of

characterization methodology is given in chapter 4 (Section 4.2.4)

5.3.4 General procedure for methylation of PAN

All experiments were carried out in a 100 ml Amar (Mumbai, India) autoclave
equipped with pitched turbine impeller and controllers for pressure and temperature. In a
standard experiment, 0.034 mole of PAN, 1.025 mole of DMC and 0.2 mL of n-decane as
an internal standard with a catalyst loading of 0.03 g/ cm?® against total volume (30 cm?®) of
the liquid. The reaction mass was heated at 150 °C and 1000 rpm for 2 h. At regular
intervals of time sample was taken out for the analysis. %

5.3.5 Method of analysis Q)

Samples were withdrawn occasionally from the rea@hass and analyzed by GC
equipped with a capillary column BPX-50 (length 30 @inner diameter 0.25 mm) and
FID detector. Product confirmation was carried o MS from Perkin Elmer, Clarius
model 500 on Elite-1 capillary column of $ and inner diameter 0.25 mm. The

conversions were based on the decrease1K

5.4 Results and Discussion &

5.4.1 XRD @

The XRD p LazO3 MgO and K/ La,03-MgO with different wt % loadings
of potassium are |ct d in Figure 5.1. La20O3-MgO (Figure 5.1 (a)) catalyst showed the
presence Of% 3)2 (OH)2 signal at 26=30.36°, in addition to La2MgOx (JCPDS:42-
339), La203 (JCPDS:40-1281) and MgO (JCPDS: 27-759). The existence of La2MgOx
confirms the interaction between the La,Oz and MgO constituents during the synthesis of

ersion of the limiting reagent, PAN.

La,O3-MgO [46,78]. All potassium loaded catalysts showed similar XRD patterns of
La,0O3-MgO because potassium can be well dispersed on the La>03-MgO support. Figure
5.1 (b), (¢), (d), (e) and (f) shows no typical diffraction peaks corresponding to the KoCO3
(26 =12°,25°, 32°,38° and 41°), which suggests that potassium carbonate has completely
decomposed. With the loading of potassium, there was disappearance of La>O3 peak at
20=30.36° and the detection of new peak attribute to K.O (JCPDS: 27-431) [197,198]. This
K20 phase may be the cause of basicity of catalyst and high catalytic activity. The

74



Potassium modified La-Mg mixed oxide as active and selective.....

crystalline size of the La203-MgO and 2 wt % K/ La;O3-MgO was calculated using
Scherrer’s formula. The average crystallite size of La203-MgO and 2 wt % K/ La;0O3-MgO
was 15.16 nm and 30.89 nm, respectively. The XRD pattern of 2 wt % K/ La,0O3-MgO and
reused catalysts were compared to find that they are almost same which confirms that

prepared catalyst is stable.

Intensity (a.u.)

(b)
(@)

10 20 30 40 50 60 70 80
2-Theta-Scale

Figure 5.1 XRD pattern of (a) LazOe,-MgO.@th % K/ La203-MgO, (c) 2 wt % K/
La203-MgO, (d) 3 wt % K/ LazO:s-ng'Q@wt % K/ La203-MgO and (f) reused 2 wt %
K/ La203-MgO catalyst.

OO
$
542 FT-IR @

Figure 5.2 sh spectra of La,03-MgO, 1 wt % K/ La203-MgO, 2 wt % K/
La>,03-MgO, 3 wt ¢ a203-MgO, 4 wt % K/ La203-MgO and reused 2 wt % K/ La;0s-
MgO catalyst. 2@% K/ La203-MgO catalyst showed strong band at 650 cm™, which is
attributed to th&attice vibration of lanthanum oxide bond. The band at 3560 cmtindicates
the presence of hydroxide species of adsorbed water molecule and two bands at 1460 and
1380 cm™ are due to the carbonate species. The weak band at 1080 cm™ indicates the
presence of symmetric (CO3)?. The band at 1460 cm™ reveals that the inclusion of
potassium promotes the formation of basic sites and the adsorption of carbon dioxide on
the surface of La>O3-MgO. FT-IR spectra of virgin and used catalyst signifies that there
were no structural changes. It also indicates that there were no externally adsorbed species

on the surface of the 2 wt % K/ La,03-MgO catalyst.
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Figure 5.2 FT-IR of (a) La203-MgO, (b) 1 wt % K/ Lazog-MgO,®th % K/ La>O3-
MgO, (d) 3 wt % K/ La203-MgO, (e) 4 wt % K/ LmOa-Mg%@ryi (f) reused 2 wt % K/
La203-MgO catalyst. ‘&9

5.4.3 Surface area and pore size analysis Q’

N2 adsorption/desorption isotherms o %s are depicted in Figure 5.3. All the
catalysts showed that they have the for%@e-lv isotherm, and type H3 hysteresis loop,
indicates that materials are mesopor, % e surface area, pore volume and average pore
m2g?, 0.13 cm3gtand 11 nm, respectively (Table

diameter of La,O3-MgO catalys
5.1). With increase in the

g of potassium, surface area as well as pore volume

decreases. Cosimo ej%z 200] reported that the introduction of alkali metals on MgO

would resultin a dge in surface area and pore volume. The decline in pore volume and
0

surface are @

catalysts are if*good agreement with the results of SEM and CO»-TPD analysis. The

tassium loading observed over La;03-MgO and K/ La203-MgO

structural parameters of 2 wt % K/ La>03-MgO and used 2 wt % K/ La,O3-MgO catalysts

were observed almost same.

Table 5.1 Surface properties of various synthesized catalysts for mono-methylation
of PAN

Average pore
BET surface area ) BJH pore
Catalysts diameter
(m?/g) volume (cmd/g)
(nm)

76



Potassium modified La-Mg mixed oxide as active and selective.....

La,03-MgO 48 11 0.13
1 wt % K/ Lap03-MgO 22 25 0.12
2 Wt % K/ Laz03-MgO 20 28 0.11
3 Wt % K/ La03-MgO 18 21 0.09
4 Wt % K/ La,03-MgO 13 23 0.07

Reused 2 wt % K/ LayOs-

19 26 0.10
MgO \%

>

~ (f)
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by ]
= |, Qi ¢
™ e PP ¢
g 5 e
= ey nnn'nu;gu(dn)m; e e Y T::_
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Relative Pressure (P/P0)
Figure 5.3 N a@wt%,n-desorption plot for the (a) La2O3-MgO, (b) 1wt % K/ La>Os-
MgO, (c) 2 W% K/ La;03-MgO, (d) 3 wt % K/ La203-MgO, (e) 4 wt % K/ La203-MgO
and reused (f) 2 wt % K/ La203-MgO catalyst

5.4.4 DSC-TGA

TGA-DSC analysis of 2 wt % K/ La,03-MgO catalyst was carried out from 50 to
700 °C (FigureS2). Two endothermic peaks were observed in DSC curve; first peak at 80
to 130 °C due to the removal of water (humidity) and resulted in 8 % weight loss. Second
endothermic peak between 320 °C and 400 °C was due to evolution of CO. and

decomposition of oxycarbonate corresponding to 12 % weight loss to get stable oxide
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forms. The overall analysis shows around 20 % weight loss and the catalyst was stable after

450 °C up to 700 °C.
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e 2.00 S
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Q‘O

Figure 5.4 TGA-DSC analysis of 2 0@/ La203-MgO

5.4.5 CO.-TPD Q >»

The basicity of all the samples' Q]alyzed by using CO,-TPD. As showed in
%on peaks were observed at 285 °C and 470 °C

Figure 5.5 La,03-MgO catalyst CO@
corresponding to moderate /stro ic sites, and the quantity of CO. desorbed were 0.36
n of potassium results in an increase in the desorption

and 0.38 mmolg™. The intr
in the amount of CO- desorption. Two wt % K/ La203-MgO

temperature and enh

catalyst showed d %&n peaks at 106 °C, 324 °C, 498 °C and 745 °C corresponding to
weak, mode ,&g, and super basic sites and the quantity of CO2 desorbed were 0.15,
0.21, 0.05 andy1.09 mmolg™?, respectively. The desorption peak at 745 °C is a clear
indication of super basic sites [201]. Further increasing the concentration of potassium,
there is a decline in the basicity of 3 and 4 wt % K/ La,O3-MgO catalysts (Table. 5.2). This
is due to the coverage of excess potassium on the surface of basic sites. The basicity of

fresh and used catalyst showed almost similar results.

Table 5.2 CO2-TPD analysis for various synthesized catalysts
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CO2-TPD analysis

Catalysts Basicity (mmol g?)
Weak Moderate/strong Total
La203 0.02 0.25 0.27
MgO 0.05 0.31 0.36
La,03-MgO 0.04 0.70 0.74
1 wt % K/ La203-MgO 0.10 0.88 0.98
2 wt % K/ La203-MgO 0.15 1.35 ﬁ 1.50
3wt % K/ La;0s-MgO 0.09 1.17 Q 1.26
4 Wt % K/ La;0s-MgO 0.08 @5 1.13
Reused 2 wt % K/ La>03-MgO 0.13 @1.33 1.46
N
0.12
0.1 1
~ 0.08 3
3
)
< 0.6
c
2
(2]
A 004
@)
|_
0.02 1
L ——
50 150 250 350 450 550 650 750

Temperature (°C)

Figure 5.5 CO2-TPD pattern of 2 wt % K/ La203-MgO

5.4.6 SEM

The SEM images of La,O3-MgO, 2 wt % K/ La,03-MgO catalysts are shown in
Figure 5.6. La203-MgO catalyst forms a spherical and dendritic structure. There is no
agglomeration takes place after the introduction of 2 wt % potassium on La;O3-MgO.
Hence, it is assumed that with low loading of potassium, a high dispersion was obtained

and the La,O3-MgO support intact its original structure.
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5.4.7 Catalytic reaction
The reaction of mono-methylation of PAN by DM@g 2 wt % K/ La,03-MgO

catalyst given in Scheme 5.1. '&

+ Hel j\ i, e Mazo% + CH;0H + (O,
0~ Yo~ . 6®1 7~
>
Scheme 5.1 ethylation of PAN by DMC

5.4.8 Efficacy of various ¢

Mixed oxid% een studied in a number of systems. Hence, a series of
potassium loaded LaMg oxide catalysts were used to measure their efficacy in the
mono-meth i&PAN (Figure 5.7). A catalyst loading of 0.03 g/cm?® based on the total
volume of reaction mixture was employed at a mole ratio of 1: 30 PAN to DMC at 150 °C
and speed of 1000 rpm. A series of catalysts such as MgO, La>03, La203-MgO, 1wt % K/
La203-MgO, 2 wt % K/ La,03-MgO, 3 wt % K/ La,03-MgO, and 4 wt % K/ La203-MgO
were developed and characterized. The conversion of PAN was greatly affected by loading
of potassium on La,03-MgO. The activity of MgO, La>03, and La,03-MgO were found to
be very less due to less basicity. The activity of catalyst increases with increase in loading
of potassium, and maximum conversion was obtained at 2 wt %. It is due to increase of
moderate and strong basic sites in promoted La>O3-MgO catalysts. Further increase of

potassium loading on the La,03-MgO leads to decrease in activity. The decline in

conversion of PAN could be attributed to the blocking of active sites due to excess amount
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of potassium and/or agglomeration of catalyst particles. For the mono-methylation reaction,

the optimum potassium loading is 2 wt %, in agreement with the results of BET surface
area and CO2-TPD.

100 7

80
S
< 60
c
R
2
=40
>
c
o
- I I
&03 '. .' % @% @% @%
vV A @v W W
OloTplenagle wlo
Catalysts

Figure 5.7 Effect of various catalysts on conversi
1.025 mol, speed of agitation 1000 rpm, temperat

time 2 h, catalyst loading 0.03 g/cm?® Q

5.4.9 Effect of speed of agitation (b;\'
The effect of agitation sp, s varied from 600 rpm to 1200 rpm at 150 °C (Figure
5.8). There is no change in rsion of PAN at agitation from 1000 rpm to 1200 rpm.

Thus, it indicated th% no effect of mass transfer resistance beyond 1000 rpm. Thus,
all reactions were ed at 1000 rpm.

< d

80 T

60 T

o ¥
ob ¥

Conversion(%b)

0 15 30 45 60 75 90 105 120
Time(min)
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Figure 5.8 Effect of speed of agitation on conversion of PAN: PAN 0.034 mol, DMC
1.025 mol, temperature 150 °C, total volume 30 cm?, reaction time 2 h, catalyst loading
0.03 g/cm?3 (+) 600 rpm, (m) 800 rpm, (4 ) 1000 rpm, (x) 1200 rpm

5.4.10 Effect of catalyst loading

In order to evaluate the influence of catalyst loading on conversion of PAN,
loadings were studied from 0.01 g/cm?® to 0.04 g/cm®. Figure 5.9 shows that up to 0.03
g/cm? there is an increase in PAN conversion due to the availability of active sites where
as from 0.03 g/cm3-0.04 g/cm? there is no appreciable changes in the conversion of PAN.

This happens due to surpassing the number of active sites available for regction than the

number of reactant molecules actually present for the reaction. Figur epicts initial
rate of reaction increases linearly with the catalyst loading whi@ nfirms that mass
transfer resistance is not acting. c\g@
i
100
X
X [ |
80 +
|
~ 60T n
S ®
i< 4
S
o 40 ¢
o L 2
§ X
201 “m e
Pt g
0ty
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Figure5.9 Ef;;t of catalyst loading on conversion of PAN: PAN 0.034 mol, DMC 1.025
mol, catalyst 2 % K/ La,03-MgO, temparature-150 °C, total volume 30 cm?, reaction time

2 h, speed of agitation 1000 rpm. (¢) 0.01 g/cm?, (m) 0.02 g/cm?, (4) 0.03 g/cm?, (x) 0.04
g/lem®
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Figure 5.10 Plot of initial rate on conversion of PAN: PAN 0. 034@'&\E;MC 1.025 mol,
catalyst 2 % K/La203-MgO, temparature-150 °C, total volu @)cm reaction time 2 h,
speed of agitation 1000 rpm. ”%
5.4.11 Effect of mole ratio of PAN to DMC Q’&

Figure 5.11 showed the effect of mole '%PAN to DMC were studied from1:10
to 1:40 over 2 wt % K/ La,03-MgO cata N conversion was increased with increasing
molar ratio. At 1:10 mole ratio, th& |on was 51 % which increased to 100 % at 1:30

mole ratio. Hence mole ratio
studies.

was selected to be optimum and used for further
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Figure 5.11 Effect of mole ratio on conversion of PAN: PAN 0.034 mol, catalyst 2 % K/
La,03-MgO, temparature-150 °C, total volume 30 cm?, reaction time 2 h, speed of agitation
1000 rpm. (¢) 1:10, (=) 1:20, (4) 1:30, (x) 1:40.

5.4.12 Effect of temperature
The conversion of PAN was studied from 130 to 160 °C keeping other parameters at
optimum conditions (Figure 5.12). The increase in temperature leads to increases the rate

of reaction and conversion of PAN increases dramatically, which suggests that reaction is
kinetically controlled.
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Q\O/ [ |
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Figure 5.12 Effect of tem %re on conversion of PAN: PAN 0.034 mol, DMC 1.025

mol, catalyst 2 % ﬁé@r g0, speed of agitation 1000 rpm, total volume 30 cm?,
reaction time 2 h loading 0.03 g/cm?. (¢) 130 °C, (m) 140 °C, (4 ) 150 °C, (x) 160

°C QQ
5.4.13 Reaction mechanism and mathematical model
The possible mono-methylation mechanism of PAN with DMC on basic sites of 2

wt % K/ La,03-MgO catalyst is shown in Scheme 5.2. Mono-methylation of PAN (A) with

DMC (B) occurs by strong adsorption of PAN on basic sites leading to the formation of 2-
PPN.
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‘e CO,+MeOH

Scheme 5.2 R %echanism of mono-methylation of PAN by DMC
The detail n%uhatical model was developed using LHHW mechanism as same

The rate of réaction of PAN can be given as:

reported in %@Hiterature [126,202].

Let A = PAN, B = DMC, ES = 2-PPN, W= Methanol, S=vacant sites.
Chemisorption of A and B on vacant site S

Adsorption

Adsorption of PAN (A) on a vacant site S is given by:

A+S <225 AS (1)
Adsorption of DMC (B) on a vacant site S is given by:

B+S<«Xe 35BS (2)
Surface reaction
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Surface reaction of AS and BS in the vicinity of an active site, leading to the formation of
ES and WS on the active

AS +BS <25 ES +WS +CO, (3)

Desorption of 2-PPN (ES) and methanol (WS) is given by:

ES<«¥= 5E+S 4)
WS « Y W 4 S (5)
The total concentration of the sites, Ct expressed as,

C,=C,+C, +Cy +Cp +Cs (6)
Or

C,=C, +K,C,Cq + K CoCq + K,CoCy + Ky, CyyCe (7\%

When the adsorption and desorption steps are assumed to be e%%rium

The concentration of vacant sites can be written as,

C, = G 6%

(1+K,C, +KCy +K(C. +K,,Cy, )

If the surface reaction controls the rate of reanu %ﬂen the rate of reaction of A is given
K \\
_dC,
k CASCBS k CESQ@
Cu Peo
k, s K\KgC,C %‘QE* C’
_dCA_Z{AB,A(\B$ K t

= ) N 2 9)
dt (14 K,Cp+ KeCy + K Ce +K,Cy )
When the r (@5 far away from equilibrium
— dCA — kZCtZ AKBCA(‘;’B (10)
. (1+Y°KC)
_dc, _ kRZWCACB (11)

dt (1+3KC)
Since k, w=k,CK,K, where, w is catalyst loading. If the adsorption constants are small,

then the above equation reduces to:
dC, dX

A =k, WC, (1-X,)Cy, (12)
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DMC was taken in molar excess over PAN (CBO >CA0), it becomes a pseudo-first order
equation which can be integrated as follows:

~In(1- X, ) =kwt (13)

Where | is the pseudo-first order constant.

A plot of -In (1-Xa) versus t at various temperatures gives an excellent fit and shows the
reaction is pseudo-first order (Figure 5.13). The rate constant values were calculated and
activation energy of the reaction estimated from Arrhenius plot (Figure 5.14). The apparent

energy of activation was found to be 13.77 kcal/mol.
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Figure 5.13 Kinetic Géttgvarious temperatures: PAN 0.034 mol, DMC 1.025 mol,
catalyst 2 % K/ L%ﬁ\e- g0, speed of agitation 1000 rpm, total volume 30 cm?, reaction

time 2 h, ca s@a ing 0.03 g/cm®. (#) 130 °C, (m) 140 °C, (4 ) 150 °C, (x) 160 °C
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5.4.14 Reusability of catalyst Q

The reusability of 2 wt % K/ La,O3-MgO cat as tested for methylation of
PAN under the optimized conditions: temperat °C, catalyst loading 0.03 g/cm?,
speed of agitation 1000 rpm, the reaction tim@. e catalyst was filtered, washed with

methanol and dried at 120 °C after evq\a ion. The volume of the reaction mass was

adjusted so that spent catalyst m@

amount of fresh catalyst was a match the desired loading of catalyst. Figure 5.15
depicts that 2 wt % K/ LaZQE' catalyst is reusable for four cycles without any loss of

its activity. QAV
\

100 -

< 80 1
60 1
| 40 A
20 A

0 - r r r r

Fresh 1st Reuse 2nd Reuse 3rd Reuse 4th Reuse

esired optimized catalyst loading or makeup

Conversion (%)
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Figure 5.15 Catalyst reusability: PAN 0.034 mol, DMC 1.025 mol, catalyst 2 % K/La>Oz-
MgO, speed of agitation 1000 rpm, temperature 150 °C, total volume 30 cm?, reaction time

2 h, catalyst loading 0.03 g/cm?®

5.5 Conclusion

Different loadings of potassium (1 to 4 % wt) promoted on La,O3-MgO catalysts
were synthesized, characterized with various techniques and screened. Potassium promoted
mixed oxides showed much higher catalytic activity than the corresponding pure La>Os-
MgO mixed oxide in the mono-methylation of PAN with DMC, due to increase in

moderate, strong, super basic sites. Moreover, loading of pOt&SSiU%L&zOg-MgO
it

changes the structural properties like pore volume and surface area@ ives higher

conversion towards the desired product. In which 2 wt % K/ La203-l\® catalyst was found

to be the best for the methylation of PAN. By using this @a}st, we studied various
parameters systematically to establish kinetics. The maxi conversion of PAN was
achieved at 150 °C, PAN to DMC mole ratio 1:30

catalyst is reusable up to four cycles. The actian

calculated as 13.77 kcal/mol. . QQ

lyst loading 0.03 g/cm?®. The
nergy for methylation of PAN was
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6.1 Abstract

Veratraldehyde is an important chemical used in perfumery, agrochemical and
pharmaceutical industries. Current processes of manufacture of veratraldehyde use
homogeneous catalysts which make them highly polluting creating problems of disposal
effluents and product purity. In the current work, veratraldehyde was synthesized from O-
alkylation of vanillin with an environmentally benign reagent, dimethyl carbonate. A series
of potassium loaded La,O3-MgO were prepared by incipient wetness impregnation method
and their performance was evaluated vis-a-vis MgO, La>O3, La,03-MgO and a series of 1-
4 wt % K/ Lax03-MgO. All catalysts were characterized by different techniques such as N>

different loadings (1-4 wt %) of potassium on La>03-MgO was stu ong which 2 wt

adsorption/desorption, XRD, TGA-DSC, FT-IR, CO.-TPD and SE&I es. Effect of
% K/La,03-MgO showed the best activity and selectivity c@e)to high dispersion of

C?ivity of 2 wt % k/ La0s-
MgO in O-methylation of vanillin with dimethyl carboRate{DMC) was closely associated
with basicity. VVarious parameters were studied t@%ve maximum yield of the desired
product. The maximum conversion was found@ catal
ratio of vanillin and DMC of 1:15 at 16 '®2 h. The reaction follows pseudo first order

kinetics for the O-methylation of v@

kcal/mol. Scale-up was done usj kinetic model to observe that the process could be

potassium and high basicity in comparison with the rest. T

yst loading of 0.03 g/cm? and mole
he energy of activation was found to be 13.5

scaled up using the process eters. The overall process is clean and green.

6.2 Introduction &

Lig &sic biomass, abundantly available everywhere, is a source of
renewable chemicals and fuels [203]. Biomass is converted to obtain phenolic compounds,
sugars, and fine chemicals via gasification, anaerobic digestion, fermentation, pyrolysis,
and transesterification [204]. Lignocellulosic biomass mainly contains cellulose,
hemicellulose and lignin. Lignin is a main renewable source for chemicals such as guaiacol,
vanillic acid, phenol, benzene, acetic acid and methanol [205]. Vanillin is also one of the
important chemicals obtained from lignin by condensation of guaiacol with glyoxylic acid
[206]. Heterogeneous catalysis has tremendous scope for conversion of biomass into value
added-chemicals [207] .
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Veratraldehyde is present in Cymbopogon jevenensis essential oil. It is extensively
used in perfume compounds, food aromatizers, odorants and pharmaceutical intermediates
[208]. Veratraldehyde can be obtained from O-methylation of vanillin with alkylating
agents. The traditional synthesis of O-methylation reactions involved harmful alkylating
agents like dimethyl sulfate [209], methyl halides [210], and diazomethane [211], or
nontoxic alkylating agents under harsh condition, using a solvent like dimethylformamide
[212]. These reagents are hazardous which produce a large amount of waste. These
reactions are also reported with methanol as an alkylating agent which require a strong acid
[213] or zeolite as catalyst. Usually, they require higher temperature and produce various

side products [190]. Hence, development of a green process synthesis of

for th
veratraldehyde is essential. \

Dimethyl carbonate (DMC) is a sustainable, non-toxic, and@ egradable reagent

[182]. It can be used either as a methoxycarbonylating agent ( °C) or as a methylating
agent (>120 °C). In recent years, various applications of were reported [214]. DMC
was used in methylation of phenols [215], indoles vand anilines [217] as well as

methylation of active methylene groups [218]. ItQ alternative for hazardous alkylating
agents. .
Generally, methylation reaction %&C requires high temperatures (>160 °C) and
long reaction times. In order to attat %asonable conversion, strong organic[215,219] or
inorganic bases [220,221] h %n used in excess quantities. The synthesis of
veratraldehyde by O-meth&f vanillin with DMC as a methylating agent has been
reported recently. @ [222] demonstrated this reaction with 77 % vyield to
veratraldehyde usi;%l, -dimethylimadazolium-2-carboxylate (DMI-CO>) catalyst in ~3h
at 160 °C. %@mogenous catalysts showed high catalytic performance but there are
several problems to use homogeneous catalysts. Hence, there was an essential need to
overcome those problems with the heterogeneous catalysts.

Over the last decades, mixed oxides have been extensively used due to their
distinctive physical and chemical properties [76]. Lanthanum oxide (La203) is a strongest
basic oxide, but the activity of is low due to its low surface area. Its activity increased when
it mixed with magnesium oxide (MgO) due to increasing basicity [77,78]. La203-MgO
mixed oxide has been widely used in several chemical reactions such as Wittig reaction
[45], Michael addition reaction [53], Wadsworth-Emmons reaction [50], synthesis of
glycerol carbonate [52], epoxidation of an olefin [54] and transesterification reaction [51].
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Several researchers demonstrated that the use of potassium precursors such as KF [194],
K2CO3[193], KNO3 [63,64], and KOH [37] can help the formation of super base. Very
recently, Yin et al.[73] demonstrated Knoevenagel condensation reaction over 10 wt %
KOH/La203 as a solid super base.

Here in this report, an efficient and environmentally friendly process for solventless
O- methylation of vanillin with DMC over 2 % K/La>,O3-MgO catalyst. The fresh and spent
2 % K/ La203-MgO has been fully characterized by different techniques. The catalyst
activity was compared with the different solid base catalysts such as calcined hydrotalcite
(CHT), MgO, Lithium promoted hydrotalcite (Li-HT), La;Os, and different loadings of
potassium on La203-MgO support. The effect of different kinetic parameters was studied
to explore the activity of the catalyst in the reaction of vanillin &%C Plausible

e

reaction kinetics, reaction mechanism and catalyst reusability were d.

6.3 Experimental ;Q%

6.3.1 Chemicals
Magnesium nitrate, Lanthanum nitrate@ and potassium carbonate were
procured from Thomas Baker Chemicals, I\/@bai. anillin, dimethyl carbonate and n-
decane were obtained from SD Fine cha@g limited, Mumbai.

i~
6.3.2 Preparation of catalyst \

The catalyst was sy iZed by incipient wetness impregnation method and details

are given in Chapter, egtion 5.2.2).

6.3.3 Chara%@%n of catalysts

Differggt characterization techniques were employed to characterize the fresh and

used catalyst. The detailed methodology is given in Chapter 4 (Section 4.2.4).

6.3.4 General procedure for O-methylation of vanillin

A stainless-steel Amar autoclave (Mumbai, India) of 100 mL equipped with a 4-
blade pitch turbine impeller was used for the reaction. The agitation speed was maintained
at £5 rpm of the experimental value. The calculated amount of reactants were taken in the
autoclave. The autoclave was tightened and the desired temperature was set, after attaining
the temperature zero-minute sample was removed. A typical standard experiment, 0.02

mole of vanillin, 0.3 mole of DMC and 0.2 mL of n-decane as an internal standard with a
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catalyst loading of 0.03 g/ cm? against total volume (30 cm?®) of the liquid. The reaction

mass was heated at 160 °C with speed of agitation 800 rpm for 2 h.

6.3.5 Method of analysis

Samples were withdrawn periodically and analyzed by GC (Chemito Model 1000
with FID detector) using a capillary column BP-1 (length 30 m and inner diameter 0.32
mm). The injector and detector temperature were programmed from 60 to 300 °C with a
ramp rate of 10 °C/min. The results were based on the decrease in conversion of the limiting
reagent, vanillin. The product was confirmed by GC-MS (Perkin Elmer, Clarius model 500)

on the Elite-1 capillary column (length 30 m and inner diameter 0.25 n%

6.4 Results and Discussion

6.4.1 Characterization

The catalyst was well characterized and details ar;
5.3.1). In this work, the 2 wt % K/ La203-MgO catal
reference to fresh catalysts. XRD pattern of fres

ained in Chapter 5 (Section
haracterized after reuse with
eused catalyst shows no change in

crystallinity (Figure 6.1). Fresh and reu wt % K/ La20s-MgO catalyst show
characteristic type-1V isotherm of meso material (Figure 6.2). The surface area, pore
volume and average pore diameter 0O3-MgO catalyst are shown in Table 6.1. CO-

CO»-TPD results show 2 / La203-MgO catalyst possess a reasonable amount of
basicity. The scanm'%k ron micrographs reveal that both fresh and reused catalyst
samples show almﬁﬂ lar external morphology (Figure 6.3).

<§Q

TPD analysis has been dow asicity of fresh as well as used catalyst (Table 6.2).
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K
A

3
N
o
2
|
3
b
z (b)
<
35 e
>
&
(a)
0 02 04 06 08 1

Relative pressure (P/PO)

Figure 6.2 N2 isotherms of catalysts: (a) 2 wt % K/ La203-MgO, (b) reused 2 wt %
K/ La203-MgO

Table 6.1 Textural characteristics of catalysts.

Catalvsts BET surface area  Average pore BJH pore
y (m?/g) diameter (nm)  volume (cm?/g)
2 wt % K/ La203-MgO 20 28 0.11

97



Green synthesis of veratraldehyde using novel potassium......

reused 2 wt % K/ La203-

MgO 18 25 0.9
Table 6.2 Basicity of catalysts.
CO2-TPD analysis
Catalysts Basicity (mmol gt)
Weak Moderate/strong Total
2 wt % K/ La203-MgO 0.15 1.35 % 1.50
reused 2 wt % K/ La,03-MgO 0.12 1.34 & 1.47

& MgO

6.4.2 Catali&&tion

The reaction of O-methylation of vanillin with DMC using 2 wt % K/ La,03-MgO
catalyst given in Scheme 6.1.

2 wt % K/La,0;-MgO
+ )]\ > + CH,OH -+ CO,
o7 Mo ’
0 160 °C, 120 min 0

| |
OH O

Scheme 6.1: O-methylation of vanillin with DMC
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6.4.3 Efficacy of various catalyst
Activity of different solid base catalysts towards the synthesis of veratraldehyde
was demonstrated using vanillin and DMC. The reaction was carried out using vanillin to
DMC mole ratio 1:15 at 800 rpm with a catalyst loading of 0.03 g/cm? on the basis of total
volume (30 mL). A variety of catalysts such as CHT, Li-HT, MgO, La03, La203-MgO
with different loadings (1-4 wt %) of potassium on La203-MgO like 1 wt % K/ La2Osz-
MgO, 2 wt % K/ La203-MgO, 3 wt % K/ La.03-MgO and 4 wt % K/ La203-MgO catalysts
were studied for O-methylation reaction (Figure 6.4). The obvious reason for excellent
conversion of vanillin is the maximum basicity of catalyst observed at a loading of 2 wt %
potassium on La,03-MgO. It is due to increase of moderate and strong basic sites. The
further increase in the loading of potassium leads to decreased in the \%
due to blocking of active sites by an excess amount of potassium a@'§
catalyst particles. The activity of CHT, Li-HT, MgO, La,03 ts was found to be less
due to lack of strong basic sites. The optimum loading té??s
agreement with the results of CO,-TPD and BET su

rsion possibly

agglomeration of

sium is 2 wt %, in good

a. Hence, 2 wt % K/ La>Os-
MgO was selected as a superior catalyst for detai
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Figure 6.4 Effect of various catalysts on conversion of vanillin: vanillin 0.02 mol, DMC
0.3 mol, speed of agitation 800 rpm, temperature 160 °C, total volume 30 cm?3, reaction

time 2 h, catalyst loading 0.03 g/cm?®

6.4.4 Effect of speed of agitation
The agitation speed was studied at 400, 600, 800 and 1000 rpm at 160 °C in order
to understand the effect of external mass transfer resistance on the rate of reaction (Figure
99
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6.5). It is clear that beyond 800 rpm there is no effect on the conversion of vanillin

signifying that the mass transfer resistance was absent. Thus, further experiments were
carried out 800 rpm.
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Figure 6.5 Effect of speed of agitation on conversion@illin: vanillin 0.02 mol, DMC
0.3 mol, catalyst 2 % K/ La203-MgO, temperatu °C, total volume 30 cm?, reaction

time 2 h, catalyst loading 0.03 g/cm?. (0) 40@, ) 600 rpm, (4) 800 rpm, (x) 1000
v\\

6.4.5 Effect of catalyst load |ng

The influence of ca oadlng on conversion of vanillin was studied from 0.01
to 0.04 g/cm?® (Flg anillin conversion increases with the increase in catalyst
loading which is d roportlonal increase in a number of active sites. Catalyst loading

from 0.03-0 6@1 there is no appreciable changes in the conversion of vanillin. It is due
to surpassing the number of active sites available for reaction than the number of vanillin
molecules actually present for the reaction. Figure 6.7 shows an initial rate of reaction

increases linearly with the catalyst loading which confirms that mass transfer resistance is
not acting.
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Figure 6.6 Effect of catalyst loading on conversion of vanillin: v 0.02 mol, DMC

0.3 mol, catalyst 2 % K/La>03-MgO, temperature 160 °C, to a@lume 30 cm?, reaction
time 2 h, speed of agitation 800 rpm. (¢#) 0.01 g/cm?, (m) 0@ cm?®, (4) 0.03 glcm?, (X)
0.04 g/cm?,
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Figure 6.7 Plot of initial rate on conversion of vanillin: vanillin 0.02 mol, DMC 0.3 mol,
catalyst 2 % K/ La,03-MgO, temparature-160 °C, total volume 30 cm?, reaction time 2 h,
speed of agitation 800 rpm.

6.4.6 Effect of mole ratio
Mole ratio of vanillin to DMC was studied at 1:5, 1:10, 1:15 and 1:20 by keeping
the total reaction volume constant (Figure 6.8). The conversion of vanillin increases with

increase in mole ratio. The conversion of vanillin at 1:5 mole ratio is 50 % which increased
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to 96 % at 1:15 mole ratio. There was no significant change in conversion in between 1:15
to 1:20 mole ratio. So, we conclude that 1:15 mole ratio is an ideal parameter for this
reaction and used for further reactions.

100 T ¥
- X
80 +
X - L
g 60 1 -
s | X . 1
2 40 ¢
2 ] o .
S X x
20 ': X. ’ v
[ xg®
0 '..'.’. ..........................
0 20 40 60 80 100 120
Time (min)
Figure 6.8 Effect of mole ratio on conversion of vani@@nillin 0.02 mol, catalyst 2 %
K/ La203-MgO, temparature-160 °C, total volu cm?, reaction time 2 h, speed of
agitation 800 rpm. (¢) 1:05, (m) 1:10, ( )1 J:Q;g)
6.4.7 Effect of temperature (!};\'

The effect of temperat studied at 140, 150, 160 and170 °C in order to
consider its effect on the ra action at optimum conditions (Figure 6.9). The increase
in temperature leads métoases the rate of reaction and conversion of vanillin increases
dramatically, wh| st that reaction is kinetically controlled.

<¢Q
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Figure 6.9 Effect of temperature on conversion of vanillin: vani@z mol, DMC 0.3
mol, catalyst 2 % K La203-MgO, speed of agitation 800 rpm, totdFyolume 30 cm?, reaction
time 2 h, catalyst loading 0.03 g/cm?®. (#) 140 °C, (m) 150 O(Q* 160 °C, (x) 170 °C.

6.4.8 Reaction mechanism and mathematical mo@
The plausible O-methylation mechanigm, of wanillin with DMC on basic sites of 2

wt % K/ La203-MgO catalyst is depicted’i @eme 6.2. O-methylation of vanillin (A) with
DMC (B) occurs by strong adsorptio nillin on basic sites leading to the formation of
veratraldehyde. The detail mat m@ al model was developed using LHHW mechanism

as same reported in the recentiterature [123,202].

The rate of r@of Vanillin can be given as:
X

Q 07 T y=0.022%
i R2=0.99
06 1 .,X
05 ¢ 7 y'=00181x
; R2=0.99
0.4 T ]
5 5 y 0.0128x
~ 034 : e Y=
a) i >< R2 =0.99
c [
T 024 R L *
] . ............. y = 0.0072x
014 g R?=0.99
0 -2'-'-.". " r r r r r
0 5 10 15 20 25 30 35
Time (min)
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Figure 6.10 Kinetics plots for various temperatures: vanillin 0.02 mol, DMC 0.3 mol,
catalyst 2 % K/ La,03-MgO, speed of agitation 800 rpm, total volume 30 cm?, reaction
time 2 h, catalyst loading 0.03 g/cm?. (#) 140 °C, (m) 150 °C, (4 ) 160 °C, (x) 170 °C.

Scheme 6.2%&% mechanism of O-methylation of vanillin with DMC

&
Let A= Vaﬁ%%z DMC, ES = veratraldehyde, W= Methanol, S=vacant sites.
Chemisorption of A and B on vacant site S
Adsorption
Adsorption of vanillin (A) on a vacant site S is given by:
A+S <525 AS (1)
Adsorption of DMC (B) on a vacant site S is given by:
B+S<«=>BS )
Surface reaction
Surface reaction of AS and BS in the vicinity of an active site, leading to the formation of

ES and WS on the active
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AS +BS <2 5> ES +WS +CO, (3)

Desorption of veratraldehyde (ES) and methanol (WS) is given by:

ES« ¥ 5E+S (4)
WS« 5W +S (5)
The total concentration of the sites, Ct expressed as,
C,=C; +C,q +Cp +Cps +Cys (6)
Or
C,=C,+K,C,C, +K,C,C, +K,C.C, +K,C,C, (7)
When the adsorption and desorption steps are assumed to be equilibrium,
The concentration of vacant sites can be written as, %
C = <
(1+K,C,+K,Cy +K(C +K,,Cy ) Q)
If the surface reaction controls the rate of reaction, then th of reaction of A is given

by Q,&

dC
= _d_tA =K,CsCps —K,CsCus Pco, Q

e s Y
kz {KAKBCACB _wa@f
&, A ©

dt  (1+K,C,+K,C +K’Q’éb|v<wcw)2

A~A B™~B
When the reaction is far aw?@equilibrium
k K.Ks AV
_dc, C’ S'% (10)
dt 1+Z

_dc, _ && 2 ”
dt (143 KC,)

Since k, w=k,CK,K, where, w is catalyst loading. If the adsorption constants are small,

then the above equation reduces to:

_9Cy g,
dt dt

e =kg,WC, (1—XA)CB0 (12)

DMC was taken in molar excess over vanillin (CB0 > C%)’ it becomes a pseudo-first order
equation which can be integrated as follows:

~In(1-X,)=kwt (13)
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Where, k, is the pseudo-first order constant.

A plot of —In (1-Xa) against time was made at a various temperature to get excellent, there
by supporting the model. This is an overall pseudo first order reaction (Figure 6.7). Energy
of activation was calculated by plotting Arrhenius plot of Ink against time (Figure 6.8) and
energy of activation was found to be 13.5 kcal/mol, which supports the fact that reaction is

intrinsically kinetically controlled.

-3

y =-6929.5x + 12.331
35 4 R2=10.98

< R
E 4.5 e, .
5 [
5.5 r r r
0.0023 0.00235 0.0024 0.00245 0.0025
UT (K'Y
° Y
Figure rhenius plot

N

6.4.9 Reusability of catalyst \Q
The reusability of thg&.@

of O-methylation o ﬁw After each reaction, the catalyst was separated by filtration

and washed with m and then dried at 120 °C. It was observed that 2 wt % K/ La,Oz-

MgO show@@/ small difference activity after third time use. In the case of fourth time

reuse, there is @6 % conversion difference compare to fresh catalyst (Figure 6.9). These

% K/ La203-MgO catalyst was tested four times in case

results clearly show the stability of 2 wt % K/ La>O3-MgO catalyst.
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Figure 6.12 Catalyst reusability: vanillin 0.02 mol, DMC 0.3 mol,@%t 2 % K/ La20sz-
MgO, speed of agitation 800 rpm, temperature 160 °C, total vgl3 e 30 cm?, reaction time

Different loadings of potassium promq%m a203-MgO (1-4 wt %) catalysts were
synthesized, characterized with varidu@c

2 h, catalyst loading 0.03 g/cm?®
6.5 Conclusion

niques. The activity of catalyst was
demonstrated in the reaction vanillin vﬂ@, MC for synthesis of veratraldehyde in compare
with several other catalysts suc ag T, Li-HT, MgO, La;03, La203-MgO, 1 wt % K/
La>,03-MgO, 2 wt % K/ La O, 3wt % K/ La,03-MgO and 4 wt % K/ La,03-MgO.

Potassium promote oxides showed much higher catalytic activity than the

corresponding pure,La3©s-MgO mixed oxide in the O-methylation of vanillin with DMC,
due to incr&%ﬂ@ derate, strong, super basic sites. Moreover, loading of potassium on
La,03-MgO changes the structural properties like pore volume and surface area, and it
gives higher conversion towards the desired product. Two wt % K/ La203-MgO gives 96
% of conversion at a mole ratio of 1:15 of vanillin to DMC and 0.03 g/cm? catalyst loading
at 160 °C. By using this catalyst, we studied various parameters studied systematically to
establish kinetics. The catalyst is reusable up to four cycles. The energy of activation for

O-methylation of vanillin was found to be 13.5 kcal/mol.
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7.1 Abstract

Sulfated Fe»Os-ZrO; catalyst with different iron loadings has been, for the first time,
prepared by combustion technique. The activity of sulfated Fe.O3-ZrO> was evaluated for the
esterification of salicylic acid with dimethyl carbonate. The product methyl salicylate is
extensively used in the food and pharma industries. Catalyst with different loadings of iron on
zirconia (5, 10, 15, 20 wt %) was synthesized and activity of the catalyst was compared with
the solid acid catalysts such as ZrO, sulfated zirconia. The introduction of iron, considerably
increases salicylic acid conversion. The activity of the catalysts increases after the loading of
iron on zirconia and 10 wt % iron gave the highest acidity and best catalytic for the synthesis
of methyl salicylate (oil of wintergreen). These catalysts were characterized by using different
techniques such as SEM, XRD, FTIR, TGA, NHs-TPD and BET surface area analysis. Ten wt
% sulfated Fe2Os-ZrO, catalyst demonstrated 95 % conversion of salicylic acid with 100 %
selectivity of methyl salicylate at 120 °C after 150 min at a 1:10 molar ratio of salicylic acid to
dimethyl carbonate and catalyst loading of 0.03 g/cm?. Effect of various kinetic parameters on
the rate of esterification of salicylic acid was studied for the kinetics of the reaction. The
activation energy for this reaction was found to be 13.82 kcal/mol.

7.2 Introduction

Methyl salicylate is extensively used in the synthesis of solvents, perfumes, cosmetics,
food preservatives, chiral auxiliaries, plasticizers, drugs, and pharmaceuticals [223].
Esterification reactions are reported with various homogeneous catalysts such as HCI, H2SOa,
HF, and H3PO4. But, these methods have drawbacks such as generation of undesired inorganic
salts, hazardous conditions, difficulty in catalyst recovery and reuse [224]. During the past few
years, heterogeneous catalysts such as mesoporous materials, acidic clays, zeolites, ion-
exchangeable resins, heteropolyacids (HPA) supported on clays, and sulfated mixed oxides
have been replaced with the conventional mineral acids [225-230]. Although, heterogeneous
catalysts such as ion-exchangeable resins have some drawbacks such as poor reusability, less
surface area and thermal stability of ion exchange resins [231]. Thus, it is important to design
a heterogeneous catalytic system for the synthesis of methyl esters that involves the use of safe,
active and reusable catalysts.

Methyl salicylate synthesis is an industrially important reaction [232]. The
conventional esterification reaction using acid and alcohol results in the formation of water as
a co-product and leads to leaching of active sites in many liquid phase reactions, which

decreases the activity of catalyst [233]. Hence, there is a need to substitute the alkylating agent.
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Dimethyl carbonate (DMC), which is a safe, green, and cheap reagent has been reported as a
potential methylating agent [182]. In recent years methylating activity of DMC has been
studied extensively [180,234,235]. Using DMC as a methylating agent in reaction results in
methanol as a by-product, which can be recovered for the generation of DMC [236].

Very few reports are published on the synthesis of methyl salicylate by esterification of
salicylic acid with DMC. Shimizu and Lee [234] demonstrated the esterification of
mycophenolic acid with DMC by using cesium carbonate as a catalyst. But, in this reaction,
both the groups are alkylated. Sreekumar et al. [235] reported salicylic acid with DMC using

zeolite, in this case, mono methylation was observed. Narayanan et al. [236] demonstrated 90

for4 hat 135 °C. Yuhan etal. [237] reported 98 % conversion and 96 % tiyity with DMC
over AISBA-15-SOsH catalyst for 8 h at 200 °C and 99 % conversio alicylic acid and 77

% conversion of salicylic acid and 95 % selectivity of methyl salicylate With% over zeolites

% selectivity to methyl salicylate with DMC over mesoporous a r%posilicate [238]. Recently,
Li et al. [239] reported 93 % conversion and 99 % sel @ with methanol using Ce**
these reports are not favorable

modified cation-exchange resins for 12 h at 95 °C. H

due to harsh condition and long reaction time. Thu@(

and recyclable catalyst for the efficient synthes m
Combustion synthesis is an alternq.'Km'gQaterial synthesis. It does not involve multistep

development of highly stable, active

hyl salicylate is highly desirable.

synthesis, highly reproducible andit ery less time when compared with other methods.

In this synthesis nitrates of m e used as oxidizers and carbon-based compounds

containing reducible function, ps are used as fuels [240,241]. Different metal oxides and
mixed metal oxides a@tﬂized by solution combustion method [242]. Sulfated zirconia
(SZ) has been repogted

properties, verga @ uctures and good thermal stability [107,243,244]. SZ has been reported

a better catalyst as well as support due to its surface chemical

for the preparati®n of aspirin, esterification of acids with acids, protection of carbonyl
compounds and Friedel-Crafts acylation [245-249]. The acid strength of SZ depends on
parameters like amount of surface exposed, preparation conditions, nature of crystalline phase
of zirconia and sulfate density [250,251]. The activity of SZ can be improved by doping of
transition metal on zirconia and following sulfate grafting or by supporting noble metals on the
SZ. Chen et al. reported after the introduction of transition metal ions like Cu, Al, Fe, Cr, Mo
and Co into the zirconia lattice increase the activity and stability of sulfated metal oxide [251].
The tetragonal phase of zirconia stabilizes with the existence of promoters like Fe and Mn,

making promoted catalysts much more stable through treatment and storage [252].
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Based on the above knowledge, we have prepared sulfated bimetallic oxide by the
combustion method for the first time. The effect of Fe>Os loading on the zirconia was
successfully investigated. The current work describes highly selective esterification of salicylic
acid with DMC over sulfated bimetallic oxide (Scheme 1). The fresh and spent catalysts were
characterized by different techniques. The effects of various parameters such as speed of
agitation, mole ratio, catalyst loading, and temperature were examined to establish kinetics and

mechanism.

7.3 Experimental Section

7.3.1 Materials \ )

Salicylic acid, methanol, 1, 2-dichloroethane, chlorosulfonic a@ d n-dodecane were
procured from SD Fine chemicals limited, Mumbai. Zirconyl r@hexahydrate, iron nitrate

nonahydrate and glycine were purchased from Thomas ?@ micals, Mumbai.

7.3.2 Preparation of catalysts Q’
Fe>03/ZrO, was synthesized by comb n ®chnique. In a typical synthesis, ZrO
(NO3)2. 6 H20, Fe (NO3)s. 9 H20 as pre& alts and glycine as fuel. To this solution, the

predetermined quantities of salts and re dissolved in a minimum quantity of water. The

mixture was taken in a crucible an d to form a viscous material. This material was shifted
into a muffle furnace for co
The material was brow%??med fluffy powder. Sulphonation was done as described in our
laboratory [253]. It \ﬁ shed with ethylene dichloride and acidified with 15 cm®/g of 1 M

der nitrogen gas to avoid moisture absorption on the powder. The

t0n at 350 °C to obtain the Fe203-ZrO, composite catalyst.

chIorosquoni%@

resultant solid wes dried at 120 °C for 24 h. The sulfated Fe;Os-ZrO, was activated by
calcination at 650 °C for 4 h. By using this method, sulphated Fe.O3-ZrO; catalysts with Fe2O3
contents 5, 10, 15, 20 wt % were prepared. The sulphated Fe>Os-ZrO; are referred as SFZ-x in

the text, where x denotes the wt % of the Fe,Os present in the mixed oxide.

7.3.3 Characterization methodology

The detailed methodology is given in Chapter 5 (Section 5.2.3).

7.3.4 General procedure for esterification of salicylic acid
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All experiments were done in 100 ml Amar (Mumbai, India) autoclave with pitched
blade turbine impeller and controllers for pressure and temperature. In a standard experiment,
0.075 mol salicylic acid, 0.75 mol DMC and 0.2 mL n-decane as an internal standard with a
catalyst loading of 0.03 g/ cm? against the total volume (40 cm?®) of the liquid. The reaction
mass was heated at 120 °C and 1000 rpm for 150 min. Sampling was done at regular intervals

of time for analysis.

7.3.5 Method of analysis

Samples were analyzed by GC equipped with a capillary column BP-1 (length 30 m
and inner diameter 0.32 mm) and FID detector. Product confirmation was catried out by GC-
MS from Perkin Elmer, Clarius model 500 on an Elite-1 capillary cqu@;&gth 30 m and

|
inner diameter 0.25 mm. The conversions were based on the decreas the conversion of the

limiting reagent, salicylic acid. %Q)

7.4 Result and Discussion Q.'&
7.4.1 XRD Q 5*

X-ray diffraction patterns of the S, -5, SFZ-10, SFZ-15, SFZ-20 and reused SFZ-
10 catalysts prepared by combustiqr@d are shown in Figure 7.1. Sulfated zirconia (Figure

7.1(a)) shows characteristic re s at 20 values of 30.2°, 35.98°, 50.4° and 60.6°
corresponding to the presenc@gonal phase of zirconia (JCPDS:14-0534). No diffraction
peaks corresponding %&presence of monoclinic phases are observed in combustion
synthesized SZ, whigh sijgests the selective stabilization of tetragonal phase of zirconia in
current proces%l@ﬂor catalytic applications, tetragonal phase of SFZ-x catalyst is essential
instead of monockinic phase [255]. XRD patterns of SFZ-x catalysts show less intense peaks
than the SZ which is due to the inhibition and intergrowth of the grains of ZrO; and Fe.O3
during combustion method. Iron loading of 15 and 20 % samples show no crystalline peaks of
ZrO» (Figure 7.1 (d) and (f)). It is due to the transformation of zirconia from a crystalline phase

to an amorphous state. The XRD pattern of SFZ-10 and reused catalysts were compared to find

that they were almost the same which confirmed that the prepared catalyst was stable.
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Figure 7.1 XRD of (a) SZ; (b) SFZ-5; (c) SFZ-10; (d) SFZ-15; (e) 0 and (f) reused
SFZ-10 Q)
742 FT-IR Q%
FT-IR analysis of SZ, SFZ-5, SFZ-10, SFZ-15, SFZ-20 sed SFZ-10 catalysts are shown

in Figure 7.2. All the catalysts show a strong pez)@MO cm™ which is attributed to the
stretching mode of -OH group associated with zeoni® whereas the mild peak at 1635 cm™ is
attributed to the presence of water molec 1e@z%ted with sulfate group [256,257]. Samples
showed the characteristic peaks at 1340, , 1140, 1014 and 997 cm! related to the chelating
1 0 the S=0 or S-O bonds [258]. The peak at 754 cm™

hich is related to the zirconium oxide phase. The virgin

bidentate sulfate ion, which is assj

is due to stretching mode of

and reused catalyst sh%

ange in spectra, which confirms the stability and reusability.
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Figure 7.2 FT-IR analysis of (a) SZ, (b) SFZ-5, (c) SFZ-lOéﬁgﬁz-la (e) SFZ-20 and (f)

reused SFZ-10 .&

7.4.3 Surface area and pore size analysis

N> adsorption/desorption isotherms JSFZ-5, SFZ-10, SFZ-15 and SFZ-20 are
shown in Figure 7.3. All the catalysts shQWI3etherms of type IV and type H3 hysteresis loop,
which indicates that the materialsear porous. Physical properties: surface area, average
pore diameter and pore volume talysts are 6 m?g*, 30 nm and 0.09 cm® g, respectively
(Table 7.1). The surface are ally increases with lower loading (5, 10 wt %) of Fe20s, but
it decreases at the hig jng (15, 20 wt %) of Fe20s, which could be due to the blockage
of the pores o% n the surface of ZrOa.
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Figure 7.3 N2 adsorption-desorption plot for the catalysts: (a) SZ@ FZ-5; (c) SFZ-10;
(d) SFZ-15; (e) SFZ-20; (f) reused SFZ-10 %Q)

Table 7.1 Surface area analy{@xtalysts

BET surface area %age pore BJH pore volume
(m?/g) A@ia eter (nm) (cm®/g)
° b4

sz 6 @ 30 0.09

SFZ-5 L® 25 0.08
SFZ-10 ‘b"& 18 0.10

SFZ-15 AV 16 26 0.10

SFZ-20 12 24 0.09

Catalysts

Reused -10 21 18 0.10

744 TGA

TGA of optimized SFZ-10 catalyst was studied to measure the weight loss with respect
to temperature (Figure 7.4). Two thermal losses were observed in the SFZ-10 catalyst. The first
weight loss was observed at 0-150 °C which was due to loss of moisture content of the catalyst.
Second weight loss was observed at 550-650 °C which was due to change of hydroxide phase
into oxide phase. Overall, SFZ-10 catalyst showed a weight loss up to 10.8 %. Above 650 °C
temperature, significant weight loss is not observed, which shows the catalyst is thermally

stable.
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Figure 7.4 TGA analysis of SFZ-10 QQ

7.4.5 Ammonia-TPD Q%Q)

Ammonia-TPD analysis of SZ, SFZ-5, SFZ-10, and SFZ-20 catalysts are given
in Table 7.2. NHs-TPD analysis of SFZ-10 catalys '%lcted in Figure 7.5 which shows the
acidity of the catalyst. NHs desorption peak &ed at 230 and 550 °C correspond to
moderate and strong basic sites, and the %&desorbed NH3 was 0.35 and 0.43 mmolg™?
respectively. Acid strength of the c.atal % epending on the desorption temperature[259]. By
comparison of all the catalysts, th a‘ f the peaks for weak, moderate and strong acid sites

of SFZ-10 are found to be hi
catalysts showed highe iyhan the SZ, which indicated that the incorporation of iron can
effectively improve t &efstrength of sulfated zirconium oxide.

% Table 7.2 NH3-TPD analysis of catalysts

.78 mmolg™). Higher desorption temperatures of SFZ-x

NHs TPD analysis

Acidity (mmol g1)

Catalysts
Moderate/strong
SZ 0.60
SFZ-5 0.65
SFZ-10 0.78
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SFZ-15 0.72
SFZ-20 0.68
0.77

Reused SFZ-10

TCD Signal (a.u.)

0 100 200 300 400 500

Temperature (°C)

Figure 7.5 NHs-TPD p@Qﬁ oYSFZ-10 catalyst
7.4.6 SEM \}

The scanning electron micgo ‘b(‘)f the SZ and SFZ-10 catalysts depicted in Figure

7.5. Both catalysts are found to ly porous and spongy nature, it is due to the escaping

of large amount gases during% mbustion process.

bl \
o - -

X3, 888 Dkm 18 48 SEI

20KV UKE, 808 & Sum 1848 SEI 28kV

Figure 7.6 SEM images of (a) SZ; (b) SFZ-10

7.4.7 Catalytic reaction
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The reaction of salicylic acid with dimethyl carbonate using SFZ-10 catalyst was given in
Scheme 7.1.

O~__OH 0.0

OH O SFZ-10 OH
+ H3C\O/U\O/CH3 < = + CH;0H + co,
120 °C, 150 min

Scheme 7.1 Esterification of salicylic acid with DMC

7.4.8 Efficacy of various catalyst \ S

Figure 7.7 shows the conversion of salicylic acid by esterifica@ ith DMC using SZ,
SFZ-5, SFZ-10, SFZ-15 and SFZ-20 catalysts. All the catalysts %&d conversion of salicylic
acid in the range 68-95 %. The order of conversion was as f : SFZ-10 (95 %) > SFZ-15
(87 %) > SFZ-20 (82 %) > SFZ-5 (76 %) > SZ (68 %).

x catalysts showed higher values of acidity and surf

Hs and surface analysis of SFZ-
in comparison with the SZ catalyst.
The higher catalytic activity of SFZ-x catalyst uedo the presence of iron oxide, which is
responsible for the increase in the numbe%@iic sites of the SFX-x catalysts [260]. SFZ-10

catalyst showed higher activity when %ﬁ ed with the other catalysts due to its higher acidity

and surface area. Therefore, SF talyst was found to be the best for esterification of
salicylic acid to methyl salicy,
4

100
Q 80 +
g
c 60 +
2
&
g
Z 40 1
o
]
20 +
0 - r r r r
Ry \y Ry \y S,
< o, TR, TR, &
N k7 s 7

Catalysts
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Figure 7.7 Effect of various catalysts on salicylic acid: Salicylic acid 0.075 mol, methanol
0.75 mol, speed of agitation 800 rpm, temperature 120 °C, total volume 40 cm?, reaction time
150 min, catalyst loading 0.03 g/cm?®

7.4.9 Effect of speed of agitation

The effect of external mass transfer resistance on the conversion of salicylic acid was
studied from 400 to 1000 rpm at 120 °C for a catalyst loading of 0.03 g/cm? (Figure 7.8). The
conversion of salicylic acid was found to be practically the same beyond 800 rpm, which shows

the absence of external mass transfer resistance in the reaction. Therefore, all further

experiments were carried out at 800 rpm.
A<
100 |
- X
[ X
1 X [
[ X | *
g O .
g . ¢
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E [ me
O I : *
20
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Figure 7.8 Eff t@eed of agitation on conversion of Salicylic acid: Salicylic acid 0.075
mol, methanol%S mol, catalyst SFZ-10, temperature 120 °C, total volume 40 cm?, reaction

time 150 min, catalyst loading 0.03 g/cm?®. (#) 400 rpm, (m) 600 rpm, (A ) 800 rpm, (x) 1000
rpm

7.4.10 Effect of catalyst loading

Effect of catalyst loading was studied from 0.01 to 0.04 g/cm® (Figure 7.9). The
conversion increases with increase in the catalyst amount up to 0.03 g/cm?®, which is due to the
linear increase in the number of active sites. When SFZ-10 catalyst loading was increased from
0.03 to 0.04 g/cm?®, there was no significant change observed within the experimental error.

Therefore, further reactions were carried out at 0.03 g/cm?. Figure 7.10 depicts that the initial
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rate of reaction increases linearly with catalyst loading which confirms that mass transfer
resistance is absent.
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Figure 7.9 Effect of catalyst loading on conversi \e}cylic acid: Salicylic acid 0.075
mol, methanol 0.75 mol, catalyst SFZ-10, tempayatd¢-120 °C, total volume 40cm?, reaction
time 150 min, speed of agitation 800 rpm.e 0&1/0m3, (m) 0.02 g/cm?®, (4) 0.03 g/cm3, (X)

0.04 g/cm?®
g AV

3.5 1 R? =0.9969

Initial rate (mol/cm3.s)

0 0.01 0.02 0.03 0.04 0.05

Catalyst Loading (g/cm?)
Figure 7.10 Plot of initial rate on conversion of Salicylic acid: Salicylic acid 0.075 mol,
methanol 0.75 mol, catalyst SFZ-10, temparature-120 °C, total volume 40 cm?®, reaction time
150 min, speed of agitation 800 rpm.
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7.4.11 Effect of mole ratio

Salicylic acid to DMC mole ratio was varied from 1: 2 to 1: 15 under the similar
conditions by keeping the total volume constant (Figure 7.11). The increase in conversion of
salicylic acid was observed due to increase in a number of moles of DMC with respect to

salicylic acid. However, 1:10 mole ratio was taken for further experiments.
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Figure 7.11 Effect of mole ratio on ¢ ion of Salicylic acid: Salicylic acid 0.075 mol,
catalyst SFZ-10, temparature-120*0C | volume 40 cm®, reaction time 150 min, speed of

agitation 800 rpm. (¢) 1:2, (m) L@ ) 1:10, (x) 1:15.

7.4.12 Effect of tempe&sr};

SFz-10 a@s}was employed for esterification of salicylic acid over a period of 150
min at four d&nt temperatures ranging from 100 to 130 °C (Figure 7.12) under the similar
conditions. The conversion increased from 58 % at 100 °C to 95 % at 130 °C. The increase in

conversion of salicylic acid with an increase in temperature revealed that the reaction was
kinetically controlled.
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Figure 7.12 Effect of temperature on conversion of Salicylj - Salicylic acid 0.075 mol,

methanol 0.75 mol, catalyst SFZ-10, speed of agitation 8@, total volume 40 cm?, reaction
time 150 min, catalyst loading 0.03 g/cm?3. () 100 OE@: 10°C, (4) 120 °C, (x) 130°C

7.4.13 Reaction mechanism and mathemaﬁ;@al
Reaction mechanism of esterifiv@g&y

7.2. SFZ-10 consists of Bransted” sites. Initially, salicylic acid gets adsorbed on the

f salicylic acid on SFZ-10 is shown in Scheme

surface of SFZ-10. The ads pecies reacts with DMC to give intermediate. This

intermediate rearranges.t fgb'l methyl salicylate, methanol and carbon dioxide. Methyl
salicylate gets desorbedrgm the catalytic sites into the reaction mixture. The catalyst gets

regenerated at the f the cycle.

In the&nce of any mass transfer resistance and intra particle diffusion limitation, the
reaction is controlled by intrinsic kinetics and a model can be developed for the same. The
detailed mathematical model was developed using LHHW mechanism which is the same as
reported in the recent literature [261]. The preliminary analysis of data suggested that there was
a weak adsorption of all spices. Therefore a power law model with second order kinetics was
used as given below.

Let A = Salicylic acid, B = DMC, ES = Methyl salicylate, W= Methanol, S=vacant sites.
Chemisorption of A and B on vacant site S
Adsorption
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Adsorption of salicylic acid (A) on a vacant site S is given by:

A+S<«=2 5 AS (1)

Adsorption of DMC (B) on a vacant site S is given by:

B+S<«—=>BS 2)

Surface reaction

Surface reaction of AS and BS in the vicinity of an active site, leading to the formation of ES
and WS on the active

AS + BS «X2 > ES +WS +CO, 3)
Desorption of methyl salicylate (ES) and methanol (WS) is given by:

ES<« ¥ ,E+S 4%
WS « 5\ 48 '&‘5)
The total concentration of the sites, Ct expressed as, Q

Ci =Cs +Cys +Cps +Crg +Cys Q%Q (6)
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Scheme 7.2 Catalytic cycle for esterification of salicylic acid with DMC over SFZ-10

Or
C,=C, +K,C,C, + K, C,C, +K,C.C, +K,C,C, (7)
When the adsorption and desorption steps are assumed to be equilibrium,

The concentration of vacant sites can be written as,

Cc

C.= t 8
° (1+K,C,+KgCy +K(C. + K, C,) ®)

If the surface reaction controls the rate of reaction, then the rate of reaction of A is given by

dC
-, = _d_tA =K,CrsCrs —KyCrsCius P, \
Sk
k {K K,C,C KeKuCeCu pCOZ}CZ Q
21 RalRgl, L — K t Q)
dc, _ 2 % 9)

dt  (1+K,C,+KyCy+KCp +K,Cp )

When the reaction is far away from equilibrium Q’d:k

dC, k,C?K,K.C,C {2
_ A= 27t A'"*B~YAYB 10
dt (143 KC) . Q’Q o
>

dC,  kyWC,C,

-—— = ‘!‘\' (11)
dt (1+Z K.C, )2 .\Q
Where KeaW = KeKAKoC?

%’ catalyst loading.
If adsorption constant@ y small then above equation is reduces to

dC,
. = leWCQQ& (12)

d
C /C =M : T _ .
Let "B/ "% , the molar ratio of salicylic acid at t=0. Then the above equation

Xk WC,y (1= X, ) (M = X,,)

(13)
dX
A —KC,, (1= X, ) (M =X,
kG (1-X,)(M X, ) ”

Integrating above equation
[ M=Xa |1 K.Cpo (M —1)t
M (l_ XA)
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M-X
The plot of In {M} against t (Figure 7.13) was made at different temperature to get

M (1_ XA)
an excellent fit, there by supporting the model. The reaction is intrinsically kinetically

controlled and second order with an activation energy was calculated as 13.8 kcal/mol (Figure

7.14).
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Figure 7.13 Kinetics plots for variou ’@peratures: Salicylic acid 0.075 mol, methanol
a@t&

0.75 mol, catalyst SFZ-10, speed of n 800 rpm, total volume 40 cm?, reaction time 150
min, catalyst loading 0.03 g/cm@DO °C, (m) 110°C, (4) 120 °C, (x) 130°C

~

25
3
A
35 & y =-6981.x+13.90
R*=0.98
4 4
o
=
45
L 4
5
55

0.00245 0.0025 0.00255 0.0026 0.00265 0.0027

1T (K1)

Figure 7.14 Arrhenius plot
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7.4.14 Reusability of catalyst

The reusability of SFZ-10 catalyst (Figure 7.15) was carried out to find its stability
under the optimized conditions (catalyst loading 0.03g/cm? temperature 120 °C, time 150 min).
After each reaction, the catalyst was recovered and refluxed in methanol to eliminate the
absorbed material from the surface and pores of SFZ-10 catalyst. It was dried for 12 h at 120
°C. It was detected that there was a marginal decrease in total conversion. Reused catalyst was
characterized to see if there were any changes occurred in the catalyst. XRD, NH3-TPD, FTIR
and surface area analysis confirmed that there were no significant changes in the morphology
and structure of catalyst after reuse. Thus, the prepared catalyst is stable. Further, the hot
filtration test was also conducted to study leaching of active sites, if any. Reaction was stopped
after 30 min and the catalyst filtered. The reactor was washed to get rid of, lanaces of catalyst.
The reaction was continued further for 150 min. The conversion was@i ed from 50 to 52 %
which can be an experimental error. SFZ-10 catalyst was foun%@e up to four runs without

significant loss of activity. -‘\Q
100
80 -
— 60 1
£
=
=2
5 40
z
S
@
20 -
0
Fresh 1st Reuse 2nd Reuse 3rdreuse 4th Reuse

Figure 7.15 Catalyst reusability: Salicylic acid 0.075 mol, methanol 0.75 mol, catalyst
SFZ-10, speed of agitation 800 rpm, temperature 120 °C, total volume 40 cm?, reaction time

150 min, catalyst loading 0.03 g/cm?®

7.5 Conclusion
Esterification of salicylic acid with DMC under solvent-free condition was screened
using sulfated Fe>O3-ZrO> with different loadings of Fe (0, 5, 10, 15, and 20 wt %). Among
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which 10 wt % SFZ was the most active catalyst. Iron promoted ZrO> showed much more
catalytic activity than the corresponding sulfated ZrO: in the esterification of salicylic acid,
which is due to increase in acidic sites. The highest salicylic acid conversion of 95 % with 100
% selectivity was obtained with a mole ratio of 1:10 of salicylic acid to DMC at 120 °C for 150
min at a catalyst loading of 0.03 g/cm?®. The catalyst can be reused four times with insignificant
changes in the catalytic activity. Various parameters such as catalyst loading, speed of

agitation, mole ratio of salicylic acid to DMC were studied to establish the reaction kinetics.

129






Conclusion

8.1 Accomplishment

The focus of the current work was on the synthesis of safer chemicals by using various
heterogeneous catalysts. It includes the use of heterogeneous acid, base metal oxides and the
combination of both to make multifunctional catalytic system. Different catalysts were
synthesized by using methods developed in our laboratory and reported elsewhere in the
literature. Different sophisticated instruments were used for characterization of prepared
catalysts. Further, the processes were optimized to get maximum conversion and selectivity of
desired product.

8.1.1 Selectivity engineering in hydroxyalkoxylation of phenol by ethylene4carbonate using
calcined hydrotalcite ng

The high consumption of mono-ethylene glycol phenyl eth@r%rious sectors requires
clean and green synthesis. Herein we report an efficien ctive and green route of
hydroxylation using calcined hydrotalcite for the prepar mono-ethylene glycol phenyl
d well characterized by TGA-DSC,

rface area. The catalyst possesses very

ether. Various types of solid base catalysts were prep
FT-IR, XRD, CO,-TPD, NH3-TPD, SEM, and'§'

high activity for hydroxyalkoxylation of %@ d ethylene glycol with 96 % conversion at

180 °C in 2 h with a catalyst loading 03" g/cm?. The insight of reaction reveals that it is
kinetically controlled with second” eaction and follows power law model. The apparent
activation energy for the reaction s 21.3 kcal/mol. The catalyst is highly reusable and shows

green chemistry prosp%j\?ébgives excellent results up to four runs.
of

8.1.2 Novel synthesia&
for selective h% ation of levulinic acid to y-valerolactone in aqueous medium

supported on OMS by solvent-free method: Highly active catalyst

y-Valerolactone (GVL) is an important biomass molecule for the sustainable production
of value-added chemicals and fuels. Here we are reporting the synthesis of ruthenium supported
on manganese oxide octahedral molecular sieve (OMS-2) catalysts prepared by different
methods for the selective hydrogenation of biomass-derived levulinic acid (LA) to GVL using
molecular hydrogen in an aqueous medium. Three different methods i.e. reflux, hydrothermal
and solvent less were used for preparation of OMS-2. Among which solventless synthesized
OMS (OMS-2;) is energy efficient, rapid and economical way of synthesis. Among three
different catalysts, Ru supported on solventless OMS-2 i.e.1 wt% Ru/OMS-2s catalyst showed



Conclusion

LA conversion of 99.9% and selectivity of 100 % towards GVL at mild conditions (100°
C, 30 atm H>). The specific textural and chemical properties of catalysts were characterized by
XRD, FT-IR, NH3-TPD, Hz-pulse chemisorption, FESEM, EDXS, nitrogen sorption and TEM.
Moreover, 1 wt % Ru/OMS-2s catalyst is reusable up to four times without significant loss of
activity and is very stable. By studying the effects of different process parameter kinetic model
was developed based on LHHW type of mechanism. The apparent activation energy for LA
hydrogenation to GVL is 11.75 kcal/mol.

8.1.3 Potassium modified La-Mg mixed oxide: selective mono-methylation of

‘%um oxide. Itis

itrile to 2-phenyl

phenylacetonitrile with dimethyl carbonate

Herein, we report wet impregnation of potassium on lanthanum-
used first time for the selective mono-methylation of phenyl
propionitrile with dimethyl carbonate as a methylating ageng: th catalyst with different

loadings of potassium (1 to 4 wt %) on La,O3-MgO was p, and the activity of catalyst

verify for the methylation of phenylacetonitrile with di arbonate. Two wt % K/ La2Oz-
MgO catalyst showed 100 % of conversion of ph
phenyl propionitrile at 150 °C after 2 h. 'I.'he c@cte zation of 2 wt % K/ La203-MgO was
done using different techniques such a " SEM, EDXA, TGA-DSC, XRD, and BET

gO catalyst used to study the reaction mechanism,

tonitrile and 100 % selectivity of 2-

surface area analysis. Two wt % K/ L

and a kinetic model was usin type of mechanism. The apparent activation for

methylation of phenylacetonim& 2-phenyl propionitrile is found to be 13.77 kcal/mol.

8.1.4 Green synthe 'Qo)veratraldehyde using a novel potassium promoted lanthanum-

magnesium n@& catalyst

The industrially important veratraldehyde was synthesized from the O-alkylation of the
vanillin with the environmentally benign reagent, dimethyl carbonate. A series of potassium
loaded La203-MgO were prepared by incipient wetness impregnation method. All the catalysts
were characterized by N2 adsorption/desorption, XRD, TGA-DSC, FT-IR, CO2-TPD and SEM
techniques. Effects of different loadings (1-4 wt %) of potassium on La;O3-MgO was studied
and 2 wt % loading showed the best results. 2 wt % k/La>03-MgO catalyst showed better
activity as compared to La,O3-MgO catalyst, it is due to high dispersion of potassium and high
basicity as revealed in characterization. The optimized 2 wt % k/ La203-MgO catalyst was used

for O-methylation of vanillin with dimethyl carbonate (DMC), and activity was found to be



Conclusion

closely associated with basicity. Various parameters were studied to achieve maximum yield
of the desired product. The maximum conversion was found with a catalyst loading of 0.03
g/cm? at 160 °C in 2 h. The reaction follows pseudo first order kinetics for the O-methylation
of vanillin. The energy of activation was found to be 13.5 kcal/mol.

8.1.5 Novel combustion synthesized sulfated iron-zirconia catalyst: Esterification of salicylic
acid with dimethyl carbonate under solvent free condition

Sulfated Fe,O3-ZrO; catalyst with different Fe;Os loadings have been first time
prepared by combustion technique. The catalytic activity of sulfated Fe>O3-ZrO; was estimated

loadings of Fe on zirconia (5, 10, 15, 20 wt %) was synthesized and activi e catalyst was

for the esterification of salicylic acid with dimethyl carbonate. The catal&t with different
compared with the acid catalysts such as ZrO,, sulfated zirconia@ e esterification of
salicylic acid with dimethyl carbonate. The introduction of %&e considerably increases

salicylic acid conversion. The activity of the catalysts incr er the loading of metal and

10 wt % of Fe,O3 gave the highest acidity and best cat r synthesis of methyl salicylate

(oil of wintergreen). The prepared catalysts were terized by using various techniques
such as XRD, FTIR, TGA, SEM, EDX, NHg-V@;an BET surface area analysis. The 10 wt
% sulfated Fe203-ZrO; catalyst demonst;{’ % conversion of salicylic acid with 100 %
selectivity at 120 °C within 2-3 h at %molar ratio of salicylic acid to dimethyl carbonate
and a catalyst loading of 0.03 @&ﬁect of different kinetic parameters on the rate of
esterification of salicylic acim tudied to found the kinetics of the reaction. The apparent
activation energy for L%ép’ron was found to be 13.82 kcal/mol.
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Future work

9.1 Further Work

The utilization of renewable resources for production of valuable chemicals and energy
is one of the best approaches to solve the problem of energy and sustainable growth. The fine
tuning of materials depends on their method of preparation, precursor used for synthesis and
conditions applied for synthesis. Ruthenium supported on octahedral molecular sieve used in
this study was found to be a very good catalyst. Different metals can be incorporated for
selective engineering of various platform molecules into desired product. The potassium
promoted La-Mg catalyst is super basic and can be used for various base catalyzed reactions.

Sulfated iron-zirconia catalyst can be used for oxidation reactions.
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Introduction:

Catalysis is an important interdisciplinary scientific and technological area for the development
of environmentally benign chemical processes. Homogeneous catalysis is conventionally used
in the chemical and fine chemicals manufacturing. Homogeneous catalysts are very selective
and comparatively cheaper. But the drawbacks associated with them such as product
contamination and product separation make them unappealing. Also a very few reactor
configurations are available with homogeneous catalysis as compared to heterogeneous
catalysis. Homogeneous catalysts are used in stiochiometric quantities at times difficult to
handle, corrosive in nature, which increase the capital and processing cost and decrease the
process equipment life. There is no control on the reaction, byproduct formation; also
reusability and regeneration of catalyst are major concerns. It decreases the process efficacy.
The effluent stream containing harmful acids and heavy metals make post processing difficult,
cumbersome and costly. A possible answer is immobilization of the catalytic material and

efforts are being taken to heterogenize the homogeneous catalysts [1, 2].

One of the most important challenges facing chemists and engineers is the successful
development of new products, materials and chemical processes that satisfy the social and
economic requirements of the world’s ever-increasing population. The recent heightened
awareness of environmental impacts associated with many established chemical processes has
led to considerable pressures on chemical industry, both legislative and consumer driven, to
adopt a cleaner and greener approach. Thus Green Chemistry has become a thrust area of
research due to economic benefits, societal obligation and environmental crisis. The aim of
Green Chemistry is waste minimization by reducing hazardous products and/or processes and
increasing selectivity towards the desired product thus reducing energy consumption associated

with the separation of byproducts [3].

In recent years, classical organic transformations using solid acid-base catalysts continue to
attract considerable attention in both industrial and academic laboratories because of the
potential of such technology to simplify processing and improving the economics of such

reactions, thus converting them into green processes [4].

Objectives:

Owing to the growing importance of heterogeneous catalysts in organic synthesis, it was
thought worthwhile to study synthesize various heterogeneous catalysts and their suitable

applications in fine chemical and intermediates synthesis. Therefore, the synthesis and



characterization of catalysts, both reported and new, was considered to be an area of immense
potential.
Thus, a general theme with the following specific objectives was planned, under the aegis of

the current work.

1) Selectivity engineering in hydroxyalkoxylation of phenol by ethylene carbonate using
calcined hydrotalcite [5].

2) Novel synthesis of Ru supported on OMS by solvent-free method as a catalyst for selective
hydrogenation of levulinic acid to -valerolactone in aqueous medium and kinetic modelling.

3) Potassium modified La-Mg mixed oxide as active and selective catalyst for mono-
methylation of phenylacetonitrile with dimethyl carbonate [6].

4) Green synthesis of veratraldehyde using novel potassium promoted lanthanum-magnesium
mixed oxide catalyst [7].

5) Solvent-free synthesis of methyl salicylate using combustion synthesized novel sulfated

iron-zirconia catalyst.

Materials and Methods:

All reactions were carried out in a 100 mL autoclave (Amar Equipments, Mumbai). Phenol,
ethylene carbonate, levulinic acid, phenyl acetonitrile, vanillin, salicylic acid, dimethyl
carbonate, tetrahydrofuran, magnesium nitrate hexahydrate, aluminium nitrate nonahydrate,
sodium hydroxide, lanthanum nitrate, urea, ruthenium chloride were purchased from Thomas
Baker, S. D. Fine chem. Ltd., Hi Media Chem. Ltd. and Aldrich. GC yields were obtained using
capillary column BPX-50 (0.25 mm diameter and 30 m length), BP-1 (length 30 m and inner
diameter 0.32 mm) and FID detector. All products were confirmed by GC-MS (Perkin Elmer,
Clarus 500 with Elite-1 capillary column).

Result and Discussion:

1. Selectivity engineering in hydroxyalkoxylation of phenol by ethylene carbonate using
calcined hydrotalcite

Phenoxyethanol is a typical organic solvent extensively used in solvents and personal care
products such as soaps and detergents, fragrance, cosmetics, toiletries and antiseptic,
preservatives and, pharmaceuticals. A green, efficient and selective process for the synthesis

of mono-ethylene phenyl glycol ether (MEPGE) by hydroxyalkoxylation of phenol with



ethylene carbonate. Different catalysts such as Al.03, MgO, CHT/HMS, CHT (1:1), CHT (2:1),
CHT (3:1), CHT (4:1) and CHT (5:1) were prepared out of CHT (3:1) was active and reusable.
It possesses high catalytic activity for the hydroxyalkoxylation of phenol with 96 % conversion
at 180 °C in 2 h with a catalyst loading of 0.03 g/cm3. The apparent energy of activation for the

reaction is 21.3 kcal/mol (Scheme 1).

2. Novel synthesis of Ru supported on OMS by solvent-free method as a catalyst for selective

hydrogenation of levulinic acid to -valerolactone in aqueous medium and kinetic modelling

Gamma -valerolactone (GVL) is an important biomass-derived molecule for the sustainable
production of value-added chemicals and fuels. Ruthenium supported on manganese oxide
octahedral molecular sieve (K-OMS-2) were prepared as catalysts for the aqueous phase
hydrogenation of biomass-derived levulinic acid (LA) to GVL using molecular hydrogen.
Three different methods i.e. reflux (R), hydrothermal (H) and solvent less (S) were used for
preparation of OMS-2. Among which solventless synthesized OMS (OMS-2S) is energy
efficient, rapid and economical way of synthesis. Among three different catalyst, Ru supported
on solventless OMS-2 i.e.1 wt% Ru/OMS-2s catalyst showed LA conversion of 99.9% and
selectivity of 100 % towards GVL at mild conditions (100° C, 30 atm Hz). Moreover, 1 wt %
Ru/OMS-2s catalyst is very stable and reusable up to five times without significant loss of
activity. Effects of various parameters were studied systematically and a kinetic model was
developed using LHHW type of mechanism. The apparent activation energy of hydrogenation
of LA to GVL was 11.75 kcal/mol (Scheme 2).

3. Potassium modified La-Mg mixed oxide as active and selective for mono-methylation of

phenylacetonitrile with dimethyl carbonate

Selective mono-methylation of phenyl acetonitrile to 2-phenylpropionitrile by dimethyl
carbonate as an alkylating agent was studied for the first time using hydrothermally prepared 2
wt % K/ La203-MgO as a catalyst. The monomethylation of phenyl acetonitrile is a very
important step for the synthesis of the aryl acetic acid moieties, using drugs, natural products.
etc. Different loadings of potassium (1 %, 2 %, 3 % and 4 % wt) promoted on La>O3-MgO
catalysts were synthesized, characterized with various techniques and screened. In which 2 wt
% K/ Lax03-MgO catalyst possesses high catalytic activity for the alkylation of
phenylacetonitrile with 100% conversion at 150 °C in 2 h with a catalyst loading of 0.03 g/cm?.
Effects of various parameters were studied using 2 % K/ La;O3-MgO catalyst to establish



mechanism and Kinetics. The apparent activation for methylation of phenylacetonitrile to 2-
phenyl propionitrile was found to be 13.77 kcal/mol. The catalyst was reusable up to three runs

without appreciable loss in its activity (Scheme 3).

4. Green synthesis of veratraldehyde using novel potassium promoted lanthanum-magnesium

mixed oxide catalyst

O-Methylation of vanillin is a very important step for the synthesis of veratraldehyde which is
widely used as a flavorant and odorant. Potassium promoted lanthanum-magnesium mixed
oxide catalysts were prepared with different K loadings (1 %, 2 %, 3% and 4 % wt). In which
2 % K/ La203-MgO possesses high catalytic activity for the alkylation of vanillin with 100 %
conversion at 160 °C in 2 h with a catalyst loading of 0.03 g/cm?®. Effects of various parameters
were studied using 2 % K/ La203-MgO to establish mechanism and kinetics. The apparent
activation for O-methylation of vanillin to veratraldehyde was 13.56 kcal/mol. The catalyst was

reusable up to three runs without appreciable loss in its activity (Scheme 4).

5. Solvent-free synthesis of methyl salicylate using combustion synthesized novel sulfated

iron-zirconia catalyst

Methyl esters of salicylic acid are widely used in fine chemicals, drugs, food preservatives,
pharmaceuticals, solvents, perfumes, cosmetics, and chiral auxiliaries. The catalyst with
different loadings of Fe>O3 on zirconia (5, 10, 15, 20 wt %) was synthesized and activity of
catalyst was compared with the acid catalysts such as ZrO», sulfated zirconia for the
esterification of salicylic acid with methanol. In which 10 wt % sulfated Fe>Os-ZrO, (SFZ-10)
catalyst possesses high catalytic activity for the etherification of salicylic acid with 95 %
conversion at 120 °C in 2 h with a catalyst loading of 0.03 g/cm?®. The catalyst was reusable up
to three runs without appreciable loss in its activity. LHHW mechanism was used to find that
all species are weakly adsorbed. The reaction is intrinsically kinetically controlled and follows
zero order kinetics. The apparent energy of activation for the reaction is 13.8 kcal/mol (Scheme
5).

Conclusion:

This work dealt with the synthesis, characterization and application of novel catalysts. For the
synthesis phenoxyethanol from phenol and ethylene carbonate, CHT (3:1) catalyst was found
to highly active and robust. GVL was synthesized by the hydrogenation of LA using 1 wt %



Ru/ OMS-2s. Selective monomethylation of phenylacetonitrile was catalyzed by 2 wt % K/ La-
Mg mixed oxide. Veratraldehyde was synthesized from vanillin and DMC catalyzed by 2 wt %
K/ La-Mg mixed oxide. SFZ-10 was used as a catalyst for esterification of salicylic acid.

Detailed mechanistic and kinetic aspects have been discussed in all cases.
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