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Abstract of the Thesis

Catalysis has wide ranging applications in our day-to-day life due to its application
in food, cloth, medicinal industries, waste water treatment, pollution control etc. While the
petroleum refining industries developed due to catalysis, its application on
pharmaceuticals, specialty chemicals expanded rapidly because catalysis showed promising
advantages over the stoichiometric routes practiced by the industries previously to produce
these high quality products. This leads to minimum waste generation and on the other hand
improved product quality and cost effectiveness. Due to the increasing awareness of
environmental issues and competitiveness of the global market, the industries look for
alternative routes providing a more cleaner and atom efficient transformation of the starting
materials to the desired product. In this context, heterogeneous catalysis played an
important role and among the various types of reactions, catalytic hydrogenation of various
organic functionalities is most commonly encountered in fine chemicals and
pharmaceutical industries. Similarly, with the advancement in the catalysis research and
related processes, development of multiphase catalytic reactors has become equally
important.® Thus, we can realize the importance of integrated efforts of catalysis and
reaction engineering in new generation processes, which will not only give better quality of
life to us but will also be useful in achieving economical processes. Though extensive work
on theoretical as well as experimental multiphase reactions is reported previously, in most
of these single step reactions with isothermal conditions have been considered. Only in a
few cases, experimental studies on multistep multiphase hydrogenation reactions have been
addressed.> On the other hand, the reactions practiced in the industries are exothermic,
multi-step and with complex reaction network. Therefore, there is a need of experimental
studies on multistep, complex reactions. Similarly, in order to develop economically
competitive processes, several new types of catalytic systems also have been found to be
advantageous. For example, four-phase reactions in which catalytic hydrogenations are
carried out in the presence of two immiscible liquid phases and a solid catalyst has not been
well studied. Similarly, several reactions involving combinations of non-catalytic and
catalytic reactions, complexities of equilibrium reactions, reactions with complex network

where selective synthesis of an intermediate compound is important, or catalytic reactions
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in non-ideal reaction media (such as CO,, H,0O, ionic liquids) have not also been addressed
with detailed experimental studies. In this thesis, few such cases of hydrogenation reactions
are addressed, which demand attention from chemical engineering as well as catalysis point
of view. The following catalytic systems were chosen for the present work:

1. Reductive alkylation reaction of aromatic amines

2. Hydrogenation reaction in gas-liquid-liquid-solid four phase catalytic system

3. Catalysis by immobilized metal nanoparticles

The thesis is presented in four chapters, a brief summary of which is outlined here.

Chapter 1 presents a general review on hydrogenation reaction with an emphasis on
reductive alkylation, catalysis in gas-liquid-liquid-solid reactions and synthesis and
applications of metal nanoparticles on hydrogenation reactions. A general discussion on
catalysis and reaction engineering aspects of hydrogenation reactions is presented in this
chapter. At the end of this chapter, a brief discussion on multiphase reactors used for
hydrogenation reactions has been addressed.

N-alkyl aromatic amines are important products for the dyes, fuels and rubber
industries and synthesized by the reductive alkylation of an aromatic amine and a carbonyl
compound in the presence of a supported transition metal catalyst. The first step in the
synthesis is a non-catalytic homogeneous reaction, followed by hydrogenation in the
second step to the desired N-alkylated product. The literature reports revel that the unique
class of reaction, which is a combination of non-catalytic and catalytic reactions though has
been practiced for decades in the industries and huge number of publications addressed the
catalysts and substrates, there are only few reports® on the analysis of the reaction system
from chemical engineering point of view. A detailed literature review on reductive
alkylation reactions is presented as a part of this chapter.

It is well documented in the literature that in many occasions a gas-liquid-liquid-
solid system is beneficial over the conventional gas-liquid-solid three phase catalytic
systems for hydrogenation of organic compounds.* One can consider the revolutionary
process of Asahi Chemicals for partial hydrogenation of benzene to cyclohexene in a four
phase system. But the issues like phase behavior, mass transfer of the reactants and product
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molecules, swelling and shrinking of a particular phase during the course of a reaction and
its effect on overall reactor performance and phase behavior are not well studied.
Therefore, the analysis of a gas-liquid-liquid-solid four phase system is very much
important to understand these issues. In Chapter 1, the literature reports on gas-liquid-
liquid-solid systems and unique features of the individual reaction systems are addressed.

Metal nanoparticles are of immense interest to the catalysis researchers for last two
decades. But majority of the reports are with colloidal metal nanoparticles, which suffers
from agglomeration during high temperature - high pressure reaction conditions.
Immobilization of metal nanoparticles immerged as a new strategy to over come this
problem. In this chapter a detailed review on synthesis and stabilization of colloidal metal
nanoparticles, strategies of immobilization of metal nanoparticles has been presented.
Applications of metal nanoparticles in catalysis have also been addressed with an emphasis
on hydrogenation reactions.

Chapter 2 presents the experimental study on reductive alkylation of aniline and
acetone using 3% Pd/Al,O3 catalyst as a model system. The first step of this reaction is a
non-catalytic equilibrium one, whereas hydrogenation over the metal surface takes place
after that. The kinetic experiments of the reaction were carried out in a slurry reactor. Due
to unique combination of non-catalytic and catalytic reactions, the conventional approach
for analysis of initial rates is misleading for the present system. For example, the initial rate
of hydrogenation was observed to be constant with increase in catalyst loading, which
usually means that the reaction is in mass transfer controlled regime. Therefore, a detailed
analysis of initial rate based on quantitative criteria is presented to ensure that the
experiments were carried out under kinetically controlled conditions. Several theoretical
models considering non-catalytic as well as catalytic reaction steps have been presented to
develop semi-batch slurry reactor models and the strategy to chose the appropriate model
has been discussed. It was observed that a rate model considering competitive adsorption of
hydrogen (in dissociative manner) and other reactants on the metal surface as the rate-
limiting step for the catalytic reactions was found to represent the experimental data at
different reaction conditions satisfactorily.

Further, the kinetic model was used to develop a trickle bed reactor model using the
well known approach reported by Rajashekharam et al.> Trickle bed experiments were
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carried out for different inlet concentrations of aniline and different flow rates at 393K. The
observed results were compared with the model predictions for conversion of aniline,
selectivity to products and temperature rise as a function of liquid flow rate at different
aniline inlet concentrations. It was observed that the experimental and predicted results
were agreeing reasonably well.

Chapter 3 presents the analysis of a gas-liquid-liquid-solid system using
hydrogenation of aniline using 2% Ru/Al,O; catalyst as a model reaction. Aniline in
cyclohexane constituted the organic phase and water was used as the second immiscible
liquid phases. The system showed an unusual property of the liquid-liquid-solid system
when the aqueous phase hold up was increased keeping the total liquid volume constant. It
was observed that at low liquid hold up (ew < 0.4), the catalyst was in the aqueous phase
and went to the organic phase above that. This phase inversion of catalyst is not reported in
the literature for gas-liquid-liquid-solid reactions. It was further observed that, the catalytic
activity (initial rate of hydrogenation) of the system increased with aqueous phase hold up,
passed through maxima and then decreased. To model this observed trend, as a first step, a
detailed kinetic modeling of a semibatch slurry reactor for hydrogenation of aniline in the
gas-liquid-liquid-solid four phase system and evaluation of kinetic parameters have been
presented. Using the rate equations based on the availability of the catalyst in a particular
phase (aqueous or organic), two different models were developed. The mass transfer of
hydrogen and hydrodynamic factors were accounted in these models. The observed trend of
initial rate of hydrogenation as a function of aqueous phase hold up was compared with the
predicted results of the models and observed that the theoretical model predicted the trend
properly.

Chapter 4 presents a strategy of synthesizing immobilized Pt and Pd metal
nanoparticles on the surface of Na-Y zeolite. Na-Y zeolite was synthesized following the
reported literature procedure® and was grafted by 3-aminopropyltrimethoxysilane (APTS).
The amine functionality in the APTS molecule was used to stabilize Pt and Pd metal
nanoparticles ([Pt]-APTS-Y and [Pd]-APTS-Y). The synthesized materials were
characterized using several techniques and the results are summarized here: (A) UV-visible
spectra confirm the formation of Pt and Pd metal nanoparticles; (B) FTIR spectra and TGA

(Thermo gravimetric analysis) data confirm that the Pt and Pd nanoparticles are bound to
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the zeolite surface through the amine functionality of APTS molecule; (C) TGA data also
indicates that the [Pt]-APTS-Y and [Pd]-APTS-Y nanocomposites are stable till 145°C;
(D) Powder XRD data indicates that the zeolite structure remains unchanged during the
surface grafting by APTS molecules and metal immobilization. The formation of face
centered cubic Pt and Pd nanoparticles on the outer surface of Na-Y zeolite is also
interpreted by the XRD (X-ray diffraction) data. These observations are supported by TEM
(Transmission electron microscopy) measurements; (E) Different oxidation states of Pt and
Pd present in the [Pt]-APTS-Y and [Pd]-APTS-Y nanocomposites are confirmed by XPS
(X-ray photoemission spectroscopy) studies.

The [Pt]-APTS-Y and [Pd]-APTS-Y were tested as a catalyst for hydrogenation of
several organic compounds and compared with commercially available catalysts. It was
observed that the synthesized materials showed better activity compared to the
conventional heterogeneous catalysts. The [Pt]-APTS-Y catalyst was recycled three times
successfully for styrene hydrogenation at 353K. [Pd]-APTS-Y nanocomposite was also
showed very good activity (TOF: 1881 h™) and recyclability for Heck coupling reaction
between iodobenzene and styrene. Due to solid zeolite matrix, the nanoparticles were easily
separable from the reaction mixture and hence it was very easy to reuse the catalyst. The
TEM analysis showed that the catalysts didn’t agglomerated even after the recycle studies.
XPS studies showed that Pt(1V) and Pd(I1) species were present in minor quantities along
with the Pt(0) and Pd(0) species in [Pt]-APTS-Y and [Pd]-APTS-Y nanocomposites
respectively. The active species responsible for hydrogenation (studied on [Pt]-APTS-Y,
Pt(0)) and Heck reactions (studied on [Pd]-APTS-Y, Pd(0)) were confirmed by XPS
studies. The role of APTS as a grafting agent was studied separately and observed that
without APTS the metal loading decreased from 3.6% to 0.3% for Pd.
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1.1. GENERAL INTRODUCTION

Catalysis has played an important role in improving the quality of human life,
though it is not obvious to the community. The applications of catalysis are wide ranging,
some examples of which are the chemical or biochemical transformations ending up with
products useful in petrochemicals, food, clothing, pollution control etc. While, the
petrochemical and petroleum refining industries developed due to catalysis, a recent trend
shows its expanding applications even in fine chemicals, pharmaceuticals and specialty
products, which were commonly manufactured using stoichiometric organic synthesis. The
stoichiometric synthetic routes often involve toxic and corrosive reagents, byproducts and
waste products consisting of inorganic salts. Due to the high cost of the final products in
these applications, these drawbacks and even lower yields were acceptable with a focus on
product specifications and quality. However, with the increasing awareness of the
environmental issues (pollution, difficulties in waste disposal and hazards) and competition
in the global market, it is becoming imperative to look for alternative processes, which are
clean, atom efficient and use hazardless and non-toxic raw materials. In this context, both
homogeneous and heterogeneous catalysis has played a vital role. Similarly, with the
advancement in the catalysis research and related processes, development of multiphase
catalytic reactors has become equally important. Thus, we can realize the importance of
integrated efforts of catalysis and reaction engineering in new generation processes, which
will not only give better quality of life to us but will also be useful in achieving economical
processes.

Several examples of catalytic applications in the fine chemicals and pharmaceutical
processes are known. For example, the synthesis of ibuprofen by the conventional Boots
route (by the name of the inventor of the drug) involves a six-step process wherein
stoichiometric amounts of aluminium chloride, ethylchloroacetate etc. are used in different
steps leading to formation of large amount of inorganic salts (13 kg/kg of product) as by
products with only 50% overall yield of the desired product. In a subsequent development,
a new Hoechst-Celanese process® involving only three catalytic steps (Scheme 1.1) has
replaced the conventional route giving more than 95% regioselectivity to ibuprofen with no
waste products. This catalytic process now meets 50% global requirement of this anti-

inflammatory drug.
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Scheme 1.1. Synthesis of Ibuprofen® by Boots route and Hoechst-Celanese process

Few other examples where catalysis replaced the conventional processes are: (a)
auto-oxidation of p-di-isopropylbenzene to hydroquinone,? (b) hydroxylation of phenol to
hydroquinone and catechol using zeolite based catalysts, (c) oxidative carbonylation of
methanol to dimethyl carbonate,* (d) L-dopa synthesis by asymmetric hydrogenation,* (e)
multistep synthesis of vanillin®. Depending upon the physical nature of the catalyst
employed, these catalytic reactions can be categorized into two major classes, viz.
homogeneous catalysis and heterogeneous catalysis. Homogeneous catalysis includes the
class of reactions where soluble metal complexes are used. On the other hand, in
heterogeneous catalysis, catalyst remains immiscible or as a separate phase to the reaction
system. Though, homogeneous catalysis has unique advantages over the heterogeneous
systems like high activity and selectivity even at milder reaction conditions, catalyst-
product separation difficulties have limited their practical applications. Therefore, only
20% of the catalytic industrial processes use homogeneous catalysts, whereas the rest of the
processes employ heterogeneous catalysts.

Among the various types of reactions, catalytic hydrogenation of various organic
functionalities is most commonly encountered with wide ranging applications in fine
chemicals and pharmaceuticals (Table 1.1). Depending on the nature of the reactants and
products and their volatility, the reactions are either carried out in vapour phase or liquid

phase mode. Due to the advantage of easy catalyst-product separation, heterogeneous



catalysts consisting of supported metal or composites of metal oxides are often used as
catalyst precursors. Except the processes for low boiling commodity chemicals, most of the
hydrogenation reactions are carried out in a liquid phase with either suspended solid
catalysts or a fixed bed of catalyst. A detailed description of such multiphase reactions and
their engineering analysis has been well developed as described in the well known
textbooks and reviews.® Though extensive work on theoretical as well as experimental
multiphase reactions is reported previously, in most of these single step reactions with
isothermal conditions have been considered. Only in a few cases, experimental studies on
multistep multiphase hydrogenation reactions have been addressed.” In order to develop
economically competitive processes, several new types of catalytic systems have been
found to be advantageous. For example, four-phase reactions in which catalytic
hydrogenations are carried out in the presence of two immiscible liquid phases and a solid
catalyst has not been well studied. Similarly, several reactions involving combinations of
non-catalytic and catalytic reactions, complexities of equilibrium reactions, reactions with
complex network where selective synthesis of an intermediate compound is important, or
catalytic reactions in non-ideal reaction media (such as CO,, H,0O, ionic liquids) have not
also been addressed with detailed experimental studies. It is the objective of this thesis to
understand in detail the catalysis and reaction engineering aspects of a few important
hydrogenation reactions, which have some unique features. The following catalytic systems
were chosen for the present work:

+ Reductive alkylation of amines: N-alkyl anilines are important products for the dyes,
fuels and rubber industries and synthesized by the reductive alkylation of an aromatic
amine and a carbonyl compound in the presence of a supported transition metal catalyst.
The first step in the synthesis is a non-catalytic homogeneous reaction, followed by
hydrogenation in the second step to the desired N-alkylated product. But, after formation of
N-alkyl aniline, hydrogenation of the aromatic ring can occur and the reaction ends with N-
alkyl cyclohexylamine, which is of lesser importance than the former. Therefore, proper
analysis of the reaction engineering issues like mass and heat transfer parameters coupled
with reaction kinetics is required to understand and select suitable reaction conditions to
obtain improved selectivity of the intermediate product, N-alkyl aniline. It is an example of
a complex multistep catalytic reaction in the presence of non-catalytic equilibrium steps.



Table 1.1. Commercial applications of hydrogenation reactions using heterogeneous

catalysts
No. Process Catalyst Product Application Ref.
Selective
1 hydr_ogengtlon of Supp_orted Pd Hexane-1-ols Fruit, vegetable 8
sorbic acid, hexyn-1- colloids fragrances and flavors
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5 Hydrogenation of Pd/C Methyl-2- Elavors 9
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4 hydrogenation of Pd-Bi catalyst ; ’ Perfumes and cosmetics 11
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R 7 Intermediates for rubber
11 Dearomatization  of containing Cyclohexyl- food and 18
-g= ® -
aniline Deloxan amine pharmaceuticals
catalyst
1p N-debenzylation o, Nebivolol®  Anti-depression drug 19
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¢ Hydrogenation in four phase reaction system: Four phase reactions (gas-liquid-
liquid-solid) are advantageous in many cases compared to the corresponding three phase
catalytic reactions. But the issues like phase behavior, mass transfer of the reactants and
product molecules, swelling and shrinking of particular phase during the course of a
reaction and its effect on overall reactor performance and phase behavior are not well
studied. Therefore, the reaction kinetics and importance of mass transfer parameters for
hydrogenation of aniline in a gas-liquid-liquid-solid four phase system was investigated.

« Catalysis by supported nano-materials: Among the various new concepts, catalysis
by metal nanoparticles received immense interest to the researchers because of their
potential in achieving higher catalytic activity. At the same time, agglomeration at higher
reaction temperatures, efficient separation and reuse of metal nanoparticles from the
reaction systems are considered as the major challenges for their applications. A need for
developing new synthetic approaches for supported nano-metals to overcome these
drawbacks is most essential. It was also the aim of this work to synthesize supported nano
Pd and Pt catalysts by anchoring to mesoporous supports like NaY. Further the catalytic
activity and selectivity of these catalysts was also investigated. The objective was also to
understand how significant is the influence of nanosize materials on the performance of
catalysts.

In this chapter, a literature review on catalysis and reaction engineering aspects of
hydrogenation reactions with a special emphasis on reductive alkylation of aromatic
amines, dearomatization of aromatic compounds and applications of gas-liquid-liquid-solid
four phase systems are presented. Application of nanomaterials as catalysts in multiphase
reactions has also been reviewed. Finally, the multiphase catalytic reactors in

hydrogenation reactions and the current trend in their analysis have also been reviewed.

1.2. MULTIPHASE HYDROGENATION REACTIONS

One of the important classes of catalytic reactions, which made significant impact
in replacing stoichiometric synthetic routes by catalytic one, is the hydrogenation of
organic compounds with a variety of functional groups. Some important features of
catalytic hydrogenation reactions in general and specific literature on reductive alkylation

and dearomatization reactions have been presented in this part. Catalytic hydrogenation of



organic functional groups is one of the most common applications of heterogeneous
catalysis in the synthesis of organic compounds. The usefulness of these reactions has been
well covered by several books and reviews.? Liquid phase hydrogenation reactions using
heterogeneous catalysts can be broadly classified into a few classes as shown in Figure 1.1.

Among these, reductive alkylation and dearomatization reactions are discussed in detail

and other classes of reactions are presented in Table 1.3.
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Figure 1.1. Classification of catalytic hydrogenation reactions

1.2.1. Catalysts for hydrogenation reactions

The most frequently used heterogeneous catalysts and the typical crystal structures
of the bulk metals used for hydrogenation reactions are shown in Table 1.2. The choice of



the metal depends on several factors but the most commonly used metals as catalysts are
indicated with darker bands.

Table 1.2. Catalytically active metals for hydrogenation reactions

VIIA VI IB
Co

fcc fcc

Ru Ag

hcp fcc

Re Os Ir Au

hcp hcp fcc fcc

fcc: face centered cubic, hcp: hexagonal close packed

B - [/ >

For hydrogenation reactions, generally catalytic activity is considered to be a
function of both electronic factors and geometric factors associated with the active sites.?
The chemisorption of gases on a metallic surface requires vacancies within d-band capable
of accepting electrons donated by the adsorbate. When the number of d-vacancies is large,
for example Gr. IlI-A and VII-A metals, the substrate may be strongly adsorbed
irreversibly. In such cases, catalytic activity is heavily suppressed. Similarly, for metals of
Gr. 1-B, with no such vacancies in d-band, substrates may adsorb weakly and, as catalytic
reaction rates are directly related to the surface coverage, overall activity is also
correspondingly decreased. Maximum activity is expected for those metals with the
smallest number of d-vacancies and this corresponds to the metals of Gr. VIII. This is
termed as ‘electronic factor’ in catalytic activity. This is clear from the chemisorption
enthalpies of transition metals as shown in Figure 1.2(A).

The metal atoms of the surface exposed to the adsorbing medium should be spaced
such that the transition state complex formed has the lowest possible potential energy. It
follows, therefore, that reaction activation energies will be reduced and progress under
considerable milder reaction conditions than required for the equivalent non-catalyzed
process. This constitutes the ‘geometric factor’. For example, Figure 1.2(B) shows the rate
of ethylene hydrogenation as a function of metal-metal distance. Therefore, both the factors
happen to be optimum for the Gr. VIII metals. In the following sections we will see that

most of the catalytic hydrogenation reactions are conducted using these metals only.
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1.2.2. Issues in Heterogeneous Catalytic Hydrogenation Reactions

In catalytic hydrogenation reactions on heterogeneous metal surfaces, the
effectiveness of the system may be considered from two perspectives, viz. catalysis and
chemical reaction engineering. Before going to the specific examples of hydrogenation
reactions, these issues are highlighted briefly in this section.
1.2.2.1. Catalysis Issues:

Support: The catalytic activity of heterogeneous catalysts is due to the metal atoms
present at the surface of the bulk metals. Therefore, to get a better activity or maximizing
the active surface, dispersion of metal particles on a high surface area solid support such as
alumina (Al,O3), activated carbon, titania (TiO,), silica (SiO,), magnesia (MgO) etc. are
commonly practiced. These support materials also keep the individual small metal particles
apart from each other and prevent agglomeration or sintering of metal particles to larger
and less efficient entities. There are a number of physical characteristics of the support such
as hardness, density, pore volume, pore size, pore distribution, particles size, particles
shape etc. which have to be considered to achieve the required performance of a supported

metal catalyst.?*?®



Metal-support interactions: Sometimes the support materials influence the activity
of metal catalysts by changing its electronic environment or geometry (number of active
sites) of the catalyst particles. This is termed as metal-support interaction. Metal-support
interaction indicates the strength of binding between the metal and the support particles and
prevents sintering of metal particles. Among the commonly used supports, alumina, carbon
or silica are known to exhibit weak metal-support interaction whereas titania showed a
strong metal-support interaction with hydrogenation catalysts.?*

Hydrogen spillover: In some supported metal catalysts, adsorbed hydrogen atoms
migrate from the metal surface to the interstitial volume of the support material. This
phenomenon is termed as hydrogen spillover. An interesting illustration on hydrogen
spillover over macroscopic distances was demonstrated in isomerization of 1-butene.?
When a noble metal (Pd on graphitic carbon) and bimetallic catalysts (base metal and a
lanthanide metal on graphitic carbon) were used in a dual bed reactor, 2.7 times greater
activity was observed compared to that of the noble metal alone. The activity increase was
attributed to hydrogen spillover i.e., molecular hydrogen adsorbed and dissociated on the
noble metal catalyst was transported via surface diffusion to the bimetallic catalyst surface
and activated those sites for the reaction.
1.2.2.2. Reaction Engineering Aspects:

Interphase Mass transfer: For a gas-liquid-solid (three phase) catalytic
hydrogenation reactions, a number of mass transfer steps have to occur before the gas
phase (A) and liquid phase (B) reactants are converted to products. These steps are: (a)
transport of A from bulk gas phase to gas-liquid interface, (b) transport of A from gas-
liquid interphase to bulk liquid, (c) transport of A and B from bulk liquid to the catalyst
surface, (d) intraparticle diffusion of A and B through the pores of catalyst, (e) adsorption
of A and B on the active catalyst sites, (f) chemical reaction between A and B and (g)
product desorption from the active catalyst sites. The approaches for analysis of mass
transfer effects in gas-liquid-solid catalytic reactions are described in detail by
Ramachandran and Chaudhari.®

Non-isothermal effect: Many gas-liquid-solid catalyzed reactions are highly
exothermic in nature and this influences several parameters like rate of reaction, vapour

pressure, solubility, mass transfer coefficients, diffusivity etc. Therefore, one should
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consider the non-isothermal effects on the overall rate of reaction and reactor performance
for an exothermic reaction. Few important studies on this topic are, (a) hydrogenation of m-
nitrochlorobenzene to m-chloroaniline using sulphided Pt/C catalyst,”® (b) hydrogenation
of 2,4-dinitrotoluene using Pd/Al,Os,%" (c) hydrogenation of p-nitrocumene to p-cumidine
over supported palladium catalyst® etc. In these reports a detailed analysis of a non-
isothermal batch reactor has been discussed along with experimental verification of reactor
models.

Flow regimes in trickle bed reactor: The flow pattern in a trickle bed reactor had

1.2° The gas-liquid two phase

been studied by several authors and reviewed by Gianetto et a
concurrent down flow for nonfoaming system may be classified in four regimes: (i)
trickling flow (at low gas and liquid velocity), (ii) pulsing flow (relatively higher gas and
liquid velocities), (iii) spray flow (high gas velocities and low liquid velocities) and (iv)
bubble flow (high liquid velocities and low gas velocities). The flow regimes are
represented in Figure 1.3. Normal laboratory and commercial reactors are operated in

trickle or pulse flow regime.
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Figure 1.3. The flow regimes in a trickle bed reactor® (G and L are superficial mass flow

rates for gas and liquid respectively)



Table 1.3. Gas-liquid-solid catalytic hydrogenation reactions: A Literature Review

Reaction class Catalyst Reactor Remarks Ref.
Hydrogenation of C-C bonds
Alkene or Rany-Ni; Operates at milder conditions (room temp and atmospheric pressure). 31
alkyne to alkane  Ni on oxides; Pd is mostly used among Gr.VIII metals for selective and non-selective alkene
Pd/C hydrogenation.
Activated carbon or low-acid Al,O;3 is the most common support material.
Acidic support may accelerate polymerization.
Stirred reactors with efficient cooling are oftenly used for fine chemicals and
specialties.
Recirculated reactor with exterior cooling is useful. Trickle bed reactors are
also used. Liquid flow removes oligomers from catalyst surface.
Cinchona Slurry reactor  Enantioselective alkene hydrogenation of o,B-unsaturated acids and ketones. 32
modified Pd;
Pd/C Slurry reactor Reactions performed in gas-liquid-liquid-solid system with alkali promoters.
Alkyne to alkene Pd-Pb/CaCOs >95% cis-olifins under mild conditions. 33
Reaction stops after uptake of one mole of hydrogen
Pd/CaCO3-NHs;  Slurry reactor Kinetic modeling for 2-butyne-1,4-diol to cis-2-butene-1,4-diol using
Pt/CaCO3-NHs; Slurry reactor Pd/CaCOs-NHj; and Pt/CaCO5-NH; catalyst system was studied.
Hydrogenation of acids, esters and anhydrides
Acids, esters and CuCrO doped Alcohol is the major product, but metal leaches out into the solution 34
anhydrides to with barium
alcohols Rany-Cu doped Environmentally benign alternative of Cu Chromite catalyst; operates at
with Fe or Mn relatively milder conditions
Anhydrides to Re-Pd; Fixed bed Re insert between C- of carbonyl gr. and O- of anhydride ring to form 35
alcohols Re-Rany-Ni; Fixed bed oxometallacycle, which acts as a promoter.
Ru-Re Slurry reactor  Kinetic modeling in batch slurry reactor using bimetallic Ru-Re catalyst and
bubble column slurry reactor modeling with a mixing cell model is reported.
Acids, estersto  ZrO; Fixed bed Carboxylic acids to aldehyde selectively. ZrO, showed better activity for 36
aldehydes Cr,04 Fixed bed aromatic acids while Cr,03 is good for aliphatic acids.

12



Reaction class Catalyst Reactor Remarks Ref.
Hydrogenation of C-N bonds
Nitrile Rany-Co; Slurry reactor Rany-Co and Rany-Ni are considered as the best catalysts for Nitrile to 1° 37
hydrogenation Rany-Ni amine.
Rany-Co or —Ni activity depends upon the type and amount of base additives.
Ru, Rh, Pt on For butyronitrile hydrogenation, Ru/C, Rh/C and Pt/C produced 1°, 2° and 3°
activated C amines respectively.
Dinitriles Rany-Co or —Ni  Fixed bed Raney catalyst used as tablets, extrudates and hollow spheres for adiponitrile to 38
(adiponitrile) with hexamethylene diamine. Hollow sphere catalyst showed the best activity due to
hydrogenation high porosity.
Rany-Ni Bubble Langmuir-Hinshelwood model developed considering competitive adsorption
column between hydrogen and nitriles on the catalyst surface and reaction as the rate
limiting step
Based on hydrodynamic and intrinsic Kinetics data, a bubble column slurry
reactor model proposed
Hydrogenolysis
Pd/C Slurry reactor Pd/C is the most common catalyst. 39
Operates at ambient temperature and pressure conditions. Often with acids or
bases as promoters
Hydrogenation of C-O bonds
Aliphatic Pt; Readily hydrogenated to alcohols under milder condition. 40
carbonyls Pt works in acidic media.
Rh or Ru Rh or Ru works in neutral or basic conditions.
o,B-unsaturated  Pt/C Slurry reactor Reactions performed in gas-liquid-liquid-solid system with alkali promoters. 41
carbonyls Pt or Ni with Slurry reactor Fe increases electron density on Pt leading to an electron deficient Fe species 42
metal chlorides that coordinates to carbonyl gr. and the electron rich Pt species becomes less
(eg. FeCls, likely to accept w-electron form C=C gr.
GeCly)
Aromatic Pd; Slurry reactor Aromatic moiety activates carbonyl gr., therefore, hydrogenation occurs at 43
carbonyls Raney-Ni Slurry & relatively milder conditions.
fixed bed Pd is the most preferred metal in neutral non-polar solvents.
reactor Slurry and TBR model developed for benzaldehyde to benzyl alcohol.

For acetophenone to 1-phenylehanol, selectivity and dielectric constant of the
solvent was correlated for Raney-Ni catalyst.
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Reaction class

Catalyst Reactor

Remarks

Ref.

Enantio-
selective
hydrogenation
of a-ketoesters

Cinchona Slurry reactor
modified Pt

Hydrogenation of -NO, group

Aliphatic and
aromatic nitro
compounds

Chemo-selective
hydrogenation

Di-nitrobenzene
to nitro aniline

Pt; Pd; Ni Slurry reactor

Pt-H3PO,-V; Slurry reactor

Pt-Pb-CaCO; Slurry reactor
(Pt-Lindlar
catalyst)

Pt; Rh; CuCrO

Raney-Cu

Pd/charcoal Slurry reactor

A Langmuir-Hinshelwood model developed. A modified active site is formed
by adsorption of one cinchona molecule. A protonated adsorbed modifier
interacts with the a-ketoester and forms a stabilized half hydrogenated
intermediate. The rate-determining step for the preferred enantiomer is the
addition of the second hydrogen. The rate acceleration and the enantio-
discrimination are due to the preferential stabilization of one of the two-
diastereomeric intermediates.

Catalyst characterization, mass transfer calculations and kinetic experiments
integrated to quantify the contribution of mass transfer parameters. It concluded
that lower ee in few cases were due to liquid-solid mass transfer resistance.

Hydrogenation to amine follows the Haber’s mechanism.

Hydroxylamine intermediate may accumulate, which is toxic. Vanadium used
as a promoter for faster reaction and purer amine compound. Vanadium works
as a “‘catalytic by-pass’.

Applied firstly for halonitrobenzene and then applied successfully for other
functionalized nitro aromatics, even for selective hydrogenation of acetylnic
nitroaromatics.

Pt-Pb is suitable except acetylnic nitroaromatics.

Pt-Pb catalyst gives the best results in aprotic polar solvents with FeCl, and
BusNCI.  Pt-H3zPO,-V works best in toluene-water using VO(acac), as a
promoter. Fe or V promoters suppress accumulation of hydroxylamines.

Pt or Rh is better catalyst than Pd.

Selectivity increases with decreasing metal loading. Highest selectivity for 2-
amino-6-nitrotoluene is achieved at 313K and 0.1% Pt/Al,Os.

Regioselective hydrogenation of unsymmetrical alkyl dinitrobenzene (2,4-
DNT) to alkyl amino nitrobenzene (2-nitro-4-amino toluene) is related to the
steric factor of alkyl group (selectivity: 68% for unsubstituted; 70% for methyl;
93% for tert-butyl).

2,4-DNT hydrogenation carried out in isopropanol-water mixture. p-amino
isomer was predominant at mass transfer limited conditions.

44

45

46

47
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1.2.3. Reductive Alkylation of Amines
1.2.3.1 Reaction Pathway and Product distribution:

Reductive alkylation is a class of reaction, which involves the condensation of an
amine or ammonia and a carbonyl compound followed by reduction of the intermediate
imine derivative to the desired amine. This reaction can also be termed as reductive
amination when it is looked from the perspective of the carbonyl compound. Mechanism of
this reaction is well documented in the textbooks though only limited information is
available on catalytic reaction mechanism on a molecular scale. The reaction occurs in
three steps as shown in Scheme 1.2 in which aniline and acetone are considered as the
representative reaction of amine and carbonyl compound respectively. The condensation of
amine and a carbonyl compound produces hemiaminal (I, also called carbinolamine),
which may undergo dehydration reaction to form the imine intermediate (II, commonly
termed as Schiff’s base) or may undergo hydrogenolysis to produce the secondary amine

(111). The imine compound may hydrogenate catalytically to 1.

-H,0
+H,0

H CH
Hemiaminal (1) Imine (I1)
Hydrogenolysis Hydrogenation
QN C—CH, —i

HCH

Secondary amine (I11)

Scheme 1.2. Mechanism of N-monoalkylation of aniline

The equilibrium-controlled formation of the Schiff’s base [SB] is believed to be the
slowest step in the consecutive reaction sequence. Acids and bases are reported to promote
the formation of Schiff’s base (I1).* Continuous removal of water from the reaction
mixture by azeotropic distillation*® or using molecular sieves® can shift the equilibrium
towards the right side and enhance the overall rate of reductive alkylation.

The secondary amine (I1l) may further condense with another molecule of a
carbonyl compound to form hemiaminal (IV) that cannot dehydrate to an imine but

Enamine (V) (Scheme 1.3). Hydrogenolysis of IV or hydrogenation of V gives N-
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dialkylamine (\V1). In reality, due to the lower reactivity and bulkier size of ketones, the
reaction stops at monoalkylamine.* N-dialkylation requires severe conditions and very
selective catalysts.®® On the other hand, alkylation continues for the aldehyde substrates to
the N-dialkylated products. Due to the stepwise reaction mechanism, monoalkylated

product can be formed with aldehyde by optimizing the reaction conditions.>®

’ - HC
i C\ -HZO C\
Orghomedi— i 2200 g
H CH C—CH, +H,0 c~CH,
8 /A 2 \
HO CH, - CH, —
1l .
Hemiaminal (1V) Enamine (V)
Hydrogenolysis Hydrogenation
C\CH3
/C/CH3
H,C

Tertiary amine (VI)

Scheme 1.3. Reaction pathway of N-dialkylation of aniline

Alkylation of aromatic moiety is one more possibility in this reaction. This may be
a probable side product in reductive N-alkylation reaction when acids are used as
promoters for formation of Il and V, because C-alkylation is reported to be catalyzed by
acids and accelerated by o-, p- directing groups like —NH, or —OH in the aromatic
moiety.>* The reaction is a typical aromatic electrophilic substitution by the carbonium ion
as shown in Scheme 1.4.

I 20 WL o+
B e T —cH, H,N
HC  CH, H,C”* CH —/ ¢ Catalyst

H, CH,

I
I
¥
T
Z
+0
s
Z
\ NI
T
Z
@]
oL
P
ok

o
n— } CH
— CH, CH,

Scheme 1.4. Ring alkylation of aromatic amines by carbonyl compounds
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Hydrogenation of the carbonyl functionality to the corresponding alcohol and
aromatic ring hydrogenation are also important side products in this class of reaction.
Alcohol formation may be a crucial problem in a commercial process, because it utilizes
the carbonyl compound and hydrogen, and leads to a separation problem. Archar et al.>®
allowed the carbonyl compound to stand together overnight with the amine compound
before hydrogenation in presence of Adams platinum oxide, so that the imines could be
available on the catalyst surface on an appreciable concentration to hydrogenate and that
could suppress the carbonyl hydrogenation. Emerson® isolated the imine from the reaction
mixture before hydrogenation reaction to eliminate the formation of alcohol. The complex
product distributions in reductive alkylation due to ring hydrogenation of aniline analogues
have been reviewed by Stieber et al. and Greenfield.>” Stieber et al. suggested the use of
highly pure starting materials and selective catalysts under controlled reaction conditions to
reduce the impurities in the reaction mixture. According to Greenfield, reactions at lower
temperature, high pressure and high catalyst loading can be a solution for minimizing side
products.

Aromatic N-alkylated products have wide variety of applications in dyestuff
industries as intermediates, in petroleum and rubber industries as anti-oxidant and anti-
ozonant, in agrochemical industries as intermediates.
1.2.3.2. Substrates:

Reductive alkylation has been investigated previously using a wide range of
alkylating agents and catalysts. Any type of amine precursors like nitro, nitroso or nitrile
compounds, are suitable for this reaction, which hydrogenate in-situ to generate the
amine.”® Secondary amines like amides are also reported for reductive alkylation with
aldehydes and ketones in good yield (>80%) without any O- or C- alkylated products.™
Due to the lower cost and less toxicity compared to amines, nitro compounds are often used
as the starting compounds in industrial processes.

Alcohols were used in some cases as the alkylating agents,®® which first
dehydrogenated to the corresponding carbonyl compounds and then initiated the
condensation reaction with the amine functionality.®* Due to the severe conditions required
for in-situ generation of the carbonyl compounds, the reactions are conducted in a gas

phase and selectivity to unsymmetric amines may decrease. A review on aniline alkylation
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with alcohols in the vapor phase over solid acid catalysts such as oxides, clays and zeolites
is made by Narayanan and Deshpande®® and the mechanism of this reaction on different
solid surfaces at different conditions are proposed.

1.2.3.3. Catalysts:

The choice of a catalyst and reaction conditions are two strong factors in the
performance of reductive alkylation reactions. In the early literature, Raney-Ni was
reported as the preferred catalyst at elevated temperature and pressure, and seems to be a
good choice for synthesis of primary amines. Supported Ni, Cu, Co, copper chromite
(2Cu0.Cr,03) was also suggested. Among the transition metals, palladium is the most
preferred catalyst because,

+ Pd is the most active metal for the saturation of double bonds in conjugation with
aromatic ring,
% Pd is least active metal for hydrogenation of aromatic ring at lower temperatures

(<423K)

+ Pd has lower activity for hydrogenation of aliphatic aldehydes and ketones.
As an example, the performances of different transition metal catalysts for reductive

alkylation of aniline with acetone at identical conditions are presented in Table 1.4.5™

Table 1.4. Comparison of transition metals for reductive alkylation of aniline and acetone

Temp. Time Conv. (%) Sel. (%) Sel. (%) Low boiling IPA?

Catalyst s ()  Aniline  N-IPA N-IPC  amines (%)
5% PdIC 378 1 100 67 14 6 0
5% PUC 378 1 60 47 <2 >1 33
5% Rh/C 378 10 100 0 81 21 >90
5% Ru/C 378 18 100 0 74 23 100
5%Pd/IC 378 47 >99 50 20 13 0
5% Pd/IC 418 1 >08 40 39 18 0

Reaction conditions: aniline, 1 mol; acetone, 15 mole; catalyst, 6 g (all are procured from
Engelhard Industries); P2, 400-600 psig; reaction taken in 1 gallon stirred autoclave.

a: IPA formed w.r.t. excess acetone used.

N-1PA: N-isopropylaniline; N-IPC: N-isopropylcyclohexylamine; IPA: isopropylalcohol.

It is clear from Table 1.4 that Pd is far superior to the other catalysts for reductive
alkylation of aniline and acetone. Pt showed less tendency for ring hydrogenation, but it
suffers from lower conversion, which may be due to severe catalyst poisoning by amines.

But, interestingly, the activity and selectivity of Pt catalyst was reported to increase over Pd
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for higher molecular weight of ketones and amines as substrates as shown in Table 1.5.
Therefore, the nature of amine and ketone are also important in selecting a suitable catalyst
for this class of reaction. A detailed literature report on reductive alkylation with specific
examples of amines (or precursors), carbonyls (or alkylating agents), catalysts and reactors

are reported in Table 1.6.

Table 1.5. Comparison of Pt and Pd metals for reductive alkylation of PAPD and MIBK

Catalyst Temp (K) Time (h) Conversion (%) Yield (%) based on conv.

5% Pd/C 393 125 76 78
5% Pt/C 373 10 92 93

Reaction conditions: PAPD, 0.40 kole; MIBK, 1.6 mol; catalyst, 3 g (procured from Engelhard
Industries); Py,, 150-300 psig; reaction done in 600 ml Magne Drive autoclave.
PAPD: p-amino diphenylamine; MIBK: methyl isobuty| ketone.

Rusek reported the N-monoalkylation of sterically hindered amines with secondary
alcohols with Pt/SiO, catalyst in presence of metallic promoters like Sn, Ge, Re etc. and
found that Pt-Sn/SiO, pretreated with Ca®* gave the best result (Scheme 1.5 and Table 1.6).
The author proposed that the alcohol dehydrogenates to the corresponding ketone, which
reacts with the amine to form imine intermediate. In contrast to copper chromite catalyst,
which is the active catalyst for primary alcohols only, this Pt based catalyst was active for
secondary alcohols too.

CH

3 CH,
H.C _CH. prcnci CH
NH, + 3 WAO 3 Pt-Sn/SiO, N—&S
H
OH H,, 548K o
CHs C,H, CH,
MEA MOIP

Scheme 1.5. N-alkylation of sterically hindered amines with alcohols
The influence of acidity or basicity of faujasites and effect of temperature are

discussed for gas phase alkylation of aniline with methanol. As proposed by Su et al.,** the

reaction starts with the formation of methyl carbocation (CHs").
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Table 1.6. Literature survey on reductive alkylation of aromatic amines and carbonyl compounds (and their precursors)

Reaction

Conversion,

No. Substrates Catalyst conditions Reactor Selectivity (%) Ref.
2-Methyl-6- F&ﬁ%x g'g‘ Conversion (MEA):
ethylaniline (MEA) and  Pt-Sn/SiO, pretreated o Microreactor 36.4; selectivity (N- Rusek,
1 . 24 (3m|/h), Puo: 1 . 63
methoxy-2-propanol with Ca 1 quartz tube alkylated product): M.
(MOIP) atm; Hy: 4.7 76.2
ml/min.; 548K o
Conv. (aniline): 100;
LiY and NaY non- Aniline: MeOH Sel. (N-methyl aniline,
2 Aniline and methanol protic and non-basic U " Fixed bed N, N-dimethyl aniline Suetal.®
. 3:1; 623-723K N
zeolites and toluidine): 60, 6
and 34 respectively.
N, N-dibutyl-2-butoxy-
2B S 353K; Pypy: 5-tert-octylaniline is
octylnitrobenzene and Pd/C 5 .
30kg/cm?; . the major product Kaneko et
3 butanal . . Stirred autoclave : 65
. solvent: EtOH,; (yield 98.1%). al.
p-alkoxy nitrobenzene Pd/C o .
and benzaldehvde time: 5h N,N-dibenzyl
y compound (yield 91.4).
323K; Pyg: . .
3-Aminobenzoic acid 5kg/cm?; 3-d|m_ethyl_am|no Nishimura
4 Pd/C , ) benzoic acid is the 66
and aqueous HCHO solvent: MeOH; . d 0 et al.
time1 1 major product (95.5%)
Conv (aniline): 100%,
sel. (N-mono and di
303-348K: alkylated pdt.): 47 and
5 Aromatic amines and 3-504 P/C Po: 15 bar" Slurry reactor 18% at 3.5 h at 314K. Lehtonen
aldehydes 0 Hz: (2 1) Conv (aniline): 100%, etal.”’

solvent: MeOH

sel. (N-mono and di
alkylated pdt.): 10 and
47% at 10 h at 314K.
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Reaction

Conversion,

No. Substrates Catalyst conditions Reactor Selectivity (%) Ref.
. . 303-348K; .
o AOTESIIET asemc  pwlstr LR e
y solvent: MeOH '
63% Ni on
. kieselguhr;
p-Phynelenediamine " ' 438K; Pyo: 750-  Slurry reactor 69
7 and isobutyl Ketone orgfinlc/m(_)rganlc 1000 ponds; 4h (1 lit) Wilson
acid; organic sulfur
containing compound
3,4-M6206H3NH2 (3,4- 5% Pt/C; 2- Pho: 47 pSi; Conv. 100; yleld and ROss et
8 xylidine) and 2- napthalene sulfonic 343K; Slurry reactor purity (N-2-heptyl-3,4- al. 70
heptanone acid 0.75h xylidine) 99 and 100. '
NH(C6H4NOZ)2 and 353-383K:; Pno: Sel. NH(CeH4NHCH 71
. methyl isobutylketone e 100 kg/cm? Sy ey MeCH,CHMe): 100. WUERIEIDE
10 Aniline and 3% PtS,/C (sulfided 39359 _5?? %r? 00 Slurry reactor r\m(wltilhdy?gelﬁ;s?aer?ﬁi/rlg- Malz2
1 . 7 H . 7
acetophenone catalyst) solvent: aniline (1 lit) 94% et al.
. 373K; 40 bar;
0 . b 1
11 Amides and carbonyls At FobC STl solvent: ethyl  Slurry reactor Isolated yield: 81-98 Fachsega
sulfate et al.
acetate
. . . 293K; 50 bar;
- 0 - ) )
12 Nitro a{(%gigﬁ; and o 10% Pscgl(;étse()d'um solvent: Slurry reactor Isolated yield: > 60 eFta;:Ih §9b
cyclohexane '
L-2-aminobutanoic
. acid (after
L- a-Methyl 303K; 50 psi; - - .
. : . debenzoylation): yield Hiskey et
- 0,
13 S LA Bl 10% Pd/C solvent: EtOH; 84.9, enantioselective al.”
ketobutanoicacid 10h

excess: 81.4%.
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Reaction

Conversion,

No. Substrates Catalyst conditions Reactor Selectivity (%) Ref.
4-nitrodiphenylamine, N-(1,4-dimethylamyl)-
methyl isoamyl ketone 0 393K; ~3 Mpa; N’phenyl-p-phynelene
14 (MIAK); ;ﬁjztiligiéi?;ﬁ);\aag_) 113 min. Slurry reactor diamine (50.8); N-(1,3-  Merten et
methyl isobutyl ketone catalvst 423K; ~3 Mpa; y dimethylbutyl)-N’- al.”
(MIBK) (after the rx" y 95 min phenyl-p-phynelene
with MIAK) diamine (48.7)
2-methyl-5-ethyl- N-methoxy propyl-2-
iy Sl e Ee 5%P1/C, H,SO, 323K Sbar  Batchreactor ~ memyl-S-ethyl-aniline  Vogel et
methoxy acetone (intermediate for al.

(MOA)

metolachlor)
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Use of nitro compounds as precursors for amine compounds in the reductive
alkylation reactions are reported by Kaneko et al. Aromatic nitro compounds containing
alkyl, alkoxy, carboxylic, ester functionalities in 0-, m-, p- positions are reductively
alkylated with a wide range of aliphatic and aromatic aldehydes in presence of Pd or Pt
catalysts. It was observed that lower homologues of aliphatic aldehydes (e.g.,
butyraldehyde or iso- butyraldehyde) give N, N-dialkylated products in good yields (>85%)
even if there is an o- substitution in the nitro compound. Benzaldehyde was reported to
produce N,N-dialkylated product with the nitro compound having no o-substituents
(Scheme 1.6).

NO, o CiHy~ ~CiHy
OC,Hy(n 0 PdiC
oA
C,H, (D C,H; H 30 kg/lem3, 353K,

EtOH

CgH,,(1)
95.9% yield
W0 H—
N
Pd/C
+
30 kg/cms, 353K,
EtOH
OCH,CH(C,H,)C,H,
OCH,CH(C,H;)C, H,
91.4% yield

Scheme 1.6. Reductive alkylation of nitro-compounds with aldehydes

Watanabe reported reductive alkylation of di-nitro compounds with aliphatic
ketones in presence of Pt/C or copper-chromium bimetallic catalysts.

Malz et al. reported the N-alkylation of aniline using acetophenone as a carbonyl
compound. The product, N-phenyl-a-methylbenzylamine is useful as an antioxidant in
petroleum and synthetic industries. As reported by Rylander,”® the main issue in using
acetophenone is its hydrogenolysis to ethyl benzene in the presence of normal transition
metal catalysts and hydrogen. Sulfur poisoned catalysts solved this problem and Pt was
reported as the best catalyst (yield: 94%). 5% RuS,/C and RhS,/C gave N-phenyl-a-
methylbenzylamine in 80% and 72% yields respectively.
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Lehtonen et al. have proposed a kinetic model for reductive alkylation of aromatic
amine with alkyl substituents in the ring and a short chain aldehyde (having less than three
carbon atoms), applicable for laboratory as well as industrial scale semibatch slurry reactor
considering the mass transfer at the gas-liquid interface. Imine formation by homogeneous
reaction was found to be non-catalytic. The imine reacts with hydrogen on the active Pt
metal surface to produce the N-alkylated amine. Further, the catalytic three-phase reaction
including homogeneous liquid-phase steps were simulated in a loop reactor by Salmi et al.
The loop reactor was modeled using tanks-in series or alternatively, axial dispersion
models. Kinetics of the reductive alkylation of aromatic amines, which was determined
from the experiments in a laboratory autoclave, was used for verifying the reactor model
and for concentration profile simulations in the loop reactor.

There are few reports on the use of mineral or organic acids in reductive alkylation
reactions. Wilson reported that use of acids with or without sulfur containing modifiers
improves the productivity of this reaction for all types of amine precursors and carbonyls.
The yield of the reaction (C) at the identical conditions without any promoter was 75.5 %,
whereas in the presence of p-toluene sulpohonic acid or sulfuric acid, the yield increased to
>90%. Again, the promoter reduces the hydrogenation of the ketone from 10% to < 5%. It
was further observed that, addition of sulfur containing modifier (e.g., xylene monosulfide
or thiodipropionic acid) increased the yield of C to 100%.

Ni- kieselguhr

OrCrmee OO

H 438K, 750 psig H H
(A (B) ©

Ross et al. also described the use of acid promoters of pKa value in the range of 0.3-

1.5 for reductive alkylation of amines (or their oxidized precursors) with ketones. A large
number of acids like B-naphthalene sulpohonic acid (pKa: 0.57), p-toluene sulfonic acid
(pKa: 0.9), trifluoro acetic acid (pKa: 0.3) and benzene sulfonic acid (pKa: 0.7) were used
to produce the N-alkylated products with high yields and purity (>90%). The authors have
demonstrated that the acids of pKa value above or below this range gave poor yields. For
example, with H,SO,4 and HCI (pKa: 0) as promoters, the yields were 65.7 and 70.5%

respectively and 72.2% with acetic acid (pKa: 4.75) under identical reaction conditions.
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Fache et al.”® addressed the synthesis of N-alkylated amides from a series of
amides and carbonyl compounds. It was observed that aromatic, cyclic or acyclic amides
were giving the products in high yields (80-98%) with aliphatic as well as aromatic
aldehydes and ketones (Scheme 1.7). Only formaldehyde was reported not to give the
desired alkylated product with amides.

o 10% Pd/C
N .
N~ "o CH H \O (yield: 96%0)

| 373K; 40 bar |}l
H 4h C.H
8 17
10% Pd/C
Na,SO,
NH, * A H\
| CH  H 373k:40bar C,H,
4h 0

(yield: 97%)
@ o 10% Pd/C
- Na,SO, &
N O+ )& [0)

‘ H,C~ CH : N
. 3 3 373K‘i;10 bar )\ (vield: 81%0)

Scheme 1.7. Reductive alkylation of amides

This catalyst system was equally active for amine compounds and various
carbonyls.>® For substituted anilines and carbonyls, the isolated yields were in the range of
85-95% except octanaldehyde (0%). The catalyst gave good selectivity to the N-alkylated
product too when a-ketoesters were used (60-83%) (Scheme 1.8). Interestingly, the
reactions were carried out at room temperature and chirality of the starting compound was
retained after reaction. Therefore, the catalyst has an application in a large variety of

substrates to produce the desired N-alkylated products.
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10% Pd/C O

k Na,SO, k
COOCH, N "coocH,
(\) 293K 40 bar

N (vield: 60%)
COOCH,
O COOCH, 10% Pd/C O COOCH,
% Na,SO,
Q 293K 40 bar Q

(yield: 93%)
COOCH

Scheme 1.8. Reductive alkylation reactions of chiral amines and a.-ketoesters

Synthesis of optically active amines or amino acids is also possible by reductive
alkylation (Scheme 1.9). Hiskey et al. synthesized a large number of amino acids, which is
believed to occur in two steps: (i) reductive alkylation of the a-ketoacid and benzylketone
over Pd/C catalyst; (ii) hydrogenolysis (debenzylation) of the product to the amino acid
over palladium hydroxide. L-a-amino acid was formed when reductive alkylation started
with a L-amine. The optical purity varied in a broad range (12-81%) depending upon the
chain length of the alkyl group in the a-ketoacids.

COOH

NH,
0 Pd/C
I ¥ * PA(OH),/C \*( COOH
~ > COOH 303K, 50 psi 298K, 50 psi
EtOH ag-EtOH NH,

Scheme 1.9. Synthesis of optically active amines by reductive alkylation reaction

Reductive alkylated derivatives of p-phenylene diamines, N, N’-disubstituted p-
phenylene diamines (NNPPDA) are used as antidegradants of rubber, in particular effective
in protecting vulcanized rubber from ozone attack. Blends of two or more NNPPDA are
more useful in rubber industries and sold commercially after mixing them. This needs
separate mixing and storage equipment. Merten et al. reported the synthesis of two

NNPPDAs by sequential reaction of 4-nitrodiphenylamine (or its reduced forms) with two
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ketones. 4-nitrodiphenylamine, methyl isoamyl ketone (MIAK) was treated in a stirred
reactor in the presence of Pt/C and acidic carbon co-catalysts to produce NNPPDA1 [N-
(1,4-dimethylamyl)-N’phenyl-p-phynelene diamine]. After cooling the reaction mixture,
methyl isobutyl ketone (MIBK) was added into the reaction mixture and conducted the
reaction at similar conditions to react remaining unconverted 4-nitrodiphenylamine to form
NNPPDA2 [N-(1,3-dimethylbutyl)-N’-phenyl-p-phynelene diamine]. The final product
constituted 50.8 and 48.7% of NNPPDAL and NNPPDAZ2 respectively.

Malone and Merten’’ compared the reactor performance of laboratory scale (1 lit)
stirred tank, Buss-Loop (50 Ilit) and industrial plant for reductive alkylation 4-
nitrodiphenylamine with ketone at similar conditions used by Merten et al. (with single
ketone in contrary to the ref. 76). The authors concluded that Buss-Loop reactor improved
the rate by about 100%. The efficient mixing and better heat exchange ability of the Buss-
Loop reactor was responsible for higher reaction rate and controlling the product
selectivity.

Metolachlore is the active ingredient of Dual®, one of the most important grass
herbicides for use in maize and a number of other crops. It is synthesized by the following
transformations (Scheme 1.10):

OH Cu/ZnCrOx O

‘ GP continuous process
)vOMe 673K )VOMe + H H, used in N-alkylation

NHZ Y\
]
+ N-alkylation step
% OMe + LP batch process
H,0/H,SO, Pt/C recycled
MOA MEA 323K, 5 bar

om 1

N

NH CH,CI
\@A + CICOCH,CI \@A LP batch process
Metolachlor

Scheme 1.10. Synthesis of Metolachlor by reductive alkylation reaction
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Ciba-Giegy Corporation introduced the product to the market in 1976 as a mixture
of four stereoisomers. Later in 1982, it was found that only two isomers were active as
herbicides. It was found that enantioselective hydrogenation of the imine (Schiff’s Base)
compound formed in the reductive alkylation gives the desired active metolachlors. In
1997, [Ir(cod)Cl], with xyliphos ligand was reported as the catalyst for the imine
hydrogenation at 80 bar and 323K.

1.2.4. Dearomatization Reaction

There are several monographs and papers available for dearomatization of carbo- or
heterocyclic compounds.” The summery of literature reports on hydrogenation of aromatic
ring compounds is given in Table 1.7. In general, aromatic rings are very stable and need
severe conditions to hydrogenate. Therefore, the other functionalities attached to the
aromatic ring hydrogenate under the conditions used for ring hydrogenation.

Table 1.7. Summery of catalytic hydrogenation of aromatic compounds

Iig' Reaction Catalyst Conditions Conv./Sel. (%) Ref.
1 Benzene to Ru/ macro 353K, Conv.: 100 79
cyclohexane porous support 20 bar Sel: 99.99
9 Benzene to Ru/La,03, 423K, 50 bar, Conv.: 52.3; 80
cyclohexene ZnO, NaOH (g-1-1-s system) Sel.: 70.4

Aniline to Conv.: 99.9;
< cyclohexylamine FALE) I, ZH0 Sel.: 99.3 &
Aniline to Conv.: 100
dicyclohexylamine PA/ND-Os 413K, 270 bar Sel.: 92 82
o-t-butyl phenol o
5 t0 0-t-butyl Raney Ni-Fe 373K, 20 bar el gt 83
Sel: 95:5 (cis:trans)
cyclohexanol
Phenol to 333-423K, Conv.: 80;
6 cyclohexanone Pd/C 1-20 bar Sel.: 79 84
- . Conv.: 100
7 Pyridines to piperidines Pd/C 353K, 10-50 bar Sel: >90 85
Furan to Conv.: 100
8 tetrahydrofuran Rh/Re/C 433K, 100 bar Sel: 75 86

1.3. GAS-LIQUID-LIQUID-SOLID FOUR-PHASE SYSTEMS

We have discussed at the beginning that though the introduction of a liquid phase
brings considerable engineering complexities in gas-liquid-solid (three phase) catalytic

systems, the liquid phase provides a better heat removal efficiency and good control over

28



the selectivity to the desired product. There are only a few reports in the literature, where
the addition of an immiscible liquid phase (to form a gas-liquid-liquid-solid (four phase)
system) gives a better process performance. We can consider the revolutionary process for
benzene to cyclohexene developed by Asahi Chemicals, Japan that produces 60,000 TPA
of cyclohexene since 1990.%® Hydrogenation of benzene in a three-phase system using
lower alcohols as solvents was reported to produce cyclohexane along with trace amount of
cyclohexene (2 mol % of benzene).?’ In 1972, Drinkard from DuPont Company patented
the selective synthesis of cyclohexene from benzene (highest conv. 54%; sel.: 39%) for the
first time in a gas-liquid-liquid-solid system with water and benzene as the two immiscible
liquid phases and Ru as the catalyst.®® The catalytic system required large quantity of alkali
and additives like carbonyl compounds of chromium or other metals, which reduced the
conversion of benzene and caused severe corrosion problem. The system was further
developed by supporting Ru on rare earth oxides and oxides of Zn or Al as a catalyst and
performing the reaction in a four phase system (conversion. 48.5%; sel.: 74.5%).5%

Benzene to cyclohexene is the most studied reaction system in gas-liquid-liquid-
solid system.®® Ru catalyst (on suitable support) dispersed in aqueous phase was used in all
the cases strategically. Ru is known as a good catalyst for hydrogenation of aromatic
unsaturated double bonds but not so effective for olefinic double bonds. Therefore, benzene
looses its aromaticity in presence of Ru but the reaction slows down for hydrogenation of
cyclohexene to cyclohexane. The supports and additives in these reactions are also very
important to control the selectivity. Again, the low solubility of hydrogen in water reduces
the rate of surface reaction. Hence, concentration of cyclohexene becomes high in aqueous
phase and due to its low solubility in water, is transported rapidly to the organic (benzene)
phase.

Synthesis of p-amino phenol, an intermediate for paracetamol (an analgesic drug),
from nitrobenzene in a gas-liquid-liquid-solid system is another important example where
two immiscible liquid phases are used.® For this reaction, Pt/C is most commonly used
catalyst in the presence of a mineral acid (H,SO,) in a four-phase system. Due to the
adhesion property of Pt/C, the catalyst remains in organic phase and initiates hydrogenation
of nitrobenzene to the intermediate phenylhydroxylamine, which rearranges to p-
aminophenol in the presence of acid by Bamberger rearrangement. The rearrangement
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reaction is proposed to take place at the water-organic interface as shown in Scheme 1.11.
The products p-aminophenol and aniline remain in the aqueous phase and easily separated

from the catalyst.

_ 4-PhNH, *(OH)

H* . H*
NH. .

2 A 4-PhNH,(OH) RANH,

S N\

H* 2N

Pt/C, H, N PhNHOH
NO, NHOH N PhNH,

PUC, H,SO, Sel. 82-88%
323.353K, NH
Pyt 2.7-4.7 MPa 2
H+

OH
Sel. 18-12%

Scheme 1.11. Synthesis pf p-amino phenol in a gas-liquid-liquid-solid system

Satagopan and Chandalia® reported the selective hydrogenation of o, -unsaturated
aldehydes (UAD, e.g. cinnamaldehyde) in a g-I-I-s system. The reaction scheme is shown
in Scheme 1.12. Toluene containing UAD was the organic phase and alkaline (KOH or
NaOH) aqueous solution was used as second immiscible liquid phase. The authors showed
that Pd/C catalyst selectively hydrogenated the C=C bond to produce
hydrocinnamaldehyde (conv. 100%, sel. to SAD: ~95% and SAC: ~5%). On the other
hand, Pt/C catalyst gave high selectivity to UAC (cinnamyl alcohol, ~90%).

(0]
s
@]
2 OH

Saturated aldehyde

\ SAD OH

d aldehyd 7 /
UnsaturLjiEDa enyae Saturated alcohol

SAC

Unsaturated alcohol
UAC

Scheme 1.12. Selective hydrogenation of a,B-unsaturated aldehyde in a gas-liquid-liquid-
solid system
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Yamada et al.*® further studied the effects of base and water for this reaction using
both Pd and Pt on carbon catalysts. The selectivity of SAD decreased to 20% (SAC: 80%)
when the reaction was carried out in a four-phase system without a base for Pd/C catalyst.
On the other hand, in the absence of an aqueous phase, the selectivity to SAD (~92%) was
not affected for the three phase system (KOH impregnated Pd/C used as a catalyst), but the
reaction rate decreased to 0.23 times with respect to the four phase one. The selectivity
profile for Pt catalyzed reaction is highly influenced by the aqueous phase. The three phase
reaction (KOH impregnated Pt/C used as catalyst) showed zero selectivity to UAC where
as the four-phase reaction gave 90% selectivity. Thus, the control over reaction rate and
selectivity for hydrogenation of a,B-unsaturated aldehydes is possible by performing the
reaction in a gas-liquid-liquid-solid system.

Protecting groups are used to mask special functional groups in organic compounds
to avoid undesired reactions and removed later to obtain the final product. For example,
phenylalanine is frequently protected to carbobenzoxy phenylalanine and the protecting
group was removed by hydrogenolysis in a gas-liquid-liquid-solid system over Pd/C
catalyst as shown below (Scheme 1.13).%

w

N - NH

> Pd/C (solid 2

o) (solid) +© + CO,
COOH H2 (gas) COOH

Carbobenzoxy phenylalanine

henylalanine Toluene  (gas phase)
(organic phase) pheny

(aqueous phase) (organic phase)
Scheme 1.13. Hydrogenolysis of carbobenzoxy phenylalanine in a gas-liquid-liquid-solid

system

Hydrogenolysis of carbobenzoxy phenylalanine dissolved in 1,2-dichloroethane
over Pd/C catalyst took place in the organic phase and the product transferred to the
aqueous phase due to its dominant hydrophilic nature. It was observed that the reaction did
not proceed without the aqueous phase. This reflects that the reaction is highly influenced
by product inhibition. Water reduced the product concentration drastically in the reacting
(organic) phase and hence higher reaction rate was obtained.

Carbonylation of allyl chloride is an important example of a four-phase catalytic
reaction wherein the reaction occurred on the catalyst surface at the liquid-liquid
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interface.*® In this reaction, CO was the gas phase, allyl chloride and phosphine dissolved
in toluene constituted the organic phase and aqueous NaOH was the second immiscible
liquid phase. Metallic Pd catalyst was present as the solid phase. It was observed that, the
reaction had almost negligible activity if it was carried out as a three-phase system. On the
contrary, the activity was ~100 times higher in a wide range of four-phase conditions with
organic to aqueous phase holdup in a range of 0.1-0.6. The catalyst present at the interface
accessed the organic phase reactants and promoters present in both the phases. The organic
acid produced by the reaction formed salts with the base and transferred to the aqueous
phase. Therefore, volume of aqueous phase increased during the course of a reaction and
hence affected the interfacial area. This effect could be pronounced when the reaction took
place at very low or high organic phase holdups.

It is clear from the above examples that each one of these have different
characteristics though they are conducted in a gas-liquid-liquid-solid (four-phase) system.
For example, in selective hydrogenation of benzene to cyclohexene, cyclohexene formed in
the aqueous phase, came back to the organic phase. But, in a few cases the product did not
reside in the same phase where the reactant was present (e.g., hydrogenolysis example),
which caused the swelling of the other phase. As a result, hold up and interfacial area
varied with conversion level. Secondly, it is very important to ensure the phase in which
reaction occurs because the solubility of the reactants, products and promoters would not
be the same in all the phases. For example, in selective synthesis of cyclohexene, the
catalyst remained in the aqueous phase and high selectivity is achievable due to poor
solubility of cyclohexene in the aqueous medium. If the catalyst is present in the organic
phase, high selectivity to cyclohexene might be difficult to achieve due to longer residence
time on the catalyst surface. In summery, the overall rate, selectivity and reactor
performance for a gas-liquid-liquid-solid system requires consideration of the reaction
engineering issues like: (i) dispersion of catalyst and promoters, (ii) dispersion
characteristics of two immiscible liquid phases, (iii) identification of reactions occurring in
each phase, interfacial reactions and kinetics and (iv) gas-liquid, liquid-liquid and liquid-

solid mass transfer.
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1.4. CATALYSIS BY METAL NANOPARTICLES

An industrial process always looks for catalysts with high activity and selectivity.
The former can be achieved by using high surface area solids in which an active catalyst is
dispersed in the form of very small particles. These highly dispersed particles having
dimensions of 1 to 20 nm are commonly termed as ‘nanoparticles’. The impact of
nanomaterials in catalysis is evidenced by large number of publications on this subject®
and can be illustrated by the example of a catalyst for automotive exhaust used in cars. The
catalytic converter has a honeycomb structure, the walls of which are coated with porous

alumina as shown in Figure 1.4.%

Purified
exhaust gasj

ceramic monalith washcoat mesoporic washcoat particles

Figure 1.4. Automotive converters: an application of metal nanoparticles

Metal nanoparticles like Pt, Rh and metal oxides like ceria (CeQO,), zirconia (ZrO,),
lanthana (La;O3) and baria (BaO) are impregnated on alumina supports to prepare the
catalysts for automotive exhaust applications. Pt catalyses oxidation of hydrocarbons and
CO, Rh reduces NOy, ceria in combination with zirconia acts as an oxygen storage
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component and lanthana stabilizes the alumina against loss of surface area. Baria is used
occasionally to trap SOs, which is known to deactivate the catalyst. Therefore, it is evident
that the finely dispersed metal and metal oxides are highly active as catalysts at their nano-
size range.

The reasons why nanosize materials show high catalytic activity, can be explained
as follows: %

e High surface-to-volume ratio compared to bulk materials. A nanoparticle of 10 nm
diameter has ~10% atoms on the surface, while a 1 nm particle has ~100%.

e Different shapes and fraction of atoms located on corners or edges enhance catalytic
activity. Metal atoms at the edges and corners have a smaller coordination number than
those on the planar faces. These low-coordination sites are higher in energy and hence
show high activity. The activity of low-coordination defect sites can be so large that in
spite of their very low concentrations, their presence determines the catalytic activity of

a material to a very large extent.”’

1.4.1. Synthesis and Stabilization of Metal Nanoparticles

Synthesis of metal nanoparticles can be done by (i) physical and (ii) chemical
methods. In the physical method, metallic aggregates are subdivided mechanically to
produce nanoparticles. But this method produces relatively larger particles (>10 nm) with
very broad particle size distribution. This method has a drawback of reproducibility in
synthesis, which leads to inconsistent catalytic activity.”

Chemical methods like reduction of metal salts are used most commonly due to its
simplicity, reproducibility and control over narrow particle size distribution. A number of
reducing agents like alcohols, hydrogen or hydrides are reported in the literature and the

1.°® and Burda et al.*®

details are reviewed by Roucoux et a A summary of commonly used
reduction methods are shown in Table 1.8.

Unfortunately, the bare metallic nanoparticles are unstable and agglomerate to form
larger particles and eventually bulk materials due to its thermodynamic stability. Then it
looses its characteristics like high surface-to-volume ratio and the unique chemical and

physical properties associated with it. Therefore, stabilizers are used to restrict the close
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proximity of metal nanoparticles and aggregation. Two methods of stabilizations as
reported by Aiken and Finke are described below.'®

Electrostatic stabilization: Adsorption of ionic compounds (in aqueous phase) such
as halides, carboxylates or polyoxoanions on electrophilic metal surface generates an
electrical double layer around the metal surface. Therefore, a Coulombic electrostatic
repulsion is generated between the metal particles, which prevents aggregation (Figure
1.5a).

Table 1.8. Commonly used reducing agents in synthesis of colloidal metal nanoparticles

El;' Reducing agent Remarks Ref.
Alcohols having a-hydrogen (eg. MeOH, EtOH), acts as
1 Alcohols reducing agent in reflux conditions. 102
Alcohol oxidizes to corresponding carbonyl compound.
2 Hydrogen Aqueous solutions of chloride salts are used oftenly. 103
3 Hydrides Borohydrides (g.g., I_\IaBH4 or KBHy,) are used to produce 104
metal nanoparticles in aqueous phase.
4 Hydrazine Hydrazine can be used in all its forms like hydrochlorides or 105
sulfates.
Used for synthesis of hydrophobic metal nanoparticles from
5 4-Hexadecyl water-soluble metal precursors. 106
aniline 4-Hexadecyl aniline acts as a phase transfer agent, reducing
agent as well as stabilizing agent.
Act as a reducing agent as well as ionic stabilizer.
6 Sodium citrate Forms intermediate acetone dicarboxylic acid, which causes 107
ill-defined colloids.
7 Photo chemical Reduction by radiolytically produced reducing agents or 108
reduction degradation of organometallic complex by radiolysis
Sonochemical Occ_urg in three steps: () gen_eration of H and OH' into
8 reduction cavitation bubble; (ii) reduction of metal precursor at the 109
bubble-solution interface and (iii) growth of colloids.
Anode acts as the metal source, oxidized in presence of
9 Electrochemical  quaternary ammonium salt (which act as electrolyte as well 110

reduction

as stabilizing agent) and the ions reduced at the cathode to
produce metal nanoparticles.

Steric stabilization: Stabilization of metal nanoparticles can also be achieved by

using macromolecules such as polymers or surfactants. The macromolecule forms a steric

layer, which prevents aggregation as shown in Figure 1.5b.
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Figure 1.5. (a) Electrostatic and (b) steric stabilization of metal nanoparticles

Other than these two types of stabilizations, combination of electronic as well as

steric stabilization by polyoxoanions (P,W1sNbsOg,") and tetrabutyl ammonium halides

(BusN™),*** stabilization by ligands (amines, thiols etc) are also reported in the literature.

Solvent molecules are reported in a few cases to act as the stabilizer of metal

nanoparticles,"*** but are not well accepted. It is believed that halide anions from the

precursors remain on the metal surface to give electronic stabilization in those cases.'™* A

brief summary of stabilizing agents is shown in Table 1.9.

Table 1.9. Commonly used stabilizers in synthesis of colloidal metal nanoparticles

3;_ Stabilizer Remarks Ref.
The first nanoscale metals stabilized by surfactants were
1 Surfactants reported in 1976 by Lisichkin et al. and 1979 by Kiwi and 113
Grétzel.
Dendrimers are fairly uniform in composition and structure, and
yield well-defined nanoparticles. Nanoparticles are confined
by steric effect; therefore metal surface is mostly unpassivated
2 Dendrimers and available. 114
The dendrimer branches can be used as selective gates to control
access of small molecules (substrates) to the encapsulated
(catalytic) nanoparticles.
Polymers 115
4 Amines Sometimes a}mines act a phase transfer agent, reducing agent as 116
well as capping agent.
5 Thiols Dispersible in organic as well as inorganic solvents. 117

Bisthiolate ligands are useful to link individual clusters.

1.4.2. Immobilization of Metal Nanoparticles

From the discussion above, it is evident that the area of synthesis, stabilization and

characterization of colloidal metal nanoparticles are well developed. These suspended
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nanoparticles showed very good activity as catalysts,"®**** but separation of these materials
from the reaction mixture is difficult. Therefore, syntheses of catalytically active,
reproducible and isolable metal nanocomposites are important to researchers in this

|.118

domain. Finke et a reported the ‘bottolable’, solid Ir and Rh nanoparticles, which can

be dispersed in various organic solvents to use as a catalyst and termed them as ‘soluble

119 showed the use of membrane reactors for

heterogeneous catalysts’. Reek and co-authors
recovery of transition metal nanocomposites supported on dendrimers. But these are not
satisfactory options for separable catalysis because of their limitation on applicability.
Immobilization of transition metal nanoparticles on some solid supports such as inorganic
oxides, zeolites or polymeric materials can be an interesting alternative, because the
catalyst can be filtered from the reaction mixture and recycled easily.

There are two major chemical ways for the preparation of supported metal nano
composites: (i) adsorption of nanoparticles on support, (ii) grafting of nanoparticles on
support. Fabrication of nanostructures on support by electron beam lithography technique
is also an important area explored by the solid-state researchers.'?® In this section chemical
synthesis of supported nanocomposites will be discussed with a few highlights to show the
spectrum of supports used for immobilization of nanomaterials.

(1 Adsorption of nanoparticles on support: Usually metal nanoparticles are
synthesized first in the liquid phase and then impregnated on the solid supports.

Bonnemann and co-workers®?

reported wide range of metal nanoparticles chemically
synthesized (hydrotriorganoborates as the reducing agent) and stabilized by tert-amonium
halides in tetrahydrofuran and supported on charcoal. Electrochemically synthesized
nanoparticles are also supported on charcoal and alumina (cortex catalyst) by Reetz and co-

.12 immobilized dendrimer stabilized Pt

workers*? in the same way. Lang et a
nanoparticles on silica support and thermally removed the support to achieve Pt/SiO,
catalyst. There are also many reports where metal precursor is adsorbed first on the solid
support and then reduced to nanosize particles.*** For example, Joo et al. and Lu et al.'®
obtained highly dispersed Pt and magnetically separable Pd nanoparticles on ordered
nanoporous carbon, synthesized using SBA-15 (Si/Al=20) as a template, by simple

incipient wetness followed by reduction using hydrogen. Kralik and co-authors*?® reviewed
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the polymers and resins as useful supports for synthesis of supported transition metal
nanoparticles.

(i)  Grafting of nanoparticles on support: Ohtaki et al.**” reported ultra fine Rh
and Pt particles prepared by alcohol reduction in the presence of a protective polymer and
were immobilized covalently onto a cross-linked polymer support. Methylacrylate residue
in the protective polymer formed an amide bond with the primary amino group in the
support as shown in Figure 1.6. Grafted nanoparticles remain unchanged after

immobilization and no leaching was observed under hydrogenation reaction conditions.

L. P'rodective bryer (Fobamer)
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Figure 1.6. Immobilization of metal nanoparticles through amide linkage

Chen et al.'® synthesized well-dispersed Pt, Ag colloids on polystyrene
nanospheres with surface-grafted poly-N-(isopropylacrylamide) by reduction of PtCls® or
AgNOs3 using ethanol. The approach was also applied successfully for Pt nanoparticles
using silica as a solid matrix.*?

Liu and co-workers**®® have reported a synthetic route for immobilization of Pt, Pd,
Rh and Ir on solid supports like polymers, alumina or magnesia. As an illustration,
triphenyl-phosphine (TPP) supported on polystyrene (PS) and poly N-vinyl-2-pyrrolidone
(PVP) stabilized Pt nanoparticles were dispersed in ethanol to get the PS supported Pt
nanoparticles. The stepwise mechanism is shown below (Figure 1.7):
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Figure 1.7. Immobilization of metal nanoparticles on solid supports

1.4.3. Catalysis by Immobilized Heterogeneous Metal Nanoparticles

Heterogeneous metal nanoparticles have been reported for a wide variety of
reactions such as in fuel cells, hydrogenation, oxidations and coupling reactions. Among
them fuel cells have the major industrial application of heterogeneous metal nanoparticles
and this topic is reviewed in several publications.** Applications of immobilized metal
nanoparticles in other reactions are summarized in Table 1.10 and discussed for
hydrogenation reactions in this section.

Schmid et al. reported Pd on TiO, and Al,O3 as powerful catalysts in various olefin
hydrogenation reactions. Diolefins like 1,3-cyclooctadiene or dicyclo-pentadiene could be
semi hydrogenated selectively. 1-Hexyne was transformed to 1-hexene with 98% yield. All
hydrogenation processes were heterogeneously catalyzed, as no case had been observed
where the filtered products showed catalytic activities. The activities of repeatedly used
catalyst samples were constant.

I 125b

Lu et a used Pd nanoparticles supported on Co-ordered mesoporous carbon

(Co-OMC) for hydrogenation reactions. The Co-OMC made the catalyst magnetically
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separable from the reaction mixture after completion of 1-octene hydrogenation. The
catalyst was stable enough and reported to be recycled efficiently two times.

Bénnemann et al. synthesized Pt, Pd and Rh nanoparticles on charcoal and studied
their catalytic activity for C=C hydrogenation reactions. The activity was compared with
commercial Degussa catalysts which was made by simple precipitation method and showed
that the ligand stabilized synthesis of metal nanoparticles produced better catalysts from
activity and stability perspective. Activity of the conventionally precipitated catalyst (Pd/C)
expires completely after the performance of 38x10° catalytic cycles per palladium atom,
whereas the colloidal Pd/C catalyst still showed a residual activity even after 96 x10°
catalytic turnovers.

Karlik and co workers have reviewed the polymers and resins as the potential
supports for immobilization of metal nanoparticles and highlighted their applications in
catalysis. Chen et al"* grafted the polystyrene surface with poly-(N-isopropyl acryl amide)
(PNIPAAmM) and immobilized Pt nanoparticles. This catalyst showed 5 times higher
catalytic activity for allyl alcohol hydrogenation in comparison to Pt/C catalyst prepared by
precipitation technique. Furthermore, the catalyst showed constant activities till seven
recycles whereas Pt/C catalyst became inactive after one reaction. The authors proved that
the bulky PNIPAAmM stabilizers prevent agglomeration and hence showed constant activity.

If Pt is supported on polystyrene beads, the activity reduced to 50% on its 5 recycle.
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Table 1.10. Catalysis by immobilized metal nanoparticles

Sr. Substrate Product Reaction
No. Catalyst (conv. %) (sel. %) conditions Remarks Ref.
Hydrogenation Reactions

1 PdonTiO; or 1-Hexyne 1-hexene -- Di-olefins could be semi hydrogenated 132

Al,O3 (98% yield) selectively.
Pd leaching was not observed.
The activities of repeatedly used catalyst
samples were constant.

2 1% Pd- 9% Co- 1-Octene n-Octane Hydrogen Co on ordered mesoporous carbon (Co-  125b
ordered bubbled OMC) made the catalyst magnetically
mesoporous carbon separable.

Recycled efficiently two times.
3 5%Pd/IC Cyclohexene Cyclohexane -- Activity: 566 (N ml/g min) 121a
Cinnamic acid Phenylpropionic Activity: 826 (N ml/g min)
acid Degussa E10R (Pd/C): 356 (Nml/g min)
5% Pt/C Crotonic acid Butanoic acid Activity: 415 (N ml/g min)
Degussa E10R (Pt/C): 254 (Nml/g min)

4  Pd-cortex catalyst  Cyclooctene Cyclooctane - Three times more active compared to 122
(5% Pd/Al,O3) 5% Pd/Al,O3 Aldrich catalyst.

5  Pt-(N-isopropyl Allylalcohol Propanol 1 bar, 298K, Activity (TOF, moly/molp; min) is 5 133
acrylamide)- water times higher than Pt/C catalyst.
polystyrene Recycled six times without loss of

activity.

6 Pdon heterocyclic  2-methyl-1,3- 2-methyl-2- Comparison with Pd/C catalyst: 134
polyamide resin pentadiene (35)  pentene (88) Conv.: 100, Sel.: 0.

Phenylacetylene  Styrene (100) 1 bar, 298K, Conv.: 100, Sel.: 0.

(100) methanol

2-Hexyne (70) Cis-2-hexene Conv.: 100, Sel.: 0.
(87)
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Sr.

Substrate

Product

Reaction

No. Catalyst (conv. %) (sel. %) conditions Remarks Ref.
7  Pton polystyrene Cinnamaldehyde Cinnamyl 4 Mpa, 333K PVP used to stabilize Pt nanoparticles 135
(Pt-PS) (79.7) alcohol (94.7); EtOH'I'-l 0_5'_ and removed after immobilization.
. M2U=9. .
hydrocinnam- 1 NaOH TOF: 233.3 molyz/(molp; h)
aldehyde (5.3) ' Stable and reusable
8 Very small parts of all catalysts were 136
oxygenated to stabilize.
Butyronitrile n-Pentyl amine 1 bar, 313K, Activity after 5 min of reaction
5% Rh (colloid) on 2000 rpm, (Nml/gm.min) for with & without TiO5:
charcoal EtOH 262 & 203
5% Rh (cluster) on
charcoal 230 & 167
5% Rh on charcoal
(commercial) 124 & 83
9 0-Chloro 0-Chloro aniline 303K, 0.1 TPP used as ligand to capture Pt-PVP 130
Pt-PS nitrobenzene (81.9) MPa and removed after formation of
Pt-Al,03 (100) (79.9) supported catalyst.
With  Pt-PVP sel.. 60.2 for o-
Citronellal Citronellol chloronitrobenzene at 100% conv.
Pt-PS (100) (81.2) 333K, 6 MPa, With Pt-PVP conv.: 70.6, sel.: 44.5 for
Pt-Al,0O3 (95.5) (92.8) EtOH : H,O = citronellal after 2 h.
5:1, 2h
Coupling Reactions (Heck and Suzuki Coupling)
1 Pd-SiO;Me lodobenzene Stilbene (86) NaOAc or Silica surface modified with various 137
(58) and styrene EtsN, 423K, chlorohydrosilanes (eg., methyl,
Pd-SiO,Ph lodobenzene Stilbene (83) N-methyl phenyl).
(80) and styrene phormamide,  Applied for various haloarenes and
5h vinylic compounds.

Leaching observed.
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Sr.

Substrate

Product

Reaction

No. Catalyst (conv. %) (sel. %) conditions Remarks Ref.
2 [Pd(0)]-NaY 4-bromofluoro-  cis- and trans- NaOAc, Yield: 90.3 and 86.1% at 373 and 413 K. 138
benzene (100) p-fluorobenzyl- DMAc, 373- TOF: 20 and 16 h™* at 373 and 413 K.
and styrene 2-benzyl ethene 413K, 20h Truly heterogeneous and recycled
efficiently.
3 LDH-Pd BusN, Layered double hydroxide supported Pd 139
[NBu4]Br (LDH-Pd) had superior activity over
Pd/C, Pd/SiO,, Pd/Al,O3 (yield: 76, 28,
p-chloroanisole  p-methoxy- Thermal 15, 22% respectively).
and styrene stilbene heating, 403K  Microwave irradiated reaction is the
(yield: 76%) 40h. highest reported TOF for Heck reaction
till date for activated and deactivated
p-chloroanisole  p-methoxy- Microwave chloroarenes.
and styrene stilbene irradiation, Truly heterogeneous catalyst. Recycled
(yield: 80) 1h 5 times with almost constant activity.
4  LDH-Pd p-Chloroanisole  p-Methoxy KF in 14- Recycled 5 times without loss in 139
and phenyl- biphenyl (yield: dioxane/H,O  activity.
boronic acid 90%) (5:1), 373K,
8h LDH-Pd is active for Sonogashira and
Chlorobenzene  Biphenyl (yield: Still coupling reactions also without
and phenyl- 93%) deactivation in prolong use.
boronic acid
5 4.2% Pd-PVP onC Phenyl benzoic Biphenyl Phenylboronic  Activity reduced to 69% in 2™ recycle 140
acid and acid, NaOAc, and retained constant till 5™ run.
iodobenzene acetonitrile: Colloidal Pd-PVP showed better activity
H,0=3:1, 373 (~2 times) in fresh run, but reduced to
K, 12h 37% in 2" recycle and further slowly

reduced to 16% in 5" recycle
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Sr. Substrate Product Reaction
No. Catalyst (conv. %) (sel. %) conditions Remarks Ref.
Oxidation Reactions:

1 Glycerol Glyceric acid 3 bar, 333K, At 1 bar, Pt and Pd catalysts were less 141
5% Pt/C 63.1 73.7 H.O, NaOH selective to glyceric acid and Au was
5% Pt/graphite 58.6 65.7 totally inactive.

5% Pd/C 57.2 67 Proposed that NaOH aids the initial

5% Pd/graphite 53 50 dehydrogenation via H-abstraction of

1% Aul/activated C 56 100 one of the primary OH groups of

1% au/graphite 91 92 glycerol and, in this way, the rate-
limiting step in the oxidation process
was overcame.

2 Glucose 8-glucono- O, bubbled, Particle size seems to be a major factor 142
Au/C (X40S, high 100 (2h) lactone pH: 9.5 to influence the reactivity of the
surface area C) (NaOH), catalysts.

Au/C (XC72R, 100 (1.5h) 323K The trends in activity are not explained.
high surface area
C)
Ethylene glycol  Glycolic acid NaOH, 303
Au/C (X40S) 52 94 kPa, 343K, 30
AU/C (XC72R) 22 94 min
3 1% Au/C Ethylene glycol  Glycolate (98)  Ag. Medium, Au/C is compared with 5% Pd/C and 143
alkali, 3 atm., Pt/C (Sel. and TOF, h™: 98, 77, 71 and
343 K 1000, 500, 475 respectively).
2-amino- 2-amino-
propanol propanoate Ag. Medium, 5% Pd/C and Pt/C are inactive at these
1% Au/C 65 alkali, 3 atm., conditions.
1% Au/Al,04 100 343 K, 2h Au on C, Al,0O; and SiO, synthesized

and applied for selective oxidation of
various diols, aminoalcohols and
oxidation of aldehydes and glucose.
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Michalska et al. reported synthesis of Pd nanoparticles on heterocyclic (pyridine)
polyamide resins by ligand exchange method using PdCl,(PhCN),. The resin functional
groups (i.e. N- and O-) acted as coordination sites for the palladium and mixed valence
state species are formed, giving a selective palladium catalyst. The catalyst showed high
selectivity towards partial hydrogenation of alkadienes and alkynes. Evaluation of the
stability of the supported palladium catalyst was tested in eleven successive runs involving
4300 catalytic cycles and neither loss of activity nor selectivity was reported.

Yu et al. synthesized Pt nanoparticles on polystyrene beads (PS) with or without
stabilizers (PVP) and showed that Pt-PS catalyst was relatively more active and selective in
gas-liquid-liquid-solid ~ four-phase hydrogenation of cinnamaldehyde (CAL) to
cinnamylalcohol (COL) than Pt-PS-PVP (TOF: 233.3 & 204.3 h™; conv: 79.7 & 69.9%:; sel
(COL): 94.7 & 92.1% respectively). PVP blocked the active Pt surfaces through which the
carbonyl moiety coordinated to the metal surface, resulting in lower activity and selectivity.
This was further evident when Pt-PS was compared with Pt-PVP (colloidal homogeneous
suspension) catalyst (TOF: 84.2 h™'; conv: 37.5%; sel (COL): 12%).

Bonnemann et al. reported the immobilization of Rh metal nanoparticles on
charcoal in the form of clusters as well as colloids for hydrogenation of butyronitrile.
Strong metal-support interaction and hence better activity was observed when the support
surface was modified with TiO,. The catalyst was compared with commercial Rh on

charcoal catalysts and the nanoparticles showed better catalytic activity.

1.5. MULTIPHASE REACTORS

In most of the chemical process manufacturing operations, the reactor represents the
heart of the plant.*** The reactor type used for multiphase reactions generally depends on
reaction class and type of phases involved. Due to the presence of gas-liquid-solid (and one
more liquid phase occasionally) phases, the analysis and design of these reactors is
important to achieve effective mixing of fluid phases, heat and mass transfer to get the
desired performance of the process. These reactors are mainly classified into two classes:
(i) slurry reactors and (ii) fixed bed reactors. Ramachandran and Chaudhari, Satterfield,

Shah, Chaudhari and Ramachandran, Doraiswamy and Sharma, reviewed the design and
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analysis of the different types of slurry and fixed bed reactors.!*® In this section, a brief
review of these two types of reactors is presented.

1.5.1. Slurry Reactors

In these reactors, catalysts are suspended in the form of fine particles. Depending on
the mode by which the catalysts are suspended, these reactors are classified into four major
classes as shown below:

Slurry Reactors

Mechanically Agitated Bubble Column Fluidized-bed Loop Recycle
Slurry Reactors Reactors Reactors Reactors
Gas & liquid Liquid circulation through

Mechanical agitation Gas induced agitation . o )
g g induced agitation  a jet suspends the catalyst

1.5.1.1. Agitated Slurry Reactors

The agitated slurry reactors are most commonly used in industrial scale liquid phase
hydrogenation, alkylation, oxidation reactions. The catalyst particles, which are commonly
used in the powder form, are suspended by means of mechanical agitation. Due to the
smaller particle size, intraparticle diffusion effects are negligible in these reactors. These
reactors are preferred for mass transfer limited and highly exothermic reactions.

A mechanically agitated reactor is shown in Figure 1.8 (a). Small volume specialty
chemicals are often synthesized in batch slurry reactors. A dead-end operation without
discharging hydrogen is very common due to its safe operation. Agitated slurry reactors
can also be operated in a semi batch mode where, the gas phase flows continuously through
the system without any inflow or out flow of liquid phase. Semibatch slurry reactors are
commonly used to evaluate catalyst performance and to determine the reaction kinetics of a
particular reaction. A few studies on semibatch slurry reactor modeling of hydrogenation
reactions are summarized in Table 1.11 and some examples are discussed here.

Jaganathan et al. reported the intrinsic kinetics of hydrogenation of p-nitrocumene
to p-cumidine over supported Pd catalysts in a mechanically agitated slurry reactor.
Intraparticle diffusion effects were studied using pelleted catalysts and equations for overall

effectiveness factor were derived for Langmuir-Hinshelwood type kinetics. To verify the
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applicability of the kinetic model experimentally, a semibatch slurry reactor model was
developed for both isothermal and non-isothermal conditions.
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Rajashekharam et al. studied the kinetics of hydrogenation of 2,4-dinitrotoluene
(2,4-DNT) in a semibatch slurry reactor using a 5% Pd/Al,O3 catalyst at 323-363 K. A
fundamental approach based on a molecular level description of the catalytic cycle was
used to derive the rate models. It was found that the intraparticle diffusional effects were
important for particle sizes (dp) > 3x10™ m, but the external mass-transfer (g-1 and I-s)
effects were unimportant. For the complex rate equation observed, an approximate
expression for the overall effectiveness factor was derived and the experimental data for
different particle sizes were found to agree with the predictions of the model incorporating
intraparticle diffusion effects. A mathematical model to predict the temperature and
concentration profiles in a semibatch reactor under non-isothermal conditions had also been
proposed.

Topinen et al. reported the kinetics and semibatch slurry reactor modeling for
hydrogenation of benzene and three mono-substituted alkyl benzenes in a three-phase
system. The analysis of the experimental data with a reaction-diffusion model revealed that

the kinetics was influenced by pore diffusion. Rate equations based on a sequential
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addition mechanism of adsorbed hydrogen to the aromatic nucleus was derived, and the
kinetic parameters were estimated from the reaction-diffusion model with nonlinear
regression analysis.

Rode et al had investigated the Kkinetics of catalytic hydrogenation of nitrobenzene
to p-aminophenol in acidic medium in a batch slurry reactor at 323-353 K using a Pt/C
catalyst. Based on the initial rate data in the kinetic regime and considering that the
reaction was taking place in both organic as well as aqueous phases, a Langmuir-
Hinshelwood type of rate equation was proposed. Since this was a four-phase system, the
rate equation was suitably modified to include gas-liquid and liquid-liquid mass transfer
steps.

1.5.1.2. Bubble Column Reactors

In this type of a reactor, gas passes through the liquid pool containing the fine
catalyst particles and suspends it by the gas-induced agitation (Figure 1.8b). As very small
catalyst particles are used, intraparticle diffusion limitations are negligible and maximum
catalyst utilization is possible. Due to the high liquid hold-up, bubble column reactors are
very much efficient in heat transfer also. Power requirement for operation is the lowest
among the slurry reactors. Considerable back mixing and hence poor reactor performance
are the major disadvantage of this reactor.

1.5.1.3. Fluidized-bed Reactors

In this reactor, gas bubble and liquid phase moves upward and induces catalyst
suspension. Relatively larger catalyst particles are used in this reactor and the liquid flow is
mainly responsible for the suspension. As there are no moving parts, similar to bubble
column reactors, these reactors are also easy to design mechanically. Non-uniform catalyst
distribution and hence poor reactor performance is a major disadvantage of fluidized-bed

reactors.
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Table 1.11. Reactor modeling studies in semi batch slurry reactors

Sr. No. Reaction system Catalyst Conditions Remarks Ref.
1 p-nitrocumene to 1% Pd/Al,O; 0.5-2.2 MPa, Methodology for development of slurry reactor 146
p-cumidine 313-353 K model to predict isothermal and non-isothermal
performances
Kinetic model combined with mass transfer
resistances
2 2,4-dinitrotoluene 5% Pd/ Al,O3 0.34-2.75MPa, Molecular level approach to kinetic modeling and 147
to 2,4-toluene- 323-363 K non-isothermal effects
diamine
3 1,5,9- Pd/ Al,O3 0.3-1.2 MPa Kinetic model was developed considering all the 148
cyclododecatriene parallel isomerization and consecutive reactions
to cyclododecene
4 Phenylacetylene  0.1% Pd/C 2-7.5 MPa, L-H model developed under strong substrate 149
to ethyl benzene 288-318K inhibition conditions
5 Isooctenes to 0.3% Pt/Al,O; 10-40 bar, Hydrogenation Kkinetics was combined with 150
isooctane 353-413 K catalyst deactivation kinetics
6 Cinnamaldehyde  1-4% Ru/ Al,O3;  283-333 K A L-H rate equation considering two-site model 151
was used to describe the kinetic experiments.
Effect of Sn promoter on kinetic parameters were
evaluated
7 Benzene to 16.6% Ni/Al,0;  20-40 bar, Kinetics and reactor modeling in presence of 152
cyclohexane 368-398 K significant pore diffusion was proposed.
8 Lactic acid to 5% Ru/C 6.8-13.6 MPa, Through mass transfer analysis showed that there 153
propylene glycol 403-423 K, was no transport limitations in the operating
Aqueous phase conditions.
9 Nitrobenzene to 3% Pt/C 0.5-7 MPa, Langmuir-Hinshelwood type model was proposed 90b
p-aminophenol 323-353 K, considering the reaction took place in both
g-1-1-s system organic as well as aqueous phase.
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1.5.1.4. Loop Recycle Reactors

In this reactor, the catalyst particles are suspended by means of liquid circulation
through a jet using circulation pump or gas lift device (Figure 1.8c). Simple design, high
heat and mass transfer efficiency are the advantages of this reactor. Unlike the other slurry

reactors, loop recycle reactors are operated only in a batch mode.

1.5.2. Fixed Bed Reactors

In a fixed bed reactor, the catalyst particles (average diameter range from 1/32 to
1/8 inches) are in a stationary phase and the gas-liquid mixture flows over the catalyst bed.
Depending upon the mode of operation, these reactors can be classified into two classes,
viz., (a) Trickle bed reactor which uses either co-current down flow or countercurrent flow
of gas and liquid and (b) Packed bubble column reactor where cocurrent up flow of gas and

liquid phases is used as shown in Figure 1.9.

Gas inlet Gas outlet H Gas outlet

— 1
—— Liquid inlet
Liquid inlet — .
REOEOEYAYS Liquid outlet
Gas outlet Gas inlet Gas inlet
H Liquid outlet H Liquid inlet
O Catalyst ===
(a) Trickle bed reactor (b) Counter current reactor (c) Up-flow reactor

Figure 1.9. Schematics of Different types of Fixed Bed Reactors
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1.6. SCOPE OF THE PRESENT WORK

It is evident from the literature review presented here that even though extensive
work on theoretical development of reaction rate/reactor performance models has been
carried out, the experimental validation of models were limited. Particularly, the focus to
analyze multistep, complex multiphase reactions has been inadequate. Considering the
increasing importance of catalysis in complex catalytic reactions for fine chemicals,
pharmaceuticals and specialty products, there is a need to investigate case studies on
catalysis and reaction engineering aspects. At the same time, it is also important to explore
new types of catalysts and catalytic systems, which can provide better activity, selectivity
to the desired products. Considering the importance of catalysis and reaction engineering
studies in hydrogenation reactions with complex reaction pathways, the following specific
problems were chosen for the present work:

% Kinetics and modelling of a semi-batch slurry reactor under isothermal conditions
and experimental and theoretical investigations on performance of a trickle bed
reactor under non-isothermal conditions for reductive alkylation of aniline with
acetone using Pd/Al,Oj3 catalyst

¢ Analysis of a gas-liquid-liquid-solid catalytic system considering hydrogenation of
aniline using Ru/Al,O3 catalyst as a model reaction

« Synthesis of immobilized Pt and Pd metal nanoparticles and its catalytic

applications for hydrogenation and Heck coupling reactions
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Chapter 2

Reductive Alkylation of Aniline with
Acetone Using Pd/Al,O; Catalyst: Kinetics
and Modeling of Trickle Bed Reactor



2.1. INTRODUCTION

Synthesis of secondary or tertiary amine compounds by reductive alkylation of
aromatic amines is an important class of reaction, as the products are used in dyestuff
industries as intermediates®, in rubber and petroleum industries as antioxidants?, as
intermediates in agrochemicals etc. It is a unique example of a tandem one-pot synthesis
with a reversible condensation reaction in liquid phase followed by catalytic hydrogenation
using solid catalysts. Because of the homogeneous-heterogeneous combination, this is an
important class of reaction from academic point of view also. The reaction starts through a
condensation reaction between an amine compound or its precursor and a carbonyl
compound or alcohol to form an imine compound (Shiff’s base)®, which is hydrogenated in
the presence of a metallic catalyst to N-alkylated products.* Depending upon the substrates,
reaction conditions and the solid catalyst and promoter used, various other products also
may form. For example, in reductive alkylation of aniline and acetone, hydrogenation of
acetone to iso-propanol may be important when Pt, Rh or Ru catalysts are used, but it is
negligible for a Pd catalyzed reaction. On the other hand, C-alkylation may occur when
acids are used as promoters.® The possible product distribution for reductive alkylation of
aniline and acetone is presented in Scheme 2.1. The equilibrium-controlled formation of
the Shiff’s base [SB] is believed to be the slowest step in the consecutive reaction
sequence. Hence, continuous removal of water from the reaction mixture by azeotropic
distillation or using molecular sieves can shift the equilibrium and enhance the overall rate
of reductive alkylation. Hydrogenation of [SB] also shifts the equilibrium reaction towards
the right hand side. Organic or inorganic acids and bases are also reported to accelerate the
formation of [SB]° and hence the reductive alkylation products.
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Scheme 2.1. Reaction scheme for reductive alkylation of aniline with acetone

Reductive alkylation of nitro or amine compounds has been investigated previously
using a wide range of alkylating agents and catalysts. Alcohols’ were used in some cases as
the alkylating agents, which first dehydrogenated to the corresponding carbonyl compound
and initiated the condensation reaction with the amine functionality®. Among the carbonyl
compounds, aldehydes and ketones differ from each other from the activity and product
distribution point of view. For Aldehydes, N, N-dialkylated products are reported in most
of the cases.® Lehtonen et al.® discussed the probable product distribution for reductive
alkylation with carbonyl compounds and developed a semi batch slurry reactor model for
aniline and short chain aldehydes in presence of Pt/C catalyst. The system was also
modeled considering mass transfer limitations at the gas-liquid interface. Salmi et al.** used
this kinetic data for verification of the performance of a loop reactor.

In contrary to aldehydes, with ketones as the alkylating agents, N-mono alkylated
compounds were the major products® *? due to the relatively higher molecular size and less
reactivity of the ketones. Greenfield*® studied reductive alkylation of aromatic amines with

aldehydes and ketones using different transition metals as catalysts for the selectivity
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improvement of N-alkylated products and reported that palladium was a better catalyst than
platinum, rhodium or ruthenium at lower temperatures. Ring hydrogenation and
hydrogenation of the carbonyl compounds to corresponding alcohols were relatively higher
for these three metal catalysts. But selective synthesis of the N-alkylated products was the
major focus in the above reports. A summary of previous work on this subject is presented
in Table 2.1. While, numerous reports on catalyst performance evaluation have appeared in
the previous literature, no attempts have been made to study the kinetics of reductive
alkylation of amines using ketones as alkylation agents for any of the catalysts.

In this chapter, a study of intrinsic kinetics of reductive alkylation of aniline with
acetone using 3% Pd/Al,O3 as a catalyst in a batch slurry reactor is reported. The overall
reaction involves a combination of a non-catalytic reaction followed by two catalytic
hydrogenation steps, where the selectivity of the intermediate N-IPA (N-isopropylaniline)
is an important issue. The effect of aniline concentration, partial pressure of hydrogen and
catalyst concentration on the concentration-time profiles were studied. Rate equations have
been proposed for the non-catalytic as well as catalytic reaction steps using a model

discrimination approach and the rate parameters were estimated.

2.2. EXPERIMENTAL SECTION
2.2.1. Chemicals

Aniline and acetone were procured from E-Merck, India and used without any
further treatment. A 3% Pd/Al,O3 catalyst was purchased from M/s Aldrich Chemicals,
USA. The catalyst was spherical with average diameter of 3x10® m. For kinetic studies in a
batch slurry reactor, the catalyst was crushed and sieved to obtain very fine powder. The
specifications of the powdered catalyst were as follows: palladium content: 3% (w/w);
support: Al,Os; particle size: 1x10®° m; particle density: 2x10% kg/m®; surface area:
1.75x10° m?/kg.
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Table 2.1. Literature on reductive alkylation of aromatic amines

Substrates Catalyst Rea(_:t_lon Remarks Ref.
conditions
Aniline and Lht)rirg)?ol:lii\( Selectivity to N-alkylated product
623-723K increases with temperature while 7d
T e el C-alkylation selectivity decreases
basic zeolites y y
2-Methyl-6- Feed: MEA:
ethylaniline Pt-Sn/SiO, MOIP=0.5 . . ]
(MEA) and catalyst (3mI/h); Pro: 1 ge?gé/t?\r/sign(N-al(kl\;/lliga prodiGC.té)l: 8
methoxy-2- pretreated atm; H,: 4.7 76.2 ’
propanol with Ca?* ml/min.; 448K; e
(MOIP) micro reactor
Al A SSElS PHZZ_' N,N-dibutyl-2-butoxy-5-tert-
e - Pd/C Sl octylaniline is the major product 9a
nitrobenzene and solvent: EtOH,; y 0 Jor p
butanal 5h B
3-Aminobenzoic 323K; Pyy: . . . .
acid and Pd/C 5kg/cm?’; solvent: ?r;dlme_thylamdmot b;5r125(())/|c acid Is gy,
aqueous HCHO MeOH; 1h e major product (35.5%)
Aromatic amines 303-348K; A three-phase semibatch re_act<_)r
and aldehydes 3-5% Pt/C Puo: 15 bar; model proposed and Kkinetic 10
solvent: MeOH  parameters evaluated.
Aromatic amines 303-348K; A loop slurry reactor model
and aldehydes 3-5% PUC Prz: 15 bar; proposed 11
solvent: MeOH '
63% Ni on
kieselguhr; Yield of N-alkylated products
4-H,NC¢H,NHPh organic/inorg 438K P.1: 750- increased by addition of small
and anic acid,; 1000})0?1%8' Ah amount of an organic/inorganic  6¢
Me,CHCH,COMe  organic S- ’ acid and an organic S-containing
containing compound
compound
3 SWPUC; 2= 47psi;333-  Yield of 3,4-Me,CoH:NHCHER,
Me;CeHsNH, napthalene 338K:0.75h increased using acid promoters 6a
and Et,CO sulfonic acid T '
NH(CsH4NO,), . . NH(CsHsNHR), is the only
and methyl Pt/C 3513(;38k3|/<c’n|?5|2' product formed (R = 2
isobutylketone g CHMeCH,CHMe,).
Yield of N-phenyl-o.-
Aniline and 3% P'FSX/C 398K; 500-800  methylbenzylamine: 94%.
(sulfided psig; 3.5h; Role of sulfide poisoning on side 12c
acetophenone R .
catalyst) solvent: aniline  reactions, solvent and temperature
effect were studied.
Pt, Pd, Rh, With Pd catalyst, conv. (aniline):
Ru (metal 400-600 psig, 100%; yield (N-IPA): 67%; yield
Aniline and loading:5; temp.: 378-413K; (N-IPC): 14%. 13
acetone support: stirred autoclave With Pt Rh, Ru ring
Carbon for (1-gal. capacity) hydrogenation and acetone
all cases) hydrogenation significant
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2.2.2. Reactor Set-up

2.2.2.1. Slurry Reactor

Al the reductive alkylation batch reactions were carried out in a 3x10™* m* capacity
high pressure stirred autoclave supplied by Parr Instrument Company, Moline, USA. The
autoclave was equipped with a heating arrangement, overhead stirrer, thermo well, internal
cooling loop, pressure gauge as well as transducer, gas inlet, gas outlet, sampling valve and
a rupture disc. There was a separate controller for agitation speed and temperature. Water
circulation through the internal cooling loop equipped with automatic cut-off arrangement
controlled the temperature inside the reactor with an accuracy of +1° C. A schematic of the
slurry reactor set-up is shown in Figure 2.1. In a typical experiment, required amount of
aniline dissolved in acetone was charged into the reactor. Total volume of the liquid phase
was always kept to 1x10™ m>. A required amount of powered 3% Pd/Al,O; catalyst was
charged into the reactor bomb carefully and the vessel was closed. The reactor was purged
2-3 times with nitrogen and twice with hydrogen at room temperature. The reactor bomb
was heated to the desired temperature and after attaining the desired temperature; hydrogen
gas was introduced through the gas inlet valve to the desired pressure. Liquid sample was
collected as the initial sample and reaction started by putting the agitation to a set value. A
constant pressure regulator maintained the pressure inside the reactor and the consumption
of H, due to reaction was monitored from the pressure drop in the reservoir. Samples were
withdrawn at regular intervals and analyzed by gas chromatography. In each experiment,
concentration —time as well as H, consumption-time data were recorded. The reaction was
stopped after a certain time and the reactor contents cooled to room temperature. The range

of operating conditions studied in this work is given in Table 2.2.
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Figure 2.1. Schematic of a slurry reactor set-up

Table 2.2. Range of experimental conditions

Catalyst loading 2-8 kg/m®
Aniline concentration 0.5-2.0 kmol/m?®
Hydrogen partial pressure 1.4-8.3, MPa
Agitation speed 11.6-18.3 Hz
Temperature 378-408 K
Volume of liquid 1x10* m®
Reaction time 3h

2.2.2.2. Fixed Bed Reactor

The experiments in continuous mode were carried out in a trickle bed reactor
procured from M/s. "Vinci Technologies ", France. The schematic of the reactor set-up is
shown in Figure 2.2. The reactor consists of a stainless steel tube of 0.53 m length and 1.9
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x 102 m inner diameter. The reactor was also provided with three thermocouples
[Chromel-Alumel, type K] to measure temperatures at three different points viz. along the
length of the reactor. A thermo well made of stainless steel of outer diameter 0.8 x 102 m
placed axially along the reactor length had the thermocouples in it. An electronically
controlled furnace split into three separate sections heated the reactor and the
corresponding wall temperatures could also be noted from the electronic display along with
that of the reactor bed temperature. The temperature of each of these furnaces could be
controlled independently. The gas flow rate was adjusted by mass flow controller of range
0-60 NI/h and could be read from the electronic display. The reactor pressure was adjusted
with the manual pressure controller and the pressure was indicated by the pressure gauge
fitted at the reactor inlet. For quick pressurization of the unit, the mass flow controller can
be bypassed by a manual valve. A storage tank with the liquid feed was kept on a weighing
balance with an accuracy of 0.5gm and from the weight drop observed from the weighing
balance the exact flow rate of liquid feed was calculated. The pump had a maximum
capacity of 2.5 x 10° m%hr. The outlet of the reactor was equipped with a condenser and a
high-pressure gas-liquid separator, and a liquid level indicator. The gas outlet line was
equipped with a backpressure controller, which maintained a constant pressure in the unit
by continuous pressure release. A wet gas flow meter measured the total gas outflow. The
liquid product from the gas liquid separator could be drained by means of a 'block and
bleed valve'. In each experiment, required amount of catalyst was charged in the reactor
and the sections above and below the catalyst bed were packed with inert packing
(carborundum). The lines of the reactor are flushed with the feed solution before the start of
any experiment. In the beginning, the reactor was flushed with nitrogen well and the wall
temperatures of the different zones were set to the desired limit. The liquid flow was started
after adjusting the required flow rate. Once the temperature of the wall was attained and the
temperature inside the reactor was stable, the reactor was pressurized after setting the gas
flow rate. Liquid samples were withdrawn from the exit at regular intervals of time and
were analysed by Gas Chromatography. The temperatures inside the reactor were
monitored at three positions inside the reactor. The catalyst was filled in such a way that
the first thermocouple was at the inlet of the catalyst bed, second one at the middle of the

catalyst bed and the third thermocouple at the exit of the catalyst bed. Following this
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procedure, experiments were carried out at different inlet conditions and steady state
performance of the reactor observed by analysis of reactants and products in the exit

streams.

g Thermocouples inside the reactor
Ho——f f %‘C

= | all thermocouples
No— TE2

TE

Outlet gas flow meter

S
_____ Liquid feed |:|:I Liquid collector
oooI - l N I_|>_<
\% 1

Weighing balance

Figure 2.2. Schematic of the fixed bed reactor

2.2.3. Analysis

The liquid samples were analyzed by gas chromatography (GC) technique (HP
6890 instrument) using a HP-5 capillary column (5% phenyl methyl siloxane as the
stationary phase, 30 m x 320 um x 0.25 um). The conditions of GC analysis were: injector
temperature: 523K; column temperature: 313 K for 3 min - @ 20 K min™ up to 453 K -
hold 3 min - @ 10 K min™ up to 513 K - hold 2 min; FID temperature: 523K. Helium and
air were used as the carrier gas and makeup gas respectively. A few samples were
characterized using GC-MS (Shimadzu QP 2000A) for identification of products.

The metal content in the catalysts was determined using a Perkin Elmer Plasma
1000 ICP-OES spectrometer. Surface area of the powered catalyst was measured using a
CHEMBET-3000, Quantachrome instrument at 30% nitrogen.
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2.3. RESULTS AND DISCUSSION

2.3.1 Preliminary Experiments
2.3.1.1. Catalyst Selection

To select a suitable catalyst for selective synthesis of N-isopropyl aniline (N-IPA)
by reductive alkylation of aniline and acetone, we screened Pd, Pt, Ru and Rh catalysts
supported on alumina. The catalyst screening results were compared in terms of
conversion, selectivity and turnover frequency (TOF) and the results are shown in Table

2.3. The terms conversion, selectivity and TOF were defined as follows:

Amount of aniline consumed (kmol )

x100 (2.1)

Conversion (%)=
Total amount of aniline initially taken (kmol)

Amount of the particular product formed (kmol)

Selectivity (%)= 100 2.2
electivity (%) Total amount of aniline converted (kmol ) g (22)
TOF (h_l)z Amount of N —IPA formed (kmol) (2.3)

[Amount of metal in the catalyst (kmol)|x [reaction time (h)] '

The TOF is defined in terms of N-IPA because the primary aim of this catalyst
screening study was to find out a suitable catalyst for selective synthesis of N-IPA. Form
Table 2.3, it is envisaged that under identical conditions Pd and Pt gave the highest
selectivity to N-IPA. With Ru/Al,O3 and Rh/Al,O3, N-isopropyl cyclohexylamine (N-1PC)
and hydrogenation of acetone to iso-propanol (IPA) were the major products. On the other
hand, though the conversion of aniline and selectivity to N-IPA were good with Pt/Al,O;
catalyst, hydrogenation of acetone to iso-propanol (IPA) was significant. A comparison of
catalysts for reductive alkylation of aniline and acetone based on literature report is
presented in Table 2.4. As the reactor size, metal content, support and reaction temperature
are not same for the data presented in Table 2.3 and 2.4, the catalyst performance data
might be different but it is very much clear that the trends were quite similar. Therefore,
Pd/Al,O3 was chosen as the suitable catalyst for selective synthesis of N-1PA.

Few experiments were also carried out using 1, 3 and 5% (w/w) Pd/Al,O; catalysts.

The investigations revealed that the reaction rate was very slow with 1% Pd/Al,O3, while it
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was very fast for 5% Pd/Al,O3 catalyst. Hence, a 3% Pd/Al,O3 catalyst was used for further
study.

Table 2.3. Catalyst screening for reductive alkylation of aniline and acetone

Temp. Time Conv., % Selectivity, %
Catalyst . -
(K) (h) Aniline N-IPA N-1PC IPA
3% Pd/Al,O; 398 3 95 86 14 0
3% Pt/AlL,O3 398 3 98 89 10 26
3% Ru/Al,O; 398 3 72 41 51 48
3% Rh/AI,O; 398 3 66 49 42 56

Reaction conditions: aniline: 1.0 kmol/m®, catalyst: 4 kg/m®; Pr2: 4 MPa; Agitation:
16.66 Hz; reaction volume: 1x10* m® acetone is the solvent and one of the
reactants

IPA": iso-propanol, formed with respect to excess acetone used

Table 2.4. Comparison of transition metals for reductive alkylation of aniline and
acetone (Greenfield’s report)

Temp. Time Conv., % Selectivity, %

Catalyst . -

(K) (h) Aniline N-1PA N-1PC IPA
5% Pd/C 378 1 100 67 14 0
5% Pt/C 378 1 60 47 <2 33
5% Rh/C 378 10 100 0 81 >90
5% Ru/C 378 1.8 100 0 74 100
5% Pd/C 378 4.7 >99 50 20 0

Reaction conditions: aniline, 1 mol; acetone, 15 mole; catalyst, 6 g; Py2, 400-600
psig; reaction taken in 1 gallon stirred autoclave.
IPA" : iso-propanol, formed with respect to excess acetone used

2.3.1.2. Product Distribution

In order to investigate the intrinsic kinetics of reductive alkylation of aniline with
acetone using Pd/Al,O3 catalyst, a few initial experiments were carried out to identify the
key products formed during the reaction and material balance in the overall reaction. For all
the reactions, acetone was used as one of the reactant in excess that also served the role of a
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solvent. A typical concentration-time profile observed is shown in Figure 2.3, which
indicates that Shiff’s base [SB], N-isopropyl aniline (N-IPA) and N-isopropyl cyclohexyl
amine (N-IPC) were the major products. The ring-hydrogenated product N-IPC was not
observed at the initial period of reaction (e.g. first 15 min of the concentration-time profile
shown in Figure 2.3), which indicates that aromatic ring hydrogenation starts only after N-
IPA formed. Therefore, the possibility of parallel hydrogenation of aniline to
cyclohexylamine followed by reductive alkylation was discarded. The formation of
dimerization products of the aromatic amine compound and hydrogenation of acetone to
iso-propanol were observed to be negligible (<0.5%) for all the cases. In all the reactions,
the material balance of aniline and hydrogen consumed agreed with the products formed to
the extent of >95 % and hence the modified reaction scheme considered for reductive

alkylation of aniline with acetone using Pd/Al,O; catalyst is shown in Scheme 2.2.

CH,
R N
NH, 1 - <CH R, NHCH(CH,), R, NHCH(CH,),
3
@ CH, -H,0 (D) PA/ALO, PA/ALLO,
+ — e ——
ot
CH, *tH,0 (D) H, (A) H, (A)
Aniline(B) Acetone(C) SB(E) N-1PA(F) N-IPC (G)

Scheme 2.2. Reaction scheme for reductive alkylation of aniline with acetone in presence
of 3% Pd/Al,O; catalyst

To check the possibilities of homogeneous non-catalytic reactions, a few reactions
were carried out without the catalyst and hydrogen. It was observed that Shiff’s base was
the only product formed and maintained an equilibrium state after a certain reaction time
(Figure 2.4). The effects of hydrogen and catalyst on the equilibrium reaction were also
studied separately and it was observed that the equilibrium was not disturbed due to the

presence of these two components (Figure 2.4).
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Figure 2.3. Concentration-time profile for reductive alkylation of aniline with acetone
Reaction conditions: aniline: 1.0 kmol/m®, catalyst (3% Pd/Al,Os): 4 kg/m®; Puy: 4 MPa; temp.: 393K;

Agitation: 16.66 Hz; reaction volume: 1x10* m® acetone is the solvent and one of the reactants; reaction
time: 3h
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Figure 2.4. Concentration-time profiles for homogeneous reaction between aniline and
acetone: effect of hydrogen and Pd/Al,O3 on the equilibrium
(1,1): without hydrogen or catalyst; (2,2): with hydrogen but no catalyst; (3,3): with catalyst but no hydrogen.

Reaction conditions: aniline: 1.0 kmol/m®; temp.: 393K; Agitation: 16.66 Hz; reaction volume: 1x10™* m®;
acetone is the solvent and reactant; reaction time: 1.2 h
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2.3.1.3. Catalyst Stability and Recycle Studies

It is important to ensure the consistent activity of the Pd/Al,O3 catalyst through out
a reaction. Otherwise, if the catalyst deactivates during a reaction, reactor performance will
be a function of catalyst deactivation rate and may give falsified kinetic parameters.
Therefore, activity of the catalyst was checked for consecutive batch reactions with the
same catalyst reused (recycle of catalyst). The results are shown in Figure 2.5, which
indicate that the intrinsic activity of the catalyst was constant during the batch experiments
even after 5 recycles. The initial rates of hydrogenation for each recycle reactions were also
calculated and it was observed that those values are identical. ICP-OES analysis of the
catalyst and the liquid samples collected after reactions showed no leaching of Pd metal

during the reductive alkylation reaction.
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Figure 2.5. Recycle experiments for reductive alkylation of aniline using 3% Pd/Al,O3

Reaction conditions: aniline: 1.0 kmol/m®, catalyst (3% Pd/Al,Os): 4 kg/m®; Puy: 4 MPa; temp.: 393K;
Agitation: 16.66 Hz; reaction volume: 1x10™ m?; acetone is the solvent and one of the reactants; reaction
time: 3 h
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2.3.2. Solubility Data

For the gquantitative analysis of mass transfer effects and interpretation of kinetic
data for reductive alkylation of aniline and acetone, the concentrations of hydrogen
(solubility) in various compositions of aniline in acetone at different temperatures are
essential. The solubility of hydrogen in different aniline and acetone mixtures were
determined experimentally using the procedure reported in the literature.'*

In a typical experiment, for the measurement of hydrogen solubility, a known
volume (1x10™ m®) of aniline in acetone solution (with a known concentration of aniline)
was charged into the reactor and the reactor closed properly. The reactor was flushed thrice
with nitrogen to replace air inside the reactor and then flushed twice with hydrogen. The
contents were heated to a desired temperature under slow stirring and the reactor
pressurized up to a desired pressure when the temperature was attained. Then liquid was
stirred at 16.6 Hz for 10-15 min to equilibrate with the gas phase. The pressure drop in the
autoclave was recorded when the pressure drop ceased, which indicated the saturation of
the liquid phase with hydrogen at that temperature, composition and pressure. The
concentration of hydrogen into the liquid phase was calculated assuming the ideal behavior
of the gas phase.

The saturation solubility of hydrogen (4*, kmol/m®) at a particular temperature and
composition was correlated with partial pressure of hydrogen (Py,, atm.) by Henry’s Law

as given below:
A*: He PH2 (24)

where, H, is the Henry’s constant, kmol/m*/atm. The partial pressure of hydrogen was
calculated by subtracting the vapor pressure of solvent (acetone) at the experimental
temperature from the total pressure digitally displayed in the automatic controller. The
partial pressure of acetone (P,, mmHQ) at different temperatures were calculated using the
correlation as given below:

log(P,) =(-0.2185 A/T) + B (2.5)

where, A and B are constants and 7 is temperature (K) inside the reactor. The values of A
and B are 7641.5 and 7.904024 respectively for acetone.’
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The values of Henry’s constant at different temperatures and compositions of
aniline in acetone are given in Table 2.5.

Table 2.5. Solubility data (Henry’s constant) for H,-in aniline/acetone mixture at different

temperatures and compositions

He x 10°, kmol/m®atm.

Temperature,
K 5% aniline in 10% aniline in 20% aniline in
acetone acetone acetone
378 4.66 4.56 4.21
393 5.93 5.79 5.42
408 7.34 7.28 7.01

2.3.3. Analysis of Initial Rate Data

The initial rates of hydrogenation reactions were calculated from the H,
consumption-time profiles observed in a semi batch slurry reactor for a wide range of
conditions (Table 2.2). The H, consumption-time data were fitted by a second order
polynomial of the form

Y=a+bt+ct’ (2.6)

where, Y is the hydrogen consumed in kmol/m?; 7 is reaction time in seconds; @, b and ¢ are
constants. The rate of reaction at any time ¢ can be calculated as

dY
R, =—=b+2ct 2.7
dt ¢ 27)

where, R, is the overall rate of hydrogenation reaction, kmol/m%sec. When time ¢
approaches to zero, Equation 2.7 can be written as

(RA )Ho =Ry, =D (2.8)

where, Ry is the initial rate of hydrogenation reaction, kmol/m®/sec.

The effects of agitation speed and aniline concentration on the initial rate of
hydrogenation are shown in Figures 2.6. When the agitation speed was varied from 11.6 to
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18.3 Hz (Figure 2.6 A), the rate of reaction was found to be unaffected indicating the
absence of gas-liquid and liquid-solid mass transfer resistances.
The initial rate of hydrogenation was found to increase linearly with aniline

concentration (Figure 2.6 B).
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Figure 2.6. (A) Effect of agitation speed and (B) Effect of aniline concentration on initial

rate of hydrogenation for reductive alkylation of aniline and acetone using 3% Pd/Al,Os.
Reaction conditions: catalyst (3% Pd/Al,Oz): 4 kg/m®; P, 4 MPa; temp.: 393K reaction volume:

1x10™* m®; acetone is the solvent and one of the reactants. For (A) aniline: 1.0 kmol/m?; for (B) agitation:
16.66 Hz

Partial pressure of hydrogen and catalyst loading showed a very negligible effect on
initial rate of hydrogenation (Figures 2.7 A and B respectively). Here, it is important to
note (see Scheme 2.2) that the hydrogenation step involves a reaction between imine
intermediate (SB) and hydrogen on catalyst surface. The formation of SB is controlled by
an equilibrium reaction step which is non-catalytic and hence changes in parameters which
affect the hydrogenation reaction rate will show mild effects if the equilibrium reaction is
rate limiting. The initial rate data indicate that the equilibrium reaction step to form the

Shiff’s Base [SB] is the rate-limiting step in the overall sequence of reactions.
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Figure 2.7. (A) Effect of partial pressure of hydrogen and (B) Effect of catalyst loading on
initial rate of hydrogenation for reductive alkylation of aniline and acetone using 3%
Pd/Al,O3

Reaction conditions: aniline: 1.0 kmol/m?, temp.: 393K; Agitation: 16.66 Hz; reaction volume: 1x 10 m?

acetone is the solvent and one of the reactants. For (A) catalyst (3% Pd/Al,03): 4 kg/m?; for (B) Py,: 4 MPa

2.3.4. Analysis of Mass Transfer Effects

For the purpose of kinetic study, it is important to ensure that the rate data obtained are
under kinetic controlled regime. Therefore, initial rate data were used to analyze the
significance of various mass transfer resistances at the range of experimental conditions
using the criteria discussed by Ramachandran and Chaudhari.*®

1. Gas-liquid mass transfer resistance can be negligible if,

RH
a,=——=<0.1 (2.9)
ka, A*
where kay is the gas-liquid mass transfer coefficient.
2. Liquid-solid mass transfer resistance can be negligible if,
RH
a,=—=—<0.1 (2.10)
ka, A*
where k,a, is the liquid-solid mass transfer coefficient.

3. Pore diffusion resistance can be considered as negligible if,
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1/2

d R

4o, = 22| (1t 1) £y R, | 202 (2.11)
6| 2D, w4

where, D, is the effective diffusivity.

To check if any one type of mass transfer is significant, a knowledge of the gas-liquid
mass transfer coefficient, kia;, the liquid-solid mass transfer coefficient, ka,, effective
diffusivity, D, overall rate of hydrogenation, R, and the specific data for the catalyst used

such as particle diameter, d,, particle density, p, are required. ka; was calculated according
to the correlation written below:*’

V 1.88 d 2.16 ]’l 1.16
k,a, =1.48x107 x (N *** x( %j x(% j x(% j (2.12)
i t 2

The specification for slurry reactor used in this kinetic study and typical value of ki, is
presented in Table 2.6.

Table 2.6. Specifications of reactor parameters and k;a;, calculation

N Agitation speed, d, Tank diameter,
16.7 Hz 0.064 m

Ve Volume of gas in the reactor, h;  Height of impeller from the bottom,
22x10"m? 0.1m

V; Volume of liquid in the reactor, | 4, Height of the liquid, 0.31 m
1x10"m

d; Impeller diameter, 0.04 m kaap=0.31s"

k, was calculated by the correlation proposed by Sano ez al.*®

0.25
kd d 4 3 0.333
il :2+o.4{e( ”)gp’ } { - } (2.13)

m e H, P Dy
where, e, the energy supplied to the liquid was calculated according to Calderbank,™ and
F., is the shape factor, was assumed to be unity for spherical particles.
N, N°d°¥
PV,
where Np is the power number assumed to be 6.3 for flat blade turbine and v, the

correction factor for gas bubbles was obtained from the correlation:
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3 3
1 1

\11=1—1.26{ 9 }When{ O, }<3.5><1o-2 (2.15)
Nd N,

3 3
1 1

¥ :0.62—1.85{NQ—g} when { Nng }>3.5><10-2 (2.16)
where, O, =R, xV, <V,
Molecular diffusivity, D,, was calculated from the correlation proposed by Wilke and
Chang?®
_74x10°T(y M, )

06
HiVu

D, (2.17)

where, y, M,, w and v, are the association factor of the solvent, molecular weight of
solvent, viscosity of the liquid and molar volume of hydrogen respectively.

External surface area of the catalyst per unit volume, a, was calculated from the
following correlation:
6w

a =— (2.18)
where, p, and d, are the particle density and particle diameter respectively.
To calculate ¢, effective diffusivity, D. was calculated from the following

correlation:
D,=D, %/ (2.19)
where, € and 1 are the porosity and tortuosity of the catalyst, which are considered to be 0.5
and 3 respectively.
The values of different parameters required to calculate a1, o, and ¢exp are given in

Table 2.7.
Table 2.7. Values of different parameters used in mass transfer analysis

Temperature, . ks x 10°, . Dy x 108, De x 10°,
Kiap, § ap, M ) )
K m/s m*/s m*/s
378 0.31 5.82 798 2.72 0.453
393 0.31 6.42 798 3.01 0.501
408 0.31 7.65 798 3.58 0.597
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The saturation solubility of hydrogen, 4* at a particular temperature, composition
and partial pressure of hydrogen was calculated from the data given in Table 2.5. Initial
rate of hydrogenation, Ry, for a reaction was obtained from the procedure described in
Section 2.3.3. The highest calculated values of parameters o, o, and ¢exp Were 0.010,
0.0005 and 0.015 respectively indicating absence of mass transfer limitations.

Therefore, it is evident that the initial rate data will not be useful in determining the
intrinsic Kkinetics for such a complex homogeneous-heterogeneous reaction system under
consideration and integral concentration-time data should be considered in interpretation of

the intrinsic kinetics.

2.3.4 5. Kinetic Modeling
For the purpose of kinetic modeling, the reaction scheme shown in Scheme 2.2 was
considered in which the rate of non-catalytic equilibrium reaction involving condensation
of aniline and acetone was assumed as follows:
R =k.C,C.—k,C,C, (2.20)

where, R; is the net rate of reaction of aniline (Scheme 2.2), Cg, Cg, Cc and Cp are the
concentrations of aniline, Shiff’s base, acetone and water respectively. As we are using
acetone in excess, and the concentration of water at any time can be expressed as (Co - Cy),
the Equation 2.20 becomes:

R =kC,—k,C.(C,-C,) (2.21)

where, k; = (kicCc) and Cj is the initial concentration of aniline.

To represent the intrinsic kinetics of catalytic hydrogenation steps, several forms of
rate equations were considered. Several authors have reported the activation of hydrogen in
presence of palladium metal® in which the hydrogen may be present as an a-hydride
(Pd(H),) or a B-hydride (Pd(H)) species and that metal surface influences the reaction rate
dramatically.?? Molecular level description for activation of Shiff’s base and aromatic ring
in the presence of palladium metal surface are not well documented in the literature.
Therefore, rate equations based on Langmuir-Hinshelwood (L-H) models were proposed
based on the possible interactions of H, and liquid phase components on Pd metal surface.
The dual site mechanism was not considered since there was no substrate-inhibited kinetics
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(characteristic of dual site model) observed with respect to either the amine or hydrogen.
Several basic assumptions were made to develop the rate equations: (i) the rate of surface
reaction is rate limiting for the hydrogenation steps (ii) adsorption and desorption rates are
much higher than the rate of surface reaction (iii) adsorption of aniline and acetone on the
catalyst surface is negligible (iv) N-IPC desorbed very fast from the catalyst surface to
keep the catalyst surface free for reaction. The following models were considered:

Model 1. Reaction of adsorbed a-hydride (Pd(H)2) species with the liquid phase
components as rate limiting steps for hydrogenation reactions.

Model 2. Reaction of adsorbed a-hydride (Pd(H),) species with adsorbed liquid
phase components as rate limiting steps ( a case of competitive adsorption).

Model 3. Reaction of B-hydride (Pd(H)) species with the liquid phase components
as rate limiting steps.

Model 4. Competitive adsorption and reaction of pB-hydride (Pd(H)) species and
other reactants on the metal surface as rate limiting steps.

The rate equations derived for these models are presented in Table 2.8. It is
important to mention here that the equilibrium reaction is the slowest step of the overall
reaction sequence. Different rate limiting steps assumed in models 1-4 are only for the
hydrogenation reactions.

In order to check the applicability of the rate models derived under isothermal and
integral conditions, a semi batch reactor model was developed. Material balance of the

liquid phase components based on Model 4 are given bellow as an example:

dC
dtB = _Rl = _(kl CB _kz CE (Co _CB )) (2'22)
<\/2
o R R =Gk €y (G- C) My
[1+ K, (4% + Y K, c,.]
i=2.3
dCy =R,-R, = W(A*)llz(kz Cp—ky CF) (2.24)

i=2,3

dt 2
(1+ K, (4% + YK, C,.J
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dc, k,wC, (4*)"?

=R3=

dt ?
(1+KH (4*)*+ > K, Cij

i=2,3

(2.25)

with the initial conditions:

att=0,Cg=Co, Ce=Cr=Cs=0 (2.26)
where Cg, Cg, Cr and Cg are the concentrations of aniline, SB, N-IPA and N-IPC
respectively (see Scheme 2.2) in kmol/m?®, k; to ki are the rate constants of corresponding
reaction steps shown in Scheme 2.2 and Ky, Ke and K are the adsorption constants for
hydrogen, [SB] (E) and N-IPA (F) respectively.

Total rate of hydrogenation can be represented as:

R, =R, +3R, (2.27)

In order to select a rate equation, a non-linear least square regression analysis was used for
each rate equation to get the best fit values of the parameters. An optimization program
based on Marquardt’s algorithm combined with Runge-Kutta method was used. The
optimization method involved an objective function, the value of which was minimized
during the optimization,

¢min = Z

4 n
i=1

(Yiexp - Yimod ) (228)

i=1
where, Yi., and Yi,.q represent experimental and predicted concentrations of i-th species
and n represents the number of samples. The mean average of relative residuals (% RR)

was also calculated based on the following expression:

%RR=3"Y Wieg =Yoo (2.29)

=1l i=1 lexp
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Table 2.8. Comparison of various models for reductive alkylation of aniline with acetone using 3% Pd/Al,O3

Model Temp., %
No. Model Kp kix 10°  kpx 10° ks kex 10° Ky K» Ks ;g B

R =k Cpy —k,Cp(Co —Cy) 378 2325  -2.77 0.1073 0911 346 23035 8601 +12 7.2x10°

*
1 R = G 393 4212 6951 01912 2428 86.805 37723 1612 +16  4.3x10*

" (+K,A4*+) K.C,)

Py 408 4564 3207 04084  -426 1945 86361 -116.7 +16  3.9x10°
R, =kC,—k,C,(C, —C,) 378 236 3904 09847  7.706 53.749 66.17 17.256 +19  5.7x10°

*
2 R = kiwC, 4 393 437  8.745 2.494 3173  89.42 71.029 23989 +16  3.8x10°

" A+K, A%+ ) K.C)?
et 408 823 4344 63707 7814 11624 11974 25395 +18  4.3x102
R =k Cp—k,Cp(Cy —Cp) 378 2535 6301 5703x10° 051 3408 21744 10809 +13  4.7x10*
1/2
3 5 kwC, (4%) 393 4355 8276 7.508x10% 1097 5093 23463 12652 +15  4.1x10°
DA+ K, (40" Y K.C) , g
& 408 4899 8572 13.10x102 1306 56.79 58861 51.04 +16  5.1x10°
R, =k Cp—k,Cp(Cy —Cy) 378 2308 2728 04593 4892 4558 4496 2687 +6  1.1x10°
1/2
4 R - kiwC, (A7) 393 4047 5342 05827 7414 3475 735 1557 43  45x10°
L+ K, (44 Y K C) 5
& 408 5354  14.99  0.9402 8993 263 9712 988  +4  7.6x10
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The rate models were discriminated based on ¢min and % RR values for each model.

1.2 and Boudart® were

In addition, to thermodynamic criteria proposed by Vannice et a
also considered for model discrimination. These criteria are (i) rate constants and
adsorption constants should be positive (k > 0, K > 0) and (ii) activation energy should be
positive (Ea > 0). The values of ¢,;,, and %RR along with the optimized rate and
adsorption parameters are presented in Table 2.8.

Based on above criteria, model 1 can be rejected, as some of the rate parameters
predicted are negative. Among the remaining models, model-4 has the lowest ¢min and
%RR. Hence, this model was selected as the best model. The experimental and predicted
concentration-time profiles and hydrogen consumption-time data are shown in Figures 2.8-
2.11. The relative residuals (%RR) as a function of operating parameters such as aniline
concentration, partial pressure of hydrogen catalyst concentration and temperature are also
shown in Figures 2.12-2.14, which showed that the scatter RR values are close to +10 for al
temperatures without any particular trend. This indicates the stability of the model. The
insets of Figures 2.12-2.14 showed the RR values based on Model 2 and 3. The results
indicate that the semibatch reactor model developed in Equations 2.22-2.27 predicted the

concentration-time as well as hydrogen consumption-time profiles reasonably well.

104 = Aniline-Exptl.
e SB-Exptl.
A N-IPA-Exptl.
» 087 v N-IPC-Exptl.
£ Predicted
E
X 06 4
5
= A
g
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(&)
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0.24
[ ]
0.0 ¥+ Y- I T . - .
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Figure 2.8. Concentration-Time profile at 378 K

Reaction conditions: aniline: 1.0 kmol/m®, catalyst loading: 4 kg/m® Pu.,: 4 MPa; Agitation: 16.66 Hz;
reaction volume: 1x10™ m*; acetone is the solvent and one of the reactants; reaction time: 3h
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Figure 2.9. Concentration-Time profile at 393 K

Reaction conditions: aniline: 1.0 kmol/m®, catalyst loading: 4 kg/m® Pu,: 4 MPa; Agitation: 16.66 Hz;
reaction volume: 1x10™ m?; acetone is the solvent and one of the reactants; reaction time: 3h.
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Figure 2.10. Concentration-Time profile at 408 K
Reaction conditions: aniline: 1.0 kmol/m?® catalyst loading: 4 kg/m®; P,,: 4 MPa; Agitation: 16.66 Hz;
reaction volume: 1x10* m*; acetone is the solvent and one of the reactants; reaction time: 3h
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Figure 2.11. H, consumption-Time profiles at different temperatures
Reaction conditions: aniline: 1.0 kmol/m®, catalyst loading: 4 kg/m®; P.,: 4 MPa; Agitation: 16.66 Hz;
reaction volume: 1x10™* m®; acetone is the solvent and one of the reactants; reaction time: 3h
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Figure 2.12. %RR values at different aniline concentrations
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The temperature dependence of rate constants is shown in Figure 2.15 from which
the activation energies of the individual reactions were calculated as 36.16, 72.59, 30.47
and 26.13 kJ/mol for steps R; to Rz respectively.

The enthalpy of adsorption was calculated from the following equations:

AH
K. =K, exp| ——— 2.30
i i0 p[ RT j ( )

The calculated enthalpy of adsorption values (-AH) for Ky, Kr and Ky are 23.85, -
33.01 and 42.79 kJ/mol respectively. The negative value of enthalpy of adsorption for K,
indicates a possibility of endothermic chemisorption. Such observation, though uncommon,
has also been previously reported by Broderick and Gates®® and Chaudhari et al.?® for

hydrogenation reactions.

= 44 " nk,
n ® -nk,
34 A Ink3
5 v Ink4
14
/‘w,
0
T T T T T
2.45 2.50 2.55 2.60 2.65

Figure 2.15. Temperature dependence of rate constants

2.3.6. Trickle Bed Reactor Model

In this section, a theoretical trickle bed reactor model has been developed
considering reductive alkylation of aniline and acetone using 3% Pd/Al,O3 catalyst and the

model predictions results have been compared with experimental results.
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2.3.6.1. Mathematical Model

The present model was developed following the approach proposed earlier by
Rajashekharam et al.?” The features of the model are: The spherical catalyst particle was
assumed to be divided into three zones which represented (i) a dry zone, (ii) a wetted zone
covered by the flowing dynamic liquid and (iii) a wetted zone covered by the stagnant
liquid. It was assumed that (a) gas and liquid phases are in plug flow; (b) liquid-phase
reactant is non-volatile and is in excess compared to the gaseous reactant concentration in
the liquid phase; (c) the gas-liquid, liquid-solid and intraparticle mass transfer resistances
for H, are considered, whereas the liquid-solid and intraparticle mass transfer resistances
for the liquid phase components are assumed to be negligible; (d) the interphase and
intraparticle heat transfer resistances are negligible but bed to wall heat transfer has been
considered to incorporate the non-isothermal effects; (e) the overall catalytic effectiveness
factor can be expressed as a sum of the weighted average of the effectiveness factors in the

dynamic liquid covered, stagnant liquid covered and gas covered zones, respectively, i.e.,

n.=fale, + fine, + A= fo = f,, (2.31)
where, 77, is the overall catalytic effectiveness factor under conditions of partial wetting
and stagnant liquid pockets and £, and f, are the fractions of catalyst particle covered by
the dynamic and stagnant liquid zones. 7, is the catalyst effectiveness factor with 7, ,
1., and 1., representing the corresponding values for the dynamic, stagnant and dry

zones, respectively. The overall catalytic effectiveness factor can be written as:

1 1
n.= Z(coth 3¢ - @J (2.32)

The stepwise reactions of aniline and acetone in presence of a 3% Pd/Al,O3 catalyst

and hydrogen is shown below:
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CH,

R N=—
NH, ] R NHCH(CHy), g NHCH(CH,),
3
CH, -H,0(D) PA/ALO, PA/ALO,
+ o% _— e
CH3 +H,0 (D) H, (A) H, (A)
(B) © SB(E) N-1PA(F) N-IPC (G)

As already mentioned in Section 2.3.4.5, the following types of rate equations are
suitable to represent the above homogeneous (non-catalytic) and heterogeneous (catalytic)
reaction steps respectively:

R, =kC,—k,C,(Cy—C,) (2.33)

_ kwC, (a%)"?
LK, (C) YK G

i=2,3

(2.34)

where, C; represents the concentration of i component, &; is the rate constants of the
respective steps and K; is the adsorption constants of the i component. R; represents the
rate of reaction of the respective steps as presented in the above reaction scheme.

The catalytic effectiveness factor given in Equation 2.32 can be calculated

f,16,28

following the well-known approaches by Ramachandran et al and Bischof where the

Thiele modulus, @ is defined as:

2

2 45 S
p=3 prA(AS){ | ZDQpPQA(A)dA} (2.35)

For the kinetics given above, the Thiele modulus can be written as:

¢=k"'{]§k;{(k'#KA\/A_S)—2k"|n(k“+KAJZ)+2k"|nk"— (k) ﬂ (2.36)

. (k+k ,/4,)

or in terms of dimensionless concentrations

b= ¢{(k"+ku Ja. -2k In(k sk, Ja, )+ 26 (k) —(I%ﬂ | (2.37)
+ a aS
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with

¢o =k{K—} (239)

2k'

where,
k'=2D,p, (e, +3kyf,) (2.39)
k'=1+k,e +k, f, (2.40)

and k"'zﬁ ppk?:Bl[\/E(el +3k243f1 )\/Z (2.41)
3 (e +k, Ja,)

The dimensionless parameters used in expressing ¢ are listed in Table 2.9.

The mass balance of hydrogen in dynamic liquid phase can be written as:

dA *
w vk ay (A = 4,)= Ko, (4, = 4,)+ [ikya, (4~ 4,) (2.42)

At steady state conditions, the sum of the convection term and the gas-liquid mass
transfer term are in equilibrium with the liquid-solid mass transfer term in the dynamic
zone and the volumetric mass exchanged between the dynamic and stagnant zones. In a
previous study by Hochmann et al,® it was shown that the exchange rates between the
dynamic and stagnant zones could be explained by a volumetric mass exchange coefficient,

Kex, and with the help of a cross-flow model. Thus, in the dynamic zone, we also have:

Fhoa (- )= 2P A e NKE HRE A,
T K 4, K E K E

(2.43)

In the stagnant zone, we have

1-—e, \k,E, +k,F, )| A
Kexg/s (Ald _Als):fskssap(Als _Ass): fsncpp( B)( - : [) ZSS
(1+KA,/ASS +KEE,+KFF,)

(2.44)
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Table 2.9. Dimensionless parameters used in the model

Mass transfer parameters

Gas-liquid mass transfer

Liquid-solid mass transfer (dynamic zone)
Liquid-solid mass transfer (stagnant zone)
Liquid-solid mass transfer (dry zone)

Reaction rate and equilibrium constants

O = krap. L/ uy

Osa = ksap. L/uy

Ogs= kigs.ap. L/u

Otgs= kg5 ap L/

ko =KjNA k=K.B,; k, = K.B,.
kg = ky/ks

ar; = L.ki/u;; ary= L.k2.Bi/ u;

arsa = L.w.ks. VBi/usagse = Lw.ks. NA
ars = L.w.ky. NAuy

Heat transfer parameters

(_ A1_11)311'

B =
' ugpgcpg
T;)plcpl 1+

u,p,C

Pl

(_ AH, )B/i

u,p,C
zzp,cp,[u“c"g]
ulpl

Pl

b =

4U L

u,p,C,
u, chp,drlzlJr "’g"é}

Bs =

u,p,C

Pl

(4H; and AH, are the total heat of reaction for the non-

catalytic and catalytic steps respectively)

The liquid entering to the stagnant zone from the dynamic zone, characterized by
the volumetric mass exchange coefficient, Kex, containing the dissolved gaseous species A,
at steady state is in equilibrium with liquid-solid mass transfer term in the stagnant zone

and the reaction in the catalyst particles in the stagnant zones (including pore diffusion

effects).
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The mass balance for species A in the dry zone can be written as:

(1_fd _fs)ncpp(l_gB)(ki”El +k4F})VASg (2 45)
(+k, 4, +K,E +K,F)

(1_fd _fs)kgsap(A* _Asg):

Equations 2.42-2.45 can be simplified and expressed in terms of dimensionless
parameters. The unknown surface concentrations can be suitably expressed in terms of
known parameters. The final mass balance equations for species A (hydrogen) in

dimensionless form for the wetted and dry zone can be written as:

ta, (1_ ay ) =Js % (als —dg )"' Ay (ald — Ay ) (2.46)

Sl Oy (ez +kaf) )\/ 4sq (2.47)
= 2 '
(1+ka‘\/ Ay +keel +kfj‘1)

k
£I<exgls (ald - als ) = fv axs (als - ass ) = fqncaRgA (el ! 43ﬁ )\/;52 (248)
u, (&, Ja,, +ke,+k,f,)

Jay (ald —dy )

(l_fd —/ )ags(l_asg): (1_](2 _fS)ncaRsA (81 +hyfi )\/Z
1+ka\/a+kee, +kff[)Z

Also, the mass balance of the homogeneous non-catalytic equilibrium reaction

(2.49)

involving condensation of aniline and acetone can be written as:

_db,
dx

=ayb, —ayel-b) (2.50)

Similarly, the mass balance equations of liquid phase components for the catalytic

hydrogenation steps in dimensionless form can be written as:

=ayb, O € (1_b1)_77ca1e35€17( (2.51)

14 | S G e B
dx { 3 }(361 kast) ) (2.52)
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dgld — ]ancaR4ﬁZ
dz 3

(2.53)

with

fd\/a fv\/z

L+ k, a,, +he +k, /) . sk, fa,, +ke +k,ff
X = (2.54)

(1_fd _f5) Qg

+
(1+ka\/a+kee,+kff,)z

The dimensionless parameters used in these equations are defined in Table 2.9.

Lastly, in deriving a non-isothermal trickle bed reactor model, the dependencies of
various parameters like reaction rate constants, equilibrium constants, effective diffusivity
and saturation solubility on temperature are accounted for. The change in rate and

equilibrium constants with respect to temperature can be represented as:

0

k(T)=k,(T, )exp{i(l— iﬂ (2.55)

K,(T)=K,(T, )exp{_AH f (1—3)} (2.56)

RT, " 6

where 6 = T / T,. The variation of effective diffusivity with respect to temperature can be
expressed as

DQ(T)=DQ(7;)exp{i[1—1ﬂ (2.57)

0
where,

D,(1)=D % (2.58)
T

Here, Dp, is the molecular diffusivity and is evaluated from the correlation of Wilke
and Chang, € and t represents the porosity and the tortuosity factors considered as 0.5 and

3. The dependence of saturation solubility on temperature is given as:
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(), =[p-(r),J=).] (259

where, Py is the change in vapor pressure of the solvent due to temperature rise, given as:

log(P) = (~0.2185 x 7641.5/T) +7.90424  (2.60)

and Henry’s constant as a function of temperature can be written as:
(H,), =-1.9x107° +1.82x10° T —1.89x10°Y  (2.61)

The above equations [Equations 2.59-2.61] are applicable when acetone is used as a
solvent. Owing to the exothermicity of the reaction, an increase in the bed temperature is
expected and as a consequence might lead to enhance rates. The heat generated within the
reactor is mainly carried away by the flowing liquid and also due to transfer of heat from
the catalyst particle to the reactor wall which is characterized by the bed to wall heat
transfer coefficient, U,. Under such conditions, where the interphase and intraparticle heat
transfer resistances are assumed to be negligible, the heat balance of the reactor can be

written as:

(_ AH, )[lel —k,E, (Bli - B, )]

N (_ AH, {mpp (1_ Ep )(ksEz =3k, F, )\/A—s

2
(u,p,Cp[ +ugngpg)%= [+ KA, + Ko, + KL F) (2.62)
_4u,(1,-T,)
dT

The above equation in dimensionless form can be written as:

do
Z =P [aRlbl — € (1_b/ )]+ﬂ277caR3A (el +3kys /) )Z_ﬂ3(9b _Hw) (2.63)

Equation 2.63 can be used to predict the maximum temperature rise along the length of the
reactor. The various dimensionless parameters used in the above model are given in Table
2.9.
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2.3.6.2. Comparison of Experimental results with Model Predictions

The model equations developed in the previous section (Equations 2.46, 2.50-2.53
combined with 2.63) allow prediction of experimental results for a given set of inlet
conditions in a trickle bed reactor, for which, knowledge of kinetics, mass and heat transfer
parameters and hydrodynamic parameters is essential. The intrinsic kinetic parameters used
are given in Table 2.8. For other parameters, correlations from literature were used and are

summarized in Table 2.10.

Table 2.10. Correlations used for Trickle bed reactor modeling

Parameter Correlation Reference
Gas-liquid K,ad, s, 02 o ool V()
mass transfer Da/ﬂm e ) ) 30
coefficient
Liquid-Solid Ky ay _ o oo osf Hy 035
mass transfer "D a, O ) 31
coefficient
Total liquid 122 wey™
log (1- = -
holdup 9(1=e) = ~pgm yor 32
Bed to wall Uyd, Re, "
heat transfer 7 =0-057[ . j Pr,*"® 33
coefficient
AP 2p,U; .
_ PV, 3134 17.3
Pressuredrop 7 N \/ 1 32
d, (XG (Re, We, )4j2 X;(Re, We, )
. 1/9
Wetting 7. ~1.104Re, " 1+[(AP1Z)] p, g] 34
efficiency W Ga,

Equations 2.32 and 2.47-2.49 were solved using IMSL (International Mathematical

and Statistical Libraries) to evaluate 7, a, ,a, and a, . These values were then used to

solve Equations 2.46, 2.50-2.53 combined with 2.63 using a fourth order Runge-Kutta
method with the following initial conditions:

atz=0,a=b=1; ¢=f=9=0; 6=1 (2.64)
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This model allows the prediction of the concentration of reactants/ products and the
temperature profile along the length of the reactor. Thus, at any given length of the reactor
the (fractional) conversion of Aniline (Xg) is calculated as

Xg=1-D (2.65)

The overall rate of hydrogenation is calculated as

R, =%[fl +3g,] (2.66)

Here, u; is the liquid velocity in m/s, L is the length of the catalyst bed in m, f; and
gi are the concentrations of N-IPA and N-IPC respectively in kmol/m®. The selectivity to
SB, N-IPA and N-I-IPC is evaluated using the following relationships:

Sy, =—1 x100  (2.67)
_ b[
/i
Sy = ﬁxloo (2.68)
S e = —2L-x100 (2.69)
1-b

/

and the maximum temperature rise is calculated as:

AT, .. =T-T, (2.70)
where, T represents the temperature calculated from Equation 2.63 and 7, represents the
initial temperature. When calculations are performed for z = 1, we get the above quantities
for the entire reactor.

Using the experimental procedure described in Section 2.2.2.2, trickle bed
experiments were carried out for different inlet concentrations of aniline and different flow
rates at 393K. The liquid samples coming out of the reactor were analyzed from which
conversion and selectivity were calculated. The temperature at the exit of the reactor was
also measured in all the experiments. The experimental and predicted results are compared
in Figure 2.16-2.19, which indicates that the proposed model predicted the experimental

trend reasonably well.
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Figure 2.16. Effect of liquid velocity on conversion of aniline in trickle bed reactor at
different aniline inlet concentrations
Reaction conditions: Py,: 4 MPa; Ug: 2.14x10° m/s; temperature: 393K
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Figure 2.17. Effect of liquid velocity on selectivity to N-IPA in trickle bed reactor at
different aniline inlet concentrations
Reaction conditions: Py,: 4 MPa; Ug: 2.14x10 m/s; temperature: 393K
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Figure 2.19. Effect of liquid velocity on selectivity to N-IPC in trickle bed reactor at
different aniline inlet concentrations
Reaction conditions: Py,: 4 MPa; Ug: 2.14x10° m/s; temperature: 393K
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The predicted results represent the experimental trends properly with an error limit
of £20. In our opinion this much error is acceptable because of the combination of

experimental errors and the accuracy of the correlations used from the literature.

2.4. CONCLUSION

Kinetic modeling of reductive alkylation of aniline with acetone using 3% Pd/Al,O3
catalyst has been studied in a slurry reactor in a temperature range of 378-408 K.
Formation of the imine compound (Shiff’'s base) from aniline and acetone in the
homogeneous, non-catalytic equilibrium reaction is the slowest step in the reaction
sequence. Rate equations have been proposed for both the homogeneous and heterogeneous
(catalytic) reactions and intrinsic kinetic parameters estimated based on the experimental
concentration-time data. A rate model considering competitive adsorption of hydrogen (in
dissociative manner) and other reactants on the metal surface as the rate limiting step for
the catalytic reactions was found to represent the experimental data satisfactorily. Based on
this Kinetics, a non-isothermal trickle bed reactor model was developed for the same and
compared with experimental results. The predicted and experimental results agreed

reasonably well.

Nomenclature

A* = saturation solubility of hydrogen in the liquid phase, kmol/m®

ag = gas-liquid interfacial area per unit volume of the liquid m*m?®

A, = concentration of hydrogen in the liquid phase, kmol/m?

a;i = dimensionless concentration of hydrogen in liquid phase ,(A/A")

a, = external surface area of the catalyst per unit volume, m*m?®

A, = concentration of hydrogen at the catalyst surface, kmol/m?

A, = concentration of hydrogen at the catalyst surface, kmol/m?

as = dimensionless concentration of hydrogen at the catalyst surface, (A/A")
a: = packing external surface area of the per unit volume of reactor [ = Sex (1 - eg) / Vg]
a, = catalyst area wetted, m™

A, = concentration of hydrogen at the catalyst surface, kmol/m?

By = Initial concentration of aniline in liquid phase, kmol/m?

B, = concentration of aniline in liquid phase, kmol/m®

C, = initial concentration of aniline, kmol/m®

C; = concentration of species i, kmol/m?®
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Cpg= heat capacity of gas, kJ/kg/K
Cpi = heat capacity of liquid, kJ/kg/K
Cys = heat capacity of solid catalyst, kJ/kg/K
dp, = particle diameter, m
De = effective diffusivity, m? / S
D = molecular diffusivity, m?/s
dr = reactor diameter, m
E; = activation energy of i-th species, kJ/mol
E, = concentration of shiff base in liquid phase, kmol/m?®
e, = dimensionless concentration of shiff base in liquid phase (E,/ By)
fi = dimensionless concentration of N-IPA in liquid phase, (F,/ By)
F = concentration of N-IPA in liquid phase, kmol/m®
fa = fraction of the catalyst wetted by the dynamic liquid
£, = fraction of the catalyst wetted by the stagnant liquid
f,» = total wetted fraction
01 = dimensionless concentration of N-IPC in liquid phase, (G/B)
G, = concentration of N-IPC in liquid phase, kmol/m?
AH = enthalpy of adsorption, kJ/mol
He = Henry’s law constant, atm/kmol.m®
k, = rate constant for the forward equilibrium reaction, st
k, = rate constant for the backward equilibrium reaction, (kmol/m® )
ka-k, = rate constants for the hydrogenation steps, (kg/m®)(kmol/m®)
kss = dimensionless rate constant (K4/ks)
k. = dimensionless equilibrium constant for hydrogen, (kmol/m?)
Ky = adsorption equilibrium constant for hydrogen, (kmol/m®) /2
K>-K; = adsorption equilibrium constants for N-IPA and N-IPC respectively, (kmol/m?)™
ke-k¢ = dimensionless equilibrium constants for N-IPA and N-IPC
respectively,(ke=Kg.By;, kf = K¢.By), (kmoI/m )
Kex = exchange coefficient between dynamic and stagnant liquid, s ™
kia, = gas-liquid mass-transfer coefficient, s™
ksa, = liquid-solid mass transfer coefficient, st
L = reactor length, m
Lm = superficial liquid mass velocity, kg /m? /s
= speed of agitation, Hz
Pr = PrandIt number for liquid phase( Cot tu / Resr)
Qg = stoichiometric ratio [= (B / A )
R:1-Rs = individual rates of reaction for the four steps, (kmol/m®) s*
R = overall rate of hydrogenation, (kmol/m?) s™
Ry, = initial rate of hydrogenation, (kmol/m®) s
R =radius of the pellet, m
Re = Reynolds number for quuid phase
R, = universal gas constant, m*.atm/kmol/K
Sex = external surface area of the catalyst pellet, m?
T, = initial temperature, K
T, = bulk temperature, K
Ty = wall temperature, K
u; = superficial velocity of the liquid , m/s
ug = superficial velocity of the gas , m/s
Uy = bed-to-wall heat transfer coefficient, kJ/m?/K/s
VL = liquid volume, me
Vg = volume of the reactor, m®

1/2 -1
1/2

-1/2
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w = catalyst weight, kg/m®

W, = weber number for liquid (= Lm?/ oIP1y)
X = axial distance in the reactor, m

z = reactor length, dimensionless, (= x /L)

Greek letters

a; = parameter defined by Eq. 2.9

o, = parameter defined by Eg. 2.10

og = dimensionless gas-liquid mass transfer coefficient

oys = dimensionless liquid-solid mass transfer coefficient

Or3a, Orse = dimensionless reaction rate constant defined in table 3.
oy, 0irz = dimensionless reaction rate constant defined in table 3.

B1, B2, Bz, = dimensionless parameters defined in table 4

8" = pressure drop per unit bed height with only liquid flowing, N / m?
8y’ = pressure drop per unit bed height with only gas flowing, N / m?
AH; = heat of reaction for equilibrium reaction step, kJ/kmol

AH, = heat of reaction for heterogeneous reaction steps, kJ/kmol

& = porosity of the catalyst

&, = bed voidage

& &; &= liquid hold up, total dynamic and stagnant

1. = overall catalytic effectiveness factor

Ned, Nes, Neg = Catalytic effectiveness factor in dynamic, stagnant and dry zones
0 = dimensionless temperature, (T/ T,)

0y = dimensionless bed temperature, (Ty/ To)

0., = dimensionless wall temperature, (Ty,/ To)

w = viscosity of the liquid, kg/m/s
py = density of the gas, kg/m®
o) = surface tension, N/ m

T = tortuosity factor

¢ = thiele parameter

¢, = parameter defined by Eq. 2A-6
dnin = parameter defined by Eq. 2.7
4y = viscosity of the liquid, P

p, = density of liquid, kg/m®

&= porosity of the catalyst particle
7 = tortuosity

p, = particle density, kg/m’
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Chapter 3

Analysis of a Gas-Liquid-Liquid-Solid
Catalytic Reaction: Kinetics and Modeling
of a Semi Batch Slurry Reactor



3.1. INTRODUCTION

Multiphase catalytic reactions have numerous applications in chemical industries
including the emerging applications in fine chemicals and pharmaceuticals. The analysis of
three phase catalytic reactions has been very well developed including both theoretical and
experimental studies, in which detailed studies on understanding of rate behavior, kinetic
modeling, role of mass transfer and performance characteristics of different types of
reactors have been reported.’? To achieve some specific advantages with respect to the
overall rate and selectivity, more complex multiphase systems involving gas-liquid-liquid-
solid reactions have also been proposed in recent years. Some important examples include
selective hydrogenation of (i) benzene to cyclohexene using supported ruthenium

catalysts,”**>

(i1) unsaturated alcohols from unsaturated aldehydes using palladium based
catalyst® and (iii) nitrobenzene to p-amino phenol in a four phase system.” While, these
four phase reactions have already shown promising results from catalysis and process
improvement point of view, a detailed analysis of the complex interface mass transfer
effects, combined with reaction kinetics has not been addressed in the previous reports.
Dearomatization of aniline using supported metal catalysts is an industrially
important reaction since the product cyclohexylamine has wide ranging applications such
as devulcanizing agent, fuel additives, as a corrosion inhibitor in plastic films, in foam
modeling, in removal of elemental sulfur etc.® Although there are many reports in the

S10.1L12 and a few

literature on hydrogenation of aniline in three phase slurry reactors,
examples where water is used'*"'*'® as a solvent, there is no detailed study on the kinetics
of this important reaction system using water as a separate phase. In this chapter a detailed
study on hydrogenation of aniline in a gas-liquid-liquid-solid (four phase) system using
ruthenium on alumina (Ru/Al,O3) as a catalyst is presented, in which the two immiscible
liquids used were cyclohexane and water. Generally, four phase systems are not preferred
due to a possibility of lower reaction rates resulting from inefficient contact of the liquid
phases and hence, increased mass transfer resistances. '® However, in several cases, use of
four phase catalyst system has been found to be advantageous to achieve higher rate,

selectivity and catalyst-product separation. As an illustration, the experimental results on

hydrogenation of different substrates in four phase catalytic systems are also reported.
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Further, a detailed rate analysis incorporating the interphase (gas-liquid and liquid-liquid)

mass transfer effects has been presented.

3.2. EXPERIMENTAL SECTION

3.2.1. Materials

Ruthenium trichloride (RuCl;, 3H,0) was purchased from S. D. Fine Chemical
Limited, India. Aniline, cyclohexylamine, cyclohexane and other chemicals were
purchased from E-Merck, India. Hydrogen gas with >99% purity was supplied by Inox Air

Products Ltd., India and was used as received.

3.2.2. Analysis

Liquid samples were analyzed by gas chromatography (series: HP 6890
chromatograph) using a HP-5 capillary column (30m x 0.32 mm x 0.25 pum film thickness
with 5% phenyl methoxy siloxane as stationary phase). The GC conditions for organic
phase analysis were as follows: oven: 323K (2 min)-40 K/min-373K (2 min)- 30 K/min-
453K (1 min)- 40 K/min- 523K (1 min); pressure: 8.50 psi; inlet temperature: 523K; FID
temperature: 523K; carrier gas: helium. A few samples were characterized using GC-MS
(Shimadzu QP 2000A) for identification of the products.

The metal content of the catalyst was determined using a Perkin Elmer Plasma 1000
ICP-OES spectrometer. The X-ray diffraction (XRD) of the support (y-Al,O3) and the
catalyst (2% Ru/Al,Os3) samples were recorded on Philips 1730 using Ni filtered Cu Ka
radiation (Cu K,, radiation, A=1.5418A) and a proportional counter detector at a scan rate of
2°/min. Metal particle size was obtained by Transmission Electron Microscopy (TEM)
measurements on a JEOL 1200EX instrument operated at an accelerating voltage of 120
kV. Surface area of the powdered catalyst was measured using a Chembet-3000,

Quantachrome instrument at 30% nitrogen.

3.2.3. Catalyst preparation and Characterization
The catalyst 2% Ru/Al,O;, was prepared in our laboratory by precipitation

technique. A schematic of the catalyst preparation set-up is shown in Figure 3.1. Required

108



amount of support (y-Al,O3) was dispersed in distilled water, in a round bottom flask
equipped with a half moon stirrer, condenser and an addition funnel, and the slurry was
stirred for 2 hrs at 368-373K. Required amount of ruthenium trichloride dissolved in
distilled water was added drop wise. After stirring for three hours, aqueous ammonia
solution was added (pH: ~10) to precipitate ruthenium hydroxide. The content was allowed
to stir for 4 hrs, filtered, washed with hot distilled water to remove chloride ions and dried
at 393 K for 8 hrs. The gray colored cake was powdered and activated under hydrogen flow
for 7 hrs at 573 K. After activation, the catalyst was brought to room temperature, flushed

with nitrogen and used for hydrogenation reactions.

Figure 3.1. Set-up for Ru/Al,O; catalyst preparation

The powder XRD patterns of y-alumina, and 2% Ru/Al,O3 are shown in Figure 3.2.
The characteristic Ru peaks were observed at 20 values of 42.19° (32% intensity) and
43.89° (100% Intensity) corresponding to Ru 002 and 101 planes. Alumina peaks
overlapped the peak at a 20 value of 38.38° corresponding to Ru 100 plane. The Bragg

reflections indicated in Figure 3.2 (B) are in good agreement with the hexagonal close
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packed (hcp) Ru as reported in the literature.'” The absence of peaks corresponding to

RuO; species confirmed that most of the Ru species existed in Ru (0) state.

Intensity (cps)

1500,

(A) Y'A|203—"

40.000 60.000 80.000

o /W

101

<102

20.000

40.000 60.000

Figure 3.2. XRD patterns of (A) y-alumina, and (B) 2% Ru/Al,O; recorded in the 20 range

10°-80°. The Bragg reflections for Ru/Al,O3 sample are indexed.

Figure 3.3. TEM image of 2%Ru/Al,0; Catalyst
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The TEM micrograph for the 2% Ru/AlL,O; catalyst prepared by precipitation
technique is shown in Figure 3.3. Metal clusters on the support were not in uniform size
and some of the agglomerates were of bigger size in the range of ~30 nm, where as smaller
metal clusters of ~10-12 nm were also present. Specifications of the Ru/Al,Os catalyst are:
ruthenium content: 2% (w/w); catalyst particle size: 2 x10” m; metal particle size: 9 -30
nm; particle density: 2 x10° kg/m’; porosity: 0.5; tortuosity: 4; BET surface area: 1.60 x10°
m*/kg.

3.2.4. Reactor Set-up

The hydrogenation reactions were carried out in a 3x10™ m® high pressure stirred
autoclave supplied by Parr Instrument Company, Moline, IL, as described in the previous
chapter (Chapter 2, Figure 2.2). The reactor had a provision for operating up to 523 K and
10 MPa pressure. It was equipped with automatic temperature control, gas inlet, outlet,
sampling of liquid, transducer for pressure, safety rupture disc and variable agitation speed
controller. An intermediate reservoir was used for hydrogen storage from which gas was
introduced into the reactor through a constant pressure regulator. In a typical hydrogenation
reaction, required amount of aniline, cyclohexane and water were charged along with the
catalyst into the autoclave. The total volume of the liquid phase was always kept constant
(1x10™* m®) in all the experiments. It is important to mention here that aniline is immiscible
with cyclohexane and water at room temperature, but completely soluble in cyclohexane
above 45.6 °C."® Thus, beyond 45.6 °C the system involves two immiscible liquids with
organic phase containing aniline and aqueous phase containing the catalyst. The catalyst
was found to be predominantly in the aqueous phase below an aqueous phase hold up of
0.4. Interestingly, on increasing the aqueous phase hold up (>0.4), organic phase becomes a
dispersed phase and the catalyst was generally observed to be present in the dispersed
phase. This has been observed visually as shown in Figure 3.15. The reactor was flushed
twice with nitrogen and twice with hydrogen at room temperature. The contents were then
heated to the desired temperature, autoclave was pressurized with hydrogen and the
reaction started by switching on the stirrer. Pressure drop in the reservoir as a function of

time was recorded for all the experiments. Organic phase samples were analyzed at regular
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time intervals. At the end of each experiment, aqueous phase was also analyzed for

reactants and products.

3.3. RESULTS AND DISCUSSIONS

3.3.1. Preliminary Experiments

Several initial experiments on hydrogenation of various organic substrates using the
2% Ru/Al,O3 catalyst were carried out in four phase as well as three phase systems and the
results are summarized in Table 3.1. In the four phase (gas-liquid-liquid-solid) catalytic
system, substrates and products were predominantly present in the organic phase, while the
catalyst (2% Ru/Al,O;) was present only in the aqueous phase (at &, < 0.4) at the
experimental conditions. The results presented in Table 3.1, clearly indicate that except for
hydrogenation of phenol to cyclohexanol, the rates of reactions are higher for the four
phase system compared to the three phase system. In hydrogenation of aromatic substrates,
the promoting effect of water in ruthenium catalyzed hydrogenations' is known, which
partly explains the rate enhancement in a four phase system. Another possibility is due to
the presence of Ru/Al,O; catalyst in the aqueous phase wherein the reaction occurs by
diffusion of reactants from organic phase to aqueous droplets followed by adsorption on
catalyst surface and reaction. The liquid reactants and products, being sparingly soluble in
water, are expected to remain in the organic phase in higher concentrations eliminating the
possible effects of substrate and product inhibition.

In order to understand the rate behavior in such four phase (gas-liquid-liquid-solid)
catalytic systems, a detailed study was undertaken using hydrogenation of aniline to
cyclohexylamine as a model reaction. A few initial hydrogenation experiments were
carried out with the aim of (i) identifying the products and defining the reaction scheme,
(i1) study the intrinsic kinetics for hydrogenation of aniline in a slurry reactor with 2%
Ru/Al,O3 and (iii) understanding the performance of a semi-batch slurry reactor under

1sothermal conditions.
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Table 3.1. Comparison of catalytic performance for three-phase and four-phase catalytic

systems for different aromatic functionalities

Three phase Four phase

Time,

No. Substrate Product min, Con. Sel, TOF, Con, Sel, TOF,

% % h' % 9% h?

1 @cowg Qcmomcm 60 706 152 1407 100 98.8 3994
2 @oH QoH 30 100 987 6034 100 993 6021
3 QcHo { )cnon 120 234 985 473 100 100 2021
4 o Hcoon, HOOCH(OH)CHs 90 636 323 1729 97.5 948 2514
5 wo Vo HacOOH 40 103 99.1 473 100 993 4540

6 Qwoz Qmoz 90 100 352 2612 100 89.9 3926

7 NH, { ywm 90 315 887 58 100 905 1475

Reaction conditions: substrate: 0.1x10™ kmol, catalyst: (2% Ru/Al,O3) 0.5x107 kg, temp.: 398K,
Piy: 4.8 MPa, agitation: 16.6 Hz, total liquid phase volume: 100x10° m®. TOF: in terms of total
hydrogen consumed.

Entry 1-5: For three-phase: Methanol is the solvent; for four-phase: no organic solvent is used;
aqueous phase: 90x10° m’

Entry 6-7: For three-phase: cyclohexane is the solvent; for four-phase: cyclohexane is the solvent;
aqueous phase: 30x10° m’

3.3.1.1. Reaction Mechanism and Product Distribution

According to the literature, in hydrogenation of aniline, cyclohexylamine formed as
the major product.”’ The mechanism of the formation of cyclohexylamine and other major
byproduct, dicyclohexylamine, was discussed by Greenfield.?' Catalytic hydrogenation of
aniline proceeds with stepwise formation of enamine and imine intermediates, which

further undergo hydrogenation to cyclohexylamine as shown in Scheme 3.1.

©/NH2 2H, C NH, i _NH |, O/NHZ

~ Enamine Imine Cyclohexylamine

Scheme 3.1. Stepwise hydrogenation of aniline to cyclohexylamine
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Dicyclohexylamine may also form by addition of cyclohexylamine with imine
compound followed by hydrogenolysis or hydrogenation reactions as shown in Scheme

3.2.%2

O e PO O )

+NH, || -NH, Dicyclohexylamine
HZ
hydrogenation
(el )
ketimine

Scheme 3.2. Mechanism of formation of dicyclohexylamine during hydrogenation of

aniline

Other side products such as cyclohexane (C¢Hi2) and cyclohexanol are also reported
in the literature where ruthenium was used as a catalyst.”> Cyclohexane is noticeable only
at very high temperature hydrogenation (vapour phase) of aniline over transition metal
catalysts.*

Our preliminary results revealed that cyclohexylamine was the major product in
hydrogenation of aniline with 2% Ru/Al,O5 catalyst formed by consecutive hydrogenation
of aromatic double bonds. Small traces of dicyclohexylamine (< 0.5%) were detected in a
few cases and hence not considered in kinetic analysis. The reaction scheme considered for

the kinetic study is shown in Scheme 3.3.

Catalyst Catalyst

Aniline Aminocyclohexene Cyclohexylamine

(B) © (D)
Scheme 3.3. Reaction scheme for hydrogenation of aniline in a gas-liquid-liquid-solid

system using 2% Ru/Al,O; catalyst

A few reactions were carried out without the catalyst and the results ensured the
absence of any non-catalytic reactions. The constancy of the catalytic activity during the

runs was confirmed by recycling the catalyst (Figure 3.4). After a reaction with fresh
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catalyst, the organic and aqueous phases were separated by simple phase separation and the
aqueous phase containing the catalyst was charged along with fresh organic phase for the
recycle studies. The catalytic activity, presented in terms of turn over frequency (TOF, h™'
defined as number of moles of hydrogen consumed per mole of ruthenium per hour),
remained almost constant even after four recycles. For the purpose of kinetic study, several
experiments were carried out over a range of conditions given in Table 3.2, in which

concentration-time profiles as well as hydrogen consumption vs time data were obtained.

1500 I 4-phase; [ ] 3-phase

111!

Fresh Recyclel Recycle 2 Recycle 3 Recycle 4

TOF, h*

Figure 3.4. Recycle experiments for hydrogenation of aniline using 2% Ru/Al,Os catalyst:
a comparison between four-phase and three-phase systems
Reaction conditions are as given in Table 3.1

Table 3.2. Range of operating conditions for kinetic study

Aniline concentration (w.r.t. organic phase),

Kmol/m? 0.75-3.0

Hydrogen partial pressure, MPa 2.1-6.3
Catalyst loading (w.r.t. aqueous phase), kg/m’ 5-40

Temperature, K 378-418
Agitation speed, Hz 6.6-16.6
Volume of organic phase, m’ 70x10°°
Volume of aqueous phase, m’ 30x10°°
Total volume of liquid, m’ 100x10°®
Reaction time, hr. 1.5
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3.3.2. Solubility Data

The saturation solubility of hydrogen (A*, kmol/m’) at a particular
temperature and composition was correlated with partial pressure of hydrogen (P, atm.)

by Henry’s Law as given below:

%
H, :Aﬁ,Hz (3.1)

where, He is the Henry’s constant, kmol/m>/atm.

3.3.2.1. Solubility data for hydrogen in water
Solubility of hydrogen in water at different temperatures was calculated from the
data reported by Pray et al.”® The Henry’s constant values at different temperatures are

given in Table 3.3.

Table 3.3. Solubility data (Henry’s constant) for H, in water at different temperatures

Temperature, K He x 10*, kmol/m®/atm.

378 6.58
398 6.97
418 7.8

3.3.2.2. Solubility data for hydrogen in cyclohexane
The solubility of hydrogen in cyclohexane at various compositions of aniline in
cyclohexane was measured by the procedure described in Chapter 2. The values of Henry’s

constant at different temperatures and compositions are presented in Table 3.4.

Table 3.4. Solubility data (Henry’s constant) for H, in various compositions of aniline in

cyclohexane at different temperatures

He x 10%, kmol/m®/atm.
Temperature, K

5% aniline in 10% aniline in 20% aniline in
cyclohexane cyclohexane cyclohexane
378 5.81 5.68 5.51
398 6.03 5.97 5.89
418 6.39 6.29 6.11
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3.3.2.3. Partition coefficient of hydrogen and aniline in cyclohexane — water binary
system

For hydrogenation of aniline to cyclohexylamine, at low aqueous phase hold up (ey
< 0.4) the catalyst remained in the dispersed aqueous phase. Then for the hydrogenation
reaction, hydrogen and aniline has to be transported from the organic phase to the aqueous
phase. Therefore, the concentration of hydrogen and aniline in cyclohexane-water binary
mixture is very important.

For hydrogen, the partition coefficient (aa) value at the operating range of

conditions was determined from the following equation:
(He ) =aa(He ) (32)

where, (He)aq and (He)org are the Henry’s constants for aqueous and organic phases
respectively at a particular temperature and composition, and o is the partition coefficient
of hydrogen in cyclohexane and water binary system. The average value of o was
obtained to be 0.116.

For aniline, the distribution of aniline in cyclohexane and water system was
determined experimentally at various temperatures (378 — 418 K) and different initial
concentration of aniline in cyclohexane (0.75-3.0 kmol/m’). It was observed that the aniline
concentration in aqueous phase increased linearly with the organic phase aniline
concentration. The obtained data was plotted and fitted by a linear equation (passing
through zero)

B,., = @B, (3.3)

lLw
where, Bj, and By, are the aniline concentrations in aqueous and organic phases (kmol/m’)
respectively, o is the partition coefficient of aniline between cyclohexane and water. The

average partition coefficient value was 0.260.

3.3.3. Analysis of Initial Rate Data

The initial rates of hydrogenation per unit volume of the total liquid phase were
calculated from hydrogen consumption-time data for the following parameters: (a) aqueous
phase hold-up, (b) agitation, (c) catalyst loading, (d) aniline concentration and (e) partial

pressure of hydrogen. The initial rates of reaction vs aqueous phase hold up (hold up of a
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particular phase was defined as the volume of that particular phase / volume of the total
liquid phase) plot passed through a maxima as shown in Figure 3.5. This observation was

typical of a four phase catalytic reaction and discussed in a later part of this chapter.
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Figure 3.5. Effect of aqueous phase hold-up on initial rate of hydrogenation for
hydrogenation of aniline in a four phase system using 2% Ru/Al,0O3

Reaction conditions: aniline, 0.1 kmol; catalyst (2% Ru/ALOs), 0.6 x 10° kg; P, 4.8 MPa;
temperature, 398K; total liquid volume, 100 x 10°m’.

The effect of agitation speed on initial rate of hydrogenation is shown in Figure 3.6.
With an increase in agitation speed, the interfacial area between gas-liquid and liquid-liquid
increases. Therefore, the gas-liquid as well as the liquid-liquid mass transfer rate would
increase with agitation speed. From Figure 3.6, the initial rate of reaction was found to be
independent of agitation speed beyond 10 Hz, which indicates the absence of gas-liquid
and liquid-liquid mass transfer.

The effect of catalyst loading on initial rate of hydrogenation of aniline is shown in
Figure 3.7. The initial rate increased linearly with catalyst loading at 378 and 398 K over
the entire range indicating that the reactions occur in the kinetically controlled regime,

where as at 418 K the reactions shifted towards the mass transfer regime with catalyst
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loading above 20 kg/m® (Figure 3.7). Therefore, the experiments for the kinetic study were
carried out in the temperature range of 378-418K with catalyst loading of 5-20 kg/m® with

respect to the aqueous phase holdup (gy: 0.3) as shown in Table 3.2.

—m— 378 K
44 —0— 398 K
—A— 418K
34 “ A A

I——— ]
————— o

- "/ a

Initial rate of hydrogenation, R, x 10, kmol/m®/s

0 T T T T
10 12 14 16 18

Agitation speed, Hz

Figure 3.6. Effect of agitation speed on initial rate of hydrogenation for hydrogenation of
aniline in a four phase system using 2% Ru/Al,O3

Reaction conditions: aniline, 1.53 kmol/m’, catalyst (2% Ru/Al,0;), 20 kg/m3; P, 4.8 MPa; water,
30 x 10°° m’; aniline dissolved in cyclohexane, total liquid volume, 100 x 10° m’.

—m— 378K
64 —®—398K v
—A— 418K
+438Kv

Initial rate of hydrogenation, R, x 10°, kmol/m’s

0 T T T T T T T
0 10 20 30 40 50 60 70 80

Catalyst concentration (in aqueous phase), kg/m®

Figure 3.7. Effect of catalyst loading on initial rate of hydrogenation for hydrogenation of
aniline in a four phase system using 2% Ru/Al,O3

Reaction conditions: aniline, 1.53 kmol/m’; Py, 4.8 MPa; agitation, 16.66 Hz; water, 30 x 10 m®;
aniline dissolved in cyclohexane, total liquid volume, 100 x 10 m’.
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The general trends of initial rates observed for other parameters were as follows: (1)
the effect of aniline concentration on the initial rate of hydrogenation indicated zero order
dependence over the entire range of aniline concentration studied (Figure 3.8) and (ii)
initial rate of reaction was linearly dependent on hydrogen partial pressure as shown in

Figure 3.9.
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Figure 3.8. Effect of aniline concentration on initial rate of hydrogenation for
hydrogenation of aniline in a four phase system using 2% Ru/Al,0O3
Reaction conditions: catalyst (2% Ru/ALO3), 20 kg/m3; Py, 4.8 MPa; Agitation, 16.66 Hz; water,

30 x 10°° m’; aniline dissolved in cyclohexane, total liquid volume, 100 x 10° m’.
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Figure 3.9. Effect of hydrogen partial pressure on initial rate of hydrogenation for
hydrogenation of aniline in a four phase system using 2% Ru/Al,0O3
Reaction conditions: aniline, 1.53 kmol/m’, catalyst (2% Ru/AL,0s), 20 kg/m*; agitation, 16.66 Hz;

water, 30 x 10 m®; aniline dissolved in cyclohexane, total liquid volume, 100 x 10° m’.

3.3.4. Analysis of Mass Transfer Effects

Before going to develop an intrinsic kinetic model for hydrogenation of aniline in a
gas-liquid-liquid-solid system, it was important to further check if the mass transfer
limitations were significant using quantitative criteria. In a gas-liquid-liquid-solid catalytic
reaction, following mass transfer steps must be considered: (a) gas-organic liquid phase
mass transfer for hydrogen; (b) organic-aqueous phase mass transfer for hydrogen and
aniline; and (c) aqueous phase to solid catalyst particles mass transfer for hydrogen and
aniline and (d) intraparticle diffusion with surface reaction. Quantitative criteria to assess
the significance of these steps, based on the approach described by Ramachandran and
Chaudhari (1983) were used.

1. Gas-liquid mass transfer resistance can be negligible if,

121



ay R (3.4)
kia, C.

where, kiap is the gas-liquid mass transfer coefficient and calculated according to the

correlation given below:

V 1.88 d 2.16 h 1.16
kia, =1.48x107° xN*"® % (/) (/) 3.5
a, X X x( VJ X d, X h, (3.5)

2. Liquid-liquid mass transfer for hydrogen (X=A) or aniline (X=B) can be negligible if
RA

A <01 (3.6)
kIX a‘II CX,Oi

A x =

where, Kix is the liquid-liquid mass transfer coefficient and Cxj is the concentration of
hydrogen or aniline at the organic-aqueous interface. If it is considered that the dispersed
aqueous phase is in the form of spherical droplets with a negligible slip velocity with
respect to the continuous organic phase, liquid-liquid mass transfer coefficient can be

calculated using Sh = 2 by the following equation:*’

K, = zdﬂ 3.7)
d
and @q, = 6 (3.8)
d

where, Dy is the molecular diffusivity calculated from the correlation proposed by Wilke
and Chang®®
_74x10°T (yM,,)"

Dy 0.6
H Vi

(3.9)

and dq is the droplet diameter of the dispersed phase which can be obtained using the

following equation given by Lagisetty et al. > for stirred liquid-liquid systems.

d ND*p, /) "

( %):0.125( /’%j (3.10)
3. Liquid-solid mass transfer resistance for hydrogen (X=A) or aniline (X=B) can be
negligible if,

RA

A 0.1 (3.11)
ksx ap Cx,w

als,x =

where, @, 1s the external surface area of the catalyst per unit volume
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ow

a =
Py,

p

(3.12)

and ks is the liquid-solid mass transfer coefficient and calculated by the correlation
.30

K . d e(d 4 377025 0.333
X0 2104 (p)sp' { al } (3.13)
Du F H o Dy

proposed by Sano et a

c

where, e, is the energy supplied to the liquid, was calculated according to Calderbank®' and
F. is the shape factor assumed to be unity for spherical particles.

4. Pore diffusion resistance for hydrogen (X=A) or aniline (X=B) can be considered as

negligible if,

1/2
d R
b =2 2 DA 02 (3.14)

%776 |2D, WCy,

where, D is the effective diffusivity, represented by

D, =D, &/ (3.15)

The values of different parameters required to calculate o.;, o, and ¢exp are given in
Table 3.5. For most cases, except catalyst loading >20 kg/m’ (with respect to aqueous
phase) and agitation speed below 16.66 Hz above 418 K, these criteria indicated absence of
mass transport limitations as the values of ag, ana, ang, csa, Qsp, Pexpa and dexpp Were

below 3x107, 1.7x102, 3.6x1072, 3.4x107, 4.6x107%, 8x10” and 1.1x107 respectively.

Table 3.5. Values of different parameters used in mass transfer analysis for hydrogen

Temperature, kap,  dpx10%, kyau, Dyx10°, Dex10°,  ksapx10,
K s? m st m?/s m?/s st
378 0.268 1.448 4.8 0.60 4.25
398 0.268 1.49 1.758 5.7 0.71 5.97
418 0.268 2.012 6.1 0.76 8.07
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However, the initial rate data in Figure 3.8-3.9 represent only the initial stage of the
reaction and not applicable when the consecutive reactions were involved as shown in
Scheme 3.3. Therefore, integral concentration-time data at different initial sets of

conditions were used for evaluation of kinetic parameters.

3.3.5. Intrinsic Kinetics

The experimental concentration-time data in the kinetic regime were used to
evaluate the rate equations. It was assumed that the solid catalyst particles are essentially
present in the aqueous phase as also observed experimentally (for €,, < 0.4) and the product
cyclohexylamine is quantitatively transferred from the aqueous phase to the organic phase
with no changes in the volume of aqueous or organic phases and hence the liquid hold ups
due to conversion. This is justified due to the low solubility of aniline and cyclohexylamine
in water compared to that in cyclohexane. The following reaction mechanisms were
considered to derive the rate equations (see Table 3.6):

(1) Competitive adsorption of the reactants followed by reaction as the rate-limiting
step,

(2) Adsorption of molecular hydrogen on the catalyst surface (to form the active
species) followed by reaction with the substrate as the rate-limiting step,

(3) Hydrogen and aniline adsorbed competitively on the vacant catalyst sites and then
hydrogen added to the aromatic moiety in sequential surface reaction steps,

(4) Dissociative adsorption of hydrogen and substrates on adjacent sites followed by
surface reaction.

Along with the rate expressions based on mechanistic approach, three empirical
models were also considered and the rate equations corresponding to all these models are
shown in Table 3.6.

At isobaric and isothermal conditions a semi batch slurry reactor model was used to
check the applicability of the equations. The material balance equations for different

species in the organic phase on the basis of model 2 are given below as an example:

dCB,O —_ & R1 —_ & k1 WCA,W CB,W (3.16)
dt (1-¢) (1-£)(1+K,Cpy + Ky Coyy +Ke Ceyy )
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dC wC k,C., —k,C
co _ & (R1 _ R2)= & AW ( 1 ~BW 2 c,w) (3.17)
dt  (1-¢) (1-)(1+ K, Cpy + Ky Coyy +Ke Ceyy)
dCD,o _ & R2 _ & k1 WCA,W CC,W (3.18)
dt  (1-¢) (1-&)(1+K,Chy +Kg Coy +Kc Ceyy )
and the initial conditions are:
att=0,Cgpo = (CB,O)O and Cco=Cpo=0. (3.19)

Here, ki, k; are the rate constants [(kmol/m®)" (kg/m’ (aq. phase))” s] for step R;
and R; respectively as shown in Scheme 3.3. R; and R; are the rates of reactions per unit
volume of the dispersed phase with respect to B and C respectively as shown in Scheme
3.3. Ka, Kg and K¢ are the adsorption constants for hydrogen (A), aniline (B) and
aminocyclohexene (C) respectively. The concentrations in aqueous phase, Caw, Csw, Ccw,
Cpw were in equilibrium with their respective concentrations in the organic phase (Ca o,
Cg.0, Cc0,Cp,0). For kinetic regime, Ca o for hydrogen will be equal to saturation solubility
Ca*o (=He . Pyp). Similarly,

Ciw =Cioo (3.20)
where, i represents species A, B, C or D as mentioned in Scheme 3.3 and ¢; is the
respective distribution coefficient. The partition coefficient value for A (aa) and B (ap)
were 0.116 and 0.260 respectively (see Section 3.3.2.3). As the chemical nature of aniline
(B) and aminocyclohexene (C) are quite similar, the distribution coefficients for B (ag) and
C (o) were assumed to be the same.

The overall rate of hydrogenation per unit volume of the total liquid dispersion can

be written as:
Ry, =&, (2R, +3R,) (3.21)
To select the most suitable rate equation and to evaluate the suitability of the rate
models, the above equations were solved using a fourth order Runge-Kutta method coupled
with an optimization method based on Marquart’s algorithm. The method also includes the

following objective functions as optimization criterion:
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2

(Vi,,, - Yi,..,) (3.22)

Ponin = Z

n
i =1

and the mean average of relative residuals as:

%RR:Z:Z:I: (Y'C%Y'm"d)xloo (3.23)

exp

The values of the optimized rate parameters and the objective functions for each
rate model are given in Table 3.6. Minimum values of these objective functions were used
as a criterion for model discrimination, but thermodynamic constraints such as positive
values of rate parameters and activation energies were also considered as the most

1.>33* Based on these criterions, model 1

important criterion for the applicability of a mode
and 4 were discarded as one or two rate parameters were negative in those models. Model 2
had lower ¢@min and % RR values compared to model 3, and hence was considered as the
best model. We checked the applicability of these models by fitting the predicted and
experimentally observed concentrations as functions of time. It was observed that only
model 2 represented the experimental concentration-time profiles in very good agreement

for all the initial sets of operating conditions at different temperatures. For example,

Figures 3.10-3.12 represent the validity of the model 2 at three different temperatures.
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Table 3.6. Rate equations and kinetic parameters

Model Temp.,

Model k]_ kz KA KB KC % RR ﬂ'nin

No. K

378 0.83x107%  0.97x107 38.19 34.82 61.41 +8 5.6x10*
ki WCA,W Ci,W

R, =
(1+ KA CA,W + KB CB,W + KC CC,W)

398 1.51x10% 2.20x10%  62.34 26.15 4574  +5  5.6x10*
418  2.98x10% 4.50x10°  81.99 9.7 33.7 +7  7.4x10*

378 2.08x10°  3.19x10? -48.36 41.80 29.86  +12 5.1x10°
R = K WCX&V Ci’W 398 2.81x10°  -1.5x107 45.79 26.16 33.93 +17  5.5x10°
L (+K, Cxlx/,v2v)(l+KB Cew +Kc Cow) . . . . . - '

418 6.18x10°  9.02x107 57.81 23.11 2188  +14 4.3x10"
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Model Model Temp., K K Ka Ks Ke  %RR  gn
o. K
R, = K WwCiw 378 1.86x10* 2.26x10°  81.92 - 69.54 +18  3.1x10?
1+K,C,, +K.C. )"
6 (K Cow +Ke Cow) 398 2.32x10* 3.2x10°  5.73x10° - 45711  +21  2.6x10°
_ K, WCA,W Cc,w y X
= . - 2
T (1+K, Cpy +Kg Coy)” 418 3.72x10%  5.21x10 66.73 - 4577  +16  2.9x10
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Figure 3.10. Concentration-time profile at 378 K
Reaction conditions: aniline, 1.53 kmol/m’; catalyst (2% Ru/Al,O;), 20 kg/m3; Py, 4.8 MPa;

temperature, 378K; water, 30 x 10 m?; aniline dissolved in cyclohexane, total liquid volume, 100
x 10° m’.

1.6 4
1 ®  aniline A
1.4+ ® aminocyclohexene
| A cyclohexylamine —
1.2 predicted A L3 g
mg 1 * hydrogen - ;
S 1.0 =
g X
£ 0] s
E E R
S 0.6+ £
8 1 4 2
c <
§ 041 -1 SN
| I
0.2 .
1 74 ° ° e °
0.0 . . . . - 0
0 20 40 60 80 100
Time, min

Figure 3.11. Concentration-time profile at 398 K
Reaction conditions: aniline, 1.53 kmol/m3; catalyst (2% Ru/Al,O;), 20 kg/rn3; Pz, 4.8 MPa;

temperature, 398K; water, 30 x 10° m’; aniline dissolved in cyclohexane, total liquid volume, 100
x 10 m’.
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Figure 3.12. Concentration-time profile at 418 K
Reaction conditions: aniline, 1.53 kmol/m’; catalyst (2% Ru/Al,O;), 20 kg/m3; Py, 4.8 MPa;

temperature, 418K; water, 30 x 10 m®; aniline dissolved in cyclohexane, total liquid volume, 100
x 10° m’.

Activation energies of the reaction steps were calculated from the Arrhenius plots

shown in Figure 3.13 as 41.97 and 50.386 kJ/mol for R; and R, respectively.

-2.5
u Ink1
-3.0 o Ink2
-3.5
e
£
-4.04
4.5
-5.0 T T T T T T T T T T T T
2.35 2.40 2.45 2.50 2.55 2.60 2.65
1T x10°, K*

Figure 3.13. Temperature dependence of rate constants
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The enthalpy (-AH;) and entropy (AS;) of adsorption for all the adsorbed species

were calculated using the following equations™:

K = Kioexp[—AR—Tj (3.24)

K, = exp(%sij (3.25)

where, Kjp was the pre-exponential factor and R is the universal gas constant. The InK; vs.
I/T plots for hydrogen (H), aniline (B) and amino cyclohexene (C) are shown in Figure
3.14. The slopes of these plots correspond to (-AHi/R) from which -AH; can be calculated.
On the other hand, the intercept of the plots in Figures 3.14 to the Y-axis at 1/T = 0
represents the pre-exponential factor, Kjp from which AS; can be calculated according to

Equation 3.25.
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Figure 3.14. Temperature dependence of adsorption constants
The enthalpy of adsorption and entropy of adsorption for all the adsorbing species

are given in Table 3.7. The negative value of enthalpy of adsorption for hydrogen (Ky) was

obtained which, though not so common, has also been previously reported for liquid phase
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hydrogenation reactions by Broderick and Gates®® and Chaudhari et al.”” A plausible
explanation for such unusual observation may be the endothermic chemisorption of

hydrogen on the ruthenium metal surface.

Table 3.7. Values of enthalpy and entropy of adsorption

Adsorbate -AH; (kd/mol) AS (J/mol k)
Hydrogen -25.09 38.57
Aniline 41.96 28.49
Aminocyclohexene 19.71 17.63

3.4. ANALYSIS OF A GAS-LIQUID-LIQUID-SOLID SYSTEM

The initial work on evaluation of catalysts clearly showed the advantages of using a
four phase catalytic system involving two immiscible liquid phases for some hydrogenation
reactions. In such reaction systems, the overall rate of reaction is dependent on interphase
mass transfer, hydrodynamics of the complex multiphase system and reaction kinetics. In
the previous section detailed kinetic modeling for hydrogenation of aniline to
cyclohexylamine in a gas-liquid-liquid-solid system is presented. In this part, a theoretical
analysis of the rate processes as a function of hold up of a particular phase involved in such
gas-liquid-liquid-solid catalytic reaction systems has been described. For this purpose,
hydrogenation of aniline in the cyclohexane—water in the presence of Ru/Al,O; catalyst
was considered.

In hydrogenation of aniline to cyclohexylamine in a gas-liquid-liquid-solid system,
the organic substrate produced equivalent moles of products, which due to its very low
solubilities in aqueous medium, stayed in the organic phase only. Therefore, swelling or
shrinkage of any phase didn’t occur for this case. Hence, it is assumed that the volumes of
organic and aqueous phases remain unchanged during the course of a reaction.

The important characteristic of the present four phase system was that at low
aqueous phase hold up (e, = 0.1 — 0.3) the catalyst (2% Ru/Al,O3) remained in the aqueous
phase and above which (e = 0.4 — 0.8) the catalyst moved to the organic phase. These
unusual observations are shown in Figure 3.15. Therefore, two different cases were

considered to model the variation of initial rate of hydrogenation over the entire range of
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aqueous phase hold up: (CASE-I) At lower aqueous phase hold up, the catalyst was
considered to be in the aqueous phase; and (CASE-I1) At higher aqueous phase hold up,

the equations were derived considering the catalyst in the organic phase.
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Figure 3.15. Photographs of the glass reactor containing aniline in cyclohexane (organic phase; top yellow layer), water (aqueous
phase; colorless bottom layer) and catalyst (black colored) at different hold ups of aqueous and organic phases. The total volume of
the liquid phase was kept constant. A glass jar was fitted physically below the reactor head, which was used for the slurry reactions. A

hot plate was used to heat the contents of the glass jar and temperature was controlled by the thermocouple fitted to the reactor.
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3.4.1. Mathematical Model
The stepwise hydrogenation of aniline in gas-liquid-liquid-solid system using

Ru/AlL,Oj catalyst is shown below.

2 H 2 (A) @
Catalyst Catalyst
Aniline Aminocyclohexene Cyclohexylamine

(B) (©) (D)

The reaction scheme can be written as:

A(g) +vB()—> C(I) (3.26)

A@+Cl —>DO (3.27)

Kinetic studies showed that a rate equation of the following type is appropriate to

represent the above reactions:

ki w CA,W Ci,w

R, = (3.28)
(1+ KA CA,W + KB CB,W + KC CC,W)

where, Cj represents the concentration of the i-th liquid phase component in the aqueous
phase. Cay is the concentration of hydrogen in aqueous phase. Here it is important to note
that R;j and k; represent the rate of reaction and rate constants defined based on the volume
of the dispersed phase. For the analysis of the rate process for such a gas-liquid-liquid-solid
system, two different cases were considered.

CASE-I: When organic phase is continuous and aqueous phase is dispersed with

catalyst in the dispersed aqueous phase
CASE-Il: When aqueous phase is continuous and organic phase is dispersed with

catalyst in the dispersed organic phase

CASE-I: When organic phase is continuous and aqueous phase is dispersed
This situation occurs when aqueous phase hold up, €y (the ratio of aqueous phase
volume to total liquid volume) is < 0.3. Water droplets containing the catalyst particles

remain in a pool of organic phase. In such a case, a number of steps have to occur before
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aniline converts to the product over the active catalyst surface in a slurry reactor. The steps

for gaseous reactant hydrogen (A) are as follows:

(a)
(b)

(©)

(d)

(e)

H
(2

Transport of A from the bulk gas phase to the gas-liquid (organic) interface.
Transport of A from gas-liquid (organic) interface to the bulk liquid (organic)
phase.

Transport of A from bulk liquid (organic) to liquid (organic)-liquid (water)
interface.

Transport of A from liquid (organic)-liquid (water) interface to the bulk aqueous
phase.

Transport of A from bulk aqueous phase to the solid catalyst surface.

Adsorption of A on the active catalyst surface.

Surface reaction to yield product.

To derive the mass balance equations the following assumptions were made:

Assumptions:

1.

3.

For gas-liquid mass transfer of hydrogen (A), the resistance from the gas side of
gas-liquid film was considered to be negligible as pure hydrogen gas was used.

For liquid (organic)-liquid (aqueous) mass transfer for A, the resistance from the
organic side liquid film was considered. For liquid-liquid mass transfer, the
resistance from the aqueous liquid side of liquid-liquid film was considered to be
negligible as it was assumed that the aqueous liquid film thickness was very small
due to very small droplet size (< 1.5 x10™ m).

As the concentrations of B and C were very high with respect to A, liquid-liquid
mass transfer limitations for B and C were considered to be negligible.
Concentrations of B and C in the aqueous phase will be related to the organic phase
concentrations and the partition coefficient of the respective components in the
cyclohexane-water system at the experimental condition as written in Equation

3.20.
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4. Catalyst particles were surrounded by a thin film of water. Therefore, liquid-solid
mass transfer resistances were considered to be negligible for all the components
(A, B, C and D).

5. As the catalyst particles are very fine, intraparticle mass transfer resistance was
considered to be negligible.

6. Steady state condition was assumed.

The concentration profile for A and B as it moved to the catalyst surface is shown

in Figure 3.16.
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Figure 3.16. Concentration profile of species A and B in a gas-liquid-liquid-solid catalytic
system

Mass balance for hydrogen (A)

The rate of mass transfer of hydrogen (A) from the bulk gas phase to the reaction at
the catalyst surface can be derived according to the steps (a) to (g). The rate of gas-liquid

(organic) mass transfer can be written as:

Re=(K,, NA*-A,) 329
where, A* and A, are the saturation solubility and actual concentration of hydrogen in
organic phase at that particular reaction condition. (K;aa,) was the gas to liquid (organic)
mass transfer coefficient. The details of the correlations used for the calculations were

described in Section 3.3.4.
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The rate of liquid (organic)-liquid (aqueous) mass transfer can be written as:

Ry = (KIIAaII )(Alo -A, /aA) (3.30)

where, A, is the concentration of hydrogen in aqueous phase. a, is the partition
coefficient of hydrogen in organic-water binary system.
The overall rate of hydrogenation per unit volume of total dispersion, Ry can be

written as:

R . WAI,W(zkl B|,W +3k2C|,W) (3 31A)
g ! (1+KAAI,W+KBBI,W+KCCI,W) ‘

=¢,(2R, +3R,) (3.31B)

As the liquid (aqueous) film surrounding the catalyst is very fine, we can assume
that the liquid-solid mass transfer resistances are negligible.

At the steady state, the rate of gas-liquid, liquid-liquid mass transfers and the rate of
chemical reaction per unit volume of the total dispersion are same. Therefore, combining

Equations 3.29, 3.30 and 3.31 we can write:

R~ (K, JA*-A) 5324)
= Kiady (Alo —Au /O‘A) (3.328)
—e WAI,W(Zkl BI,w +3k2CI,w) (332(:)

Y| {1+ K A, + KB, +KC, )

From Equation 3.32B we have,

R, = kII,AaII(AI,o — A /O‘A)

which can be rearranged to,

Ra (
=(A,-Aula,)
kII,AaII A
= A, = Ry +A,/a, (3.33)
, II,AaII ,

From Equation 3.32A we have,
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Rp= (KI,Aab XA*_AI,O)

Substituting A;, from Equation 3.33, we get

o e

KI,Aab I(II,AaII
R R
=>A, /o, =A¥——~A A
kII,Aa'II KI,Aab
=>A,=a A*—aR[ ! + ! J (3.34)
" g A kII,AaII KI,Aab

In Equation 3.34, the unknown surface concentration of hydrogen (Ajw) is
represented in terms of known parameters.
Concentrations of B and C in the aqueous phase can be correlated to their

corresponding organic phase concentrations by the following correlations:

B =asB, (3.35)
C.=aC, (3.36)
The mass balance equations for B and C can be represented as:
dB k,wWA, ,B
_ 1,0 _ 8W R — gw 1 Al,W |,W (3‘37)

dt  (1-¢,) ' (-&,)(1+K,A, +K.B, +K.C,,)

Sdc, e, e, kWA, (k,C,., —k,B,,)

dt  (1-¢,) ° (1-s,)(1+K,A, +KB,, +K.C,,)

(3.38)

Now Ajw, Biw and Cjy, in 3.32C, 3.37 and 3.38 can be replaced in terms of known
concentration terms by Equations 3.34 to 3.36 and can be solved. The rate of hydrogenation

per unit volume of the total liquid dispersion was then calculated from Equation 3.32C.

CASE II: When aqueous phase is continuous and organic phase is dispersed

This situation occurred when aqueous phase hold up, &, (the ratio of aqueous phase
volume to total liquid volume) was > 0.4. Organic phase containing the liquid phase
reactants (B and C) remained in a pool of aqueous phase. Catalyst particles were suspended

in the organic phase. Therefore, reaction was occurring in the organic phase. In such a case,
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number of steps has to occur before B and C converts to the product over the active catalyst

surface in a slurry reactor. The steps for gaseous reactant hydrogen (A) are as follows:

(a) Transport of A from the bulk gas phase to the gas-liquid (aqueous) interface.

(b) Transport of A from gas-liquid (aqueous) interface to the bulk liquid (aqueous)

phase.

(¢c) Transport of A from bulk aqueous phase to liquid (aqueous)-liquid (organic)

interface.

(d) Transport of A from liquid (aqueous)-liquid (organic) interface to bulk organic

phase.

(e) Transport of A from bulk organic phase to the solid catalyst surface.

(f) Adsorption of A on the active catalyst surface.

(g) Surface reaction to yield product.

To derive the mass balance equations the following assumptions were considered:

Assumptions:

1.

For gas-liquid mass transfer of hydrogen (A), the resistance from the gas side of
gas-liquid (aqueous) film was considered to be negligible as pure hydrogen gas was
used.

For liquid (aqueous)-liquid (organic) mass transfer for A, the resistance from the
aqueous side liquid film was considered. For liquid-liquid mass transfer, the
resistance from the organic liquid side of liquid-liquid film was considered to be
negligible as it is assumed that the organic liquid film thickness was very small.

A (hydrogen) transferred only through gas-liquid (aqueous) film and then
transferred to the organic phase. A (hydrogen) dissolve in organic phase and its
mass transfer to the aqueous phase through liquid (organic)-liquid (aqueous)
interface was assumed to be negligible.

Intraparticle mass transfer resistance was considered to be negligible.

Solvent effect on reaction kinetics was assumed to be negligible to use the same
kinetic parameters.

Steady state condition was assumed.
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The concentration profile for A and B as it moved to the catalyst surface is shown
in Figure 3.17.

At steady state condition, the rate of hydrogenation per unit volume of the total
liquid phase could be correlated to the gas-liquid (aqueous) mass transfer, liquid-liquid

mass transfer and rate of surface reaction for hydrogen as:
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Figure 3.17. Concentration profile of species A and B in a gas-liquid-liquid-solid catalytic

system

Ra :(KI,Aab)W(A:/ _Al,w) (3.39A)
:(kII,AaII XaAAI,w _Al,o) (3.39B)
:(l—{;‘ \ WAI,0(2leI,o +3k2CI,o) (339C)

W/(l+ KAAI,O + KBBI,O + KCCI,O)

where, (Kjaap)w represented the gas-liquid mass transfer coefficient of A from the gas
phase to the aqueous phase. A’y was the saturation solubility of A in aqueous phase.
(knaan) was the liquid (aqueous)-liquid (organic) mass transfer coefficient for hydrogen. w
was the catalyst loading per unit volume of the organic phase, kg/m>(org).

From Equation 3.39B, we can get,

141



R = (kII,AaII xaAAI,W - AIO)
RA

= ( ):a AIW_AI,O
kll,Aall A

RA
= o] 3.40
= Al,o aAAl,W k”,Aa” ( )

From Equation 3.39A, we can get,

Ra= (KI,Aab )W(A\:/ - A1W)
Ra A
= (Kleab )W - AN Al,w
" Ra
=>A|,W=Aw—m (3.41)

Replacing A, in Equation 3.40 by the expression in Equation 3.41, we get,

RA

Al,o:aAAI,W_W
:>A|,o:aA[A\:/_( i ]_( i

K a8y )W Ki a2y )
» azR, R,
=A,= - —
Ao = A (KI,Aab )W (kII,AaII)
= A, :aAA:—RA[ I, 1 J (3.42)
, (KI,Aab )W (kII,AaII )

The mass balance equations for B and C could be written as,

dBIo WklAI oBIo
~—2 =R = 2 (3.43)
dt (I+KyA, + KB, +K:C )
dC wk, A C
_ |,0 — R 2A|,0 |,0 (344)

dt ° (I+K,A, +KgB,, +K.C,,)

Now, A, in Equation 3.43 and 3.44 could be replaced by the expression derived in
Equation 3.42 and could be solved. Here, R; and R, were the rates of reaction per unit
volume of organic phase hold up. Therefore, the rate of hydrogenation per unit volume of

total liquid phase (Ra) could be written as,
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R :(1—8 ) WAI,O(zle|~° +3k2CI’°)
A W/(1+ KAA|,0+KBBL0+KCCI’O)

=(1-¢&,)2R, +3R,) (3.45)

3.4.1.1. Comparison of the model predictions with experimental results

In order to understand the effect of dispersed phase hold up on rate of
hydrogenation, it is important to know the dispersion characteristics of the solid catalyst
particles within the two liquid phases. As discussed earlier (Section 3.4, Figure 3.15), we
observed that the solid catalyst particles are present primarily in dispersed phase. While at
aqueous phase hold up of 0.1 to 0.3 catalyst particles are essentially present in the aqueous
phase with a clear organic phase, at higher aqueous phase hold up (e, > 0.4) wherein the
organic phase is the dispersed phase the catalyst particles are predominantly present in the
organic phase. Though this behavior may be different for different systems, in each case a
quantitative account of rate of hydrogenation as a function of aqueous phase hold up can be
made using the theoretical models discussed above for these two cases (CASE-I and II).
The objective here was to examine whether the observed trend of initial rate of
hydrogenation (Rs) vs aqueous phase hold up (ey) (at constant amount of catalyst and
substrate aniline in the liquid-liquid dispersion) passing through a maxima can be achieved
by the models. The model Equations 3.32C, 3.34-3.38 (for CASE-I) and 3.39C, 3.42-3.44
(for CASE-II) were used to calculate the initial rate of hydrogenation (Rs) at different
aqueous phase hold up (&) using the kinetic parameters (K1, k; and Ka, Kg, K¢) for Model 2
presented in Table 3.6. The other model parameters required (Kaap, Kia, &) were all
calculated by the correlations described in Section 3.3.4 (Equation 3.5, 3.7, 3.8). At this
stage, very precise values of these parameters of gas-liquid-liquid-solid systems were not
available and the predictions from these correlations may have some errors with respect to
the true values. However, it was thought important to examine if the trend of maxima with
respect to initial rate of hydrogenation (Ra) vs aqueous phase hold up (ey) is atleast

predictable. The predicted results along with experimental data for a specific set of reaction
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conditions are shown in Figure 3.18, which indicates that the model equations proposed

here predict the trend reasonably well.
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Figure 3.18. Comparison of experimental and predicted results for initial rate of
hydrogenation as a function of aqueous phase hold up at constant amount of aniline and
catalyst

Reaction conditions: aniline, 0.1x 10~ kmol, catalyst (2% Ru/AL0O;), 0.6x 10° kg; Py, 4.8 MPa;

aniline dissolved in cyclohexane, total liquid volume, 100 x 10 m’.

The errors in the specific values in the initial rate predicted are obvious considering
the uncertainty of some of the mass transfer and hydrodynamic parameters predicted by the
correlations reported in the literature. From the study it is quite clear that the understanding
of the overall rate of reactions in such multiphase catalytic reaction systems is rather
complex due to coupled effect of interfacial mass transfer, hydrodynamics and kinetics of
the reaction involved. Particularly, the influence of the liquid hold ups and catalyst particle
distribution is important from the design and scale up point of view. More detailed

investigation for such systems is necessary to arrive at generalized conclusions.
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3.5. CONCLUSION

Gas-liquid-liquid-solid system showed better catalytic performance than the
corresponding conventional gas-liquid-solid catalytic system with Ru/Al,O3 catalyst for
dearomatization of aromatic compounds by hydrogenation. Kinetics of aniline
hydrogenation to cyclohexylamine was studied in a tetra phase system over a temperature
range of 378-418K. It was found that the experimental data were in the kinetic regime in
most cases except higher catalyst loading and agitation speed below 16 Hz. Different rate
models were developed and based on the observed concentration-time data intrinsic kinetic
parameters estimated. A rate model considering adsorption of hydrogen on the catalyst
surface followed by reaction with the liquid phase components as the rate-limiting step was
found to give the best fitting of the experimental concentration-time as well as the
hydrogen consumption-time data at different initial sets of reaction conditions. Activation
energy, heat of adsorption and entropy of adsorption were evaluated. Theoretical model
was developed to predict the initial rate data as a function of aqueous phase hold up. An
unusual property of catalyst phase inversion with increase in aqueous phase hold up was
observed and hence two separate models based on availability of the catalyst in a particular
phase were derived. Predictions of the two models were in good agreement with

experimental results.

Nomenclature

a, = external surface area of the catalyst per unit volume, m*/m’

Cax o = saturation solubility of hydrogen in the organic phase, kmol/m’
(Cg)o = initial concentration of aniline in organic phase, kmol/m’

Cio = concentration of i-th species in organic phase, kmol/m’

Ciw = concentration of i-th species in aqueous phase, kmol/m’

D = reactor diameter, m

d, = particle diameter, m

Dwm = molecular diffusivity, m?/s

D. = effective diffusivity, m*/s

E; = activation energy of i-th species, kJ/mol
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AH = enthalpy of adsorption, kJ/mol

ki-k, = rata constants for the hydrogenation steps, (kg/m’)" (kmol/m’)" s
Ky = adsorption equilibrium constant for hydrogen, (kmol/m®)™
Kg &K¢ = adsorption equilibrium constants for aniline and aminocyclohexene respectively,
(kmol/m’)!

kia, = gas-liquid mass-transfer coefficient, s™

ks = liquid-solid mass-transfer coefficient, m s™

N = speed of agitation, Hz

R = initial rate of hydrogenation, (kmol/m®) s™!

R;-R, = individual rates of reaction for the four steps, (kmol/m’) s
R = overall rate of hydrogenation, (kmol/m’®) s

R = universal gas constant, kJ/kmol/K

AS = entropy of adsorption, J/(mol K)

U, = gas velocity, m/s

V. = liquid volume, m’

w = catalyst weight with respect to aqueous phase hold up, kg/m’
Yiexp = experimental concentration of i-th species

Yimoq = predicted concentration of i-th species

Greek Letters

o= distribution coefficient of i-th species

oy = parameter defined by eq 1-1

oy x = parameter defined by eq 1-2

dexp = parameter defined by eq. 1-11

&min = parameter defined by eq. 7

= viscosity of the liquid, P

= density of liquid, kg/m’

&= aqueous phase hold up

(1-€) = organic phase hold up

7= tortuosity

Pp = particle density, kg/m’

o = interfacial tension, dynes/cm

po = density of the continuous phase, g/cm’
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Chapter 4

Pt and Pd Nanoparticles Immobilized on
Amine-functionalized Zeolite:
Catalytic Applications for Hydrogenation
and Heck Reactions



4.1. INTRODUCTION

Metal nanoparticles are of considerable interest to the scientific community as they
exhibit unique electronic, optical, and catalytic properties, due to their quantum size
effects.' These nanoparticles are presently under intensive study for applications in
optoelectronic devices,” ultra sensitive chemical and biological sensors,” and as catalysts in
chemical and photochemical reactions.® In particular, the high surface area-to-volume ratio
of the metal nanoparticles makes them highly attractive tools for catalysis. A key challenge
in the application of these materials in catalysis is the agglomeration of the nanoparticles,
which can be overcome through surface functionalization/stabilization.” Application of
metal nanoparticles in catalysis has predictably centered on Pt and Pd nanoparticles.®’” As
far as Pt nanoparticles are concerned, a number of processes have been developed for their

673 in non-polar organic solutions’ and by phase

synthesis in an aqueous environment,
transfer of aqueous nanoparticles into organic solutions.'® Though, Pt/Pd nanoparticles in
aqueous and organic’® media as well as soluble platinum, palladium complexes exhibit high
reactivity and high selectivity'' in hydrogenation and Heck reactions, they have some
drawbacks, similar to that of homogeneous catalysis such as difficulties in quantitative
separation (purity of the product), recovery and regeneration of the catalyst. In addition to
separation problems, deactivation of the homogeneous catalysts by formation of inactive
colloidal species is encountered at comparatively higher reaction temperatures.'?
Therefore, efficient catalyst-product separation and hence product purity, regeneration of
the catalysts are the challenging issues.

Attempts have been made to overcome problems concerning thermal stability (high
reaction temperature), separation and recovery of the catalyst by the use of heterogeneous
catalyst systems. Heterogeneous noble metal catalysts are generally prepared by deposition
of metals onto preformed supports,'* resulting in limited control over the metal particle size
and dispersion. Heterogeneous catalysts and in particular porous materials such as alumina,
silica, and zeolites have many advantages as supports because of their high surface areas,
shape/size selectivity, and easy separation from reaction mixtures. Mesoporous structures
would seem to be ideal for forming a scaffold in which three-dimensional dispersions of
metal nanoparticles could be supported. For these reasons, the use of metal nanoparticles

deposited on such porous materials has increased recently.'* Generally, these catalysts have
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been prepared either by chemical vapor deposition of volatile metal compounds and their
subsequent decomposition in the porous structure,”” or by impregnation'® and ion-
exchange'” methods by immersing the calcined porous materials in an aqueous solution of
metal precursors'® followed by reduction with hydrogen at high temperature (>573K).
Although, these methods have been successfully used to introduce a higher metal content
into the pores, these methods are very complex, take a long time, and particle size and
shape control is poor. Furthermore, these metal particles are usually formed both inside and
outside the channels of the porous support. The catalyst particles inside the pores suffer
from molecular accessibility limitations for the reactants and consequently, poor activity.
The use of directed self-assembly to construct heterogeneous catalysts in a ‘bottom-up’
fashion presents a promising alternative, preventing agglomeration while providing the
inherent advantages of heterogeneous catalysts, such as ease of product separation and
catalyst recycling.

A possible strategy to overcome these drawbacks could be based on the
immobilization of the metal nanoparticles on the surface of zeolites where active sites of
the nanoparticles can be easily accessible to reactants. Since, the size of the nanoparticles is
extremely important for retention of high catalytic activity,'® it is necessary to stabilize the
nanoparticles on the surface of the zeolite during the reactions. It is fairly well accepted

1
%19 and therefore,

that amine groups bind strongly to platinum and palladium nanoparticles,
attempts have been made here to immobilize aqueous platinum and palladium nanoparticles
on the surface of micron-sized NaY zeolite particles functionalized with amine groups and
thereafter use the platinum/palladium-nano-decorated zeolite particles in different
important reactions. In this context, easily available silica gel can also be an alternative
support to zeolites for immobilization of metal nanoparticles. However, in a recent work
Mukhopadhyay et al.** have shown that anchored Pd complex on APTS modified silica
gave considerable amount of Pd metal leaching (~ 15%) during hydrocarboxylation of aryl
olefins and alcohols. This is the reason why silica is not considered as a support in the
present study.

Catalyst-mediated hydrogenation reactions represent a high percentage of

industrially important processes. In such hydrogenation reactions, supported platinum and

palladium metals are the most commonly used catalysts. The Heck reaction (Pd-catalyzed
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carbon-carbon bond formation between aryl halides and olefins) is one of the most versatile
tools in modern synthetic chemistry and has great potential for future industrial
applications.”’ Although, recent advances in homogeneous and heterogeneous Heck
catalysis have attracted considerable attention, homogeneous catalysts suffer from the
above mentioned problems while heterogeneous systems suffer from a lower turnover
numbers (TON) and limited lifetime of the catalysts.*> Hitherto used metallic palladium
catalysts such as Pd/Si02,23 Pd/C,24 Pd/A1203,25 Pd/resin,25 Pd(0) modified zeolites,26 have
yielded poor to moderate conversion and selectivity in the Heck olefination of haloarenes.

In this chapter, a simple but generic synthesis procedure for the immobilization of
platinum and palladium nanoparticles on the surface of amine-functionalized zeolite and
their evaluation as heterogeneous catalysts for hydrogenation and Heck reactions are
reported. These new catalysts exhibit excellent turnover frequencies, selectivity and
reusability for both hydrogenation and Heck reactions. The nanomaterials are characterized
in details using spectroscopic techniques such as UV, FTIR, powder XRD, TGA, TEM,
XPS etc.

4.2. EXPERIMENTAL SECTION

4.2.1. Chemicals

3-aminopropyltrimethoxysilane (APTS), chloroplatinic acid (H,PtCle), palladium
nitrate di-hydrate [Pd(NOs;);]. 2H,O, sodium borohydride (NaBH4), styrene and
iodobenzene were obtained from Aldrich Chemicals and used as received. Nitrobenzene,
triethylamine, cyclohexane, N, N-dimethyl acetamide (DMAC) were obtained from Merck
and used without any further purification. 5% Pd/C and 5% Pt/C were purchased from
Arrora Mathey, India.

4.2.2. Synthesis

In the procedure for synthesis of catalysts, there are two steps:

(1) Synthesis of Na-Y zeolite and functionalization of the zeolite surface by amine groups

and,
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(i) Synthesis of platinum and palladium nanoparticles in aqueous medium and
immobilization of those metal nanoparticles on the surface of the amine-functionalized Na-

Y zeolite.
(i) Synthesis and functionalization of Na-Y zeolite by APTS grafting (APTS-Y):

The zeolite Na-Y has been synthesized according to the procedure described by
Mukhopadhyay et. al.>’ In a typical synthesis, seed crystals were made separately by
stirring the aqueous solution containing Na,SiO3; (95 mmol, 28% SiO, and 8.4% Na,0),
NaAlO; (9.76 mmol, 43% Al,O3; and 39% Na,O) and NaOH (70 mmol) for 1 h and
keeping in rest for 18 h. The seed solution followed by NaAlO; (34.2 mmol), NaOH (92.5
mmol), Alx(SO4)3;.16H,0 (6.02 mmol) and 35 ml of water were added into an aqueous
solution of Na,SiO3 (355 mmol) under constant stirring conditions for 2 h. The final molar
gel composition of the zeolite Na-Y was 25.0 Si0,/4.9 Al,05/27.0 Na,O/552 H,O. The gel
was aged for 12 h at 373 K, cooled to ambient temperature, filtered and washed several

times with distilled water.

For amine functionalization of Na-Y zeolite, 5.73 mmol APTS was added slowly
into a slurry containing 1 g calcined Na-Y in anhydrous dichloromethane at room
temperature and atmospheric pressure. The slurry was allowed to stir for 16 h. The white
solid was filtered and washed repeatedly with dichloromethane. The white amine

functionalized cake (APTS-Y) was dried in vacuum and used for further application.

(ii) Synthesis of platinum and palladium nanoparticle solutions and immobilization on
the surface of the amine-functionalized Na-Y zeolite:

In a typical experiment, 100 mL of a 10®* M concentrated aqueous solution of
chloroplatinic acid (H,PtClg) was reduced by 0.01 g of sodium borohydride (NaBHy) at
room temperature to yield a blackish-brown colored solution, which indicates the formation
of Pt nanoparticles. Similarly, Pd nanoparticles were prepared from the aqueous solution of
palladium nitrate (Pd(NOs),, 2H,0). These colloidal platinum and palladium solutions
were used for immobilization on amine-functionalized Na-Y zeolite. 0.02 g of APTS-Y
was added into the Pt or Pd colloidal solutions and stirred for 12 h at room temperature.
The solid was allowed to settle, filtered and washed several times with hot water to remove

chloride ions. The mass loading of the zeolite particles by platinum and palladium
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nanoparticles was estimated by inductively coupled plasma (ICP) measurements to be 4.5
and 3.6 wt % for platinum and palladium respectively. Nomenclature used in the text for
the samples of platinum and palladium nanoparticles immobilized on amine-functionalized

Na-Y zeolite are [Pt]-APTS-Y and [Pd]-APTS-Y respectively.

4.2.3. Instrumentation

UV-visible (UV-vis) spectroscopic studies were performed on a Shimadzu dual
beam spectrometer (model UV- 1601 PC) operated at a resolution of 1 nm. UV-vis spectra
of the platinum and palladium nanoparticles immobilized on APTS modified Na-Y zeolite
([Pt]-APTS-Y and [Pd]-APTS-Y respectively) was measured after sonication of the
samples in water. Fourier transform infrared (FTIR) spectra of the amine functionalized
zeolite (APTS-Y) and immobilized Pt metal nanoparticle ([Pt]-APTS-Y) were recorded in
the diffuse reflectance mode on a Perkin-Elmer Spectrum One FTIR spectrometer in the
range of 450-4000 cm™ and at a resolution of 4 cm™. The APTS-grafted and the metal
nanoparticle -immobilized zeolite samples were prepared for FTIR measurement on a Si
(111) wafer by drop-casting from solution. TGA profiles of carefully weighed quantities of
powders of APTS modified Na-Y zeolite, [Pt]-APTS-Y and [Pd]-APTS-Y were recorded
on a Seiko Instruments model TG/DTA 32 instrument at a heating rate of 10°C/min.
Transmission electron microscopy (TEM) measurements were performed on a JEOL model
1200EX instrument operated at an accelerating voltage of 120 kV. Samples of APTS-Y,
[Pt]/[Pd]-APTS-Y before and after different reactions were made on carbon-coated grids
after dispersing the powders in isopropanol for transmission electron microscopy (TEM)
measurements. These films were allowed to dry for 1 min following which the extra
solution was removed using a blotting paper. Powder X-ray diffraction (XRD)
measurements were performed on a Philips PW 1830 instrument consisting of a rotating
anode generator with a copper target (Cu K, radiation, A=1.5418A) operating at 40 kV and
a current of 30 mA. The XRD patterns of the parent Na-Y zeolite, APTS-Y and [Pt]/[Pd]-
APTS-Y samples were recorded in the range 5° - 85° at a scan rate of 1° per minute. X-ray
Photoemission Spectroscopy (XPS) measurements of the [Pt]-APTS-Y and [Pd]-APTS-Y
samples were carried out on a VG MicroTech ESCA 3000 instrument at a pressure <I1x10™

Torr. The general scan and the Cls, Pt 4f and Pd 3d core level spectra were recorded with
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un-monochromatized Mg Ka radiation (photon energy, hv= 1253.6 eV) at pass energy of
50 eV and electron takes off angle (angle between electron emission direction and surface
plane) of 60°. The overall resolution was 1 eV for the XPS measurements. The core level

spectra were background corrected using the Shirley algorithm?®

and the chemically
distinct species were resolved using a non-linear least squares fitting procedure. The core
level binding energies (BE) were aligned with the adventitious carbon binding energy of
285 eV. The metal content of the catalysts was determined using a Perkin Elmer Plasma
1000 ICP-OES spectrometer. The liquid and catalyst samples after the hydrogenation and
Heck reactions were also analyzed for metal content to examine the extent of leaching of
the metals during reactions.

The hydrogenation and Heck reactions were carried out in a 50 ml stirred pressure
reactor supplied by Parr Instrument Company, Moline, USA. The reactor was equipped
with a heating arrangement, overhead stirrer, thermo well, pressure gauge as well as a
pressure transducer, gas inlet, gas outlet and sampling valve. The temperature inside the
reactor could be controlled to an accuracy of £ 1°C and agitation speed could be varied
between 0-2000 rpm. In a typical hydrogenation reaction, a known amount of substrate in
cyclohexane and the catalyst were charged into the reactor. The reactor was flushed thrice
with nitrogen and then with hydrogen. After setting the reaction temperature, the heater
was put-on under slow stirring rate for uniform heat distribution. After attaining the
temperature, hydrogen gas was introduced into the reactor to the desired pressure level
from a hydrogen reservoir. Liquid sample was withdrawn as an initial sample and the
reaction started by putting the stirrer on to a higher agitation speed (1200 rpm). The reactor
was maintained at a constant pressure during reactions by supplying hydrogen from a
reservoir vessel using a constant pressure regulator between the reactor and the reservoir.
The reaction was stopped when the gas absorption ceased. The reactor contents were
cooled and the liquid sample was taken for analysis. In recycle studies, the supernatant
liquid was pipetted out and fresh reactant and solvent were added. For hydrogenation of
nitrobenzene, initial and final samples were analyzed by gas chromatography (GC)
technique (model number HP 6890) using a HP-5 capillary column (5% phenyl methyl
siloxane). For other hydrogenation reactions HP-FFAP capillary column consisting of

(poly(ethylene glycol)-TPA was used as the stationary phase. Activity of the catalysts was
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represented in terms of turnover frequency (TOF) calculated from the hydrogen
consumption per g-atom of the metal per hour. For the reactions studied here, it was
observed that the hydrogen and substrate consumed were stoichiometrically consistent with
the products formed.

In a typical Heck arylation reaction, a known amount of arylhalide, olefin and base
were dissolved in DMAC (N, N-dimethyl acetamide) and charged along with a known
amount of [Pd]-APTS-Y catalyst to the reactor. The reactor was flushed with nitrogen for
three times and the heating started under slow stirring rate. When the temperature was
attained, agitation speed was increased to 1200 rpm to start the reaction. Intermediate
samples were taken at different time intervals. For recycle studies, the liquid was
withdrawn from the reactor bomb and a fresh charge of reactants was added. The reactions
were carried out for two hrs. The catalyst was allowed to settle and then the clear liquid
was withdrawn for analysis of reactants and products. A HP 6890 GC with HP-5 capillary
column (5% phenyl methyl siloxane) was used to analyze the samples. Activity of the
catalysts was represented in terms of turnover frequency (TOF) calculated as moles of

arylhalide (limiting reactant) consumed per g-atom of palladium per hour.

4.3. RESULTS AND DISCUSSION

4.3.1. Characterization

With a goal to examine the catalytic performance of Pt and Pd nanocatalysts for
hydrogenation and Heck reactions (well-known catalysts for hydrogenation and Heck
reactions), and to demonstrate their advantages over supported metal catalysts with respect
to activity and reusability, the synthesis, characterization and performance of Pt and Pd
nanocatalysts ([Pt]-APTS-Y and [Pd]-APTS-Y) are presented in this part. Amine groups
bind very strongly to platinum and palladium nanoparticles and consequently, we have
attempted to entrap aqueous platinum and palladium nanoparticles on the surface of
micron-sized Na-Y zeolite particles functionalized with amine groups to prepare [Pt]-

APTS-Y and [Pd]-APTS-Y catalysts.
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Figure 4.1A shows UV-vis spectra recorded for the samples [Pt]-APTS-Y (curve 1)
and [Pd]-APTS-Y (curve 2), respectively after dispersion in water. The broad absorption
bands from the samples [Pt]-APTS-Y and [Pd]-APTS-Y can be clearly seen at ca. 400 nm
(curve 1) and 258 nm (curve 2) respectively, which arise due to excitation of surface
plasmon vibrations in platinum® and palladium® nanoparticles respectively. This clearly
indicates the formation of nanosized platinum and palladium particles on the amine-

functionalized zeolite.
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Figure 4.1. (A) UV-vis spectra recorded for the samples [Pt]-APTS-Y (curve 1) and [Pd]-
APTS-Y (curve 2) after dispersion in water; (B) FTIR spectra recorded from drop-coated
films of amine-functionalized zeolite (curve 1) and platinum-nanoparticle-bound zeolite

(sample [Pt]-APTS-Y) material (curve 2) on Si(111) substrates.

Figure 4.1B shows the FTIR spectra recorded from the drop-coated films of the
amine-functionalized zeolite (curve 1) and the platinum nano-zeolite composite (sample
[Pt]-APTS-Y) (curve 2) on Si(111) substrates in the range of 2500-4000 cm™. The FTIR
spectrum of the amine-functionalized zeolite film (curve 1) shows an asymmetric, broad

band centered at around 3484 c¢cm’!. This broad resonance arises from excitation of N-H
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stretch vibrations of the amine groups (usually centered at ca. 3350 cm™) and O-H stretch
vibrations from silanol groups in the zeolite material (3400-3600 cm™ region). In the film
of [Pt]-APTS-Y sample (curve 2), this band becomes narrower with an apparent loss in
intensity of the 3350 cm™ N-H stretch component. This result indicates binding of the
platinum nanoparticles to the zeolite particles through the amine groups.

There have been very few reports in the literature on capping palladium and
platinum nanoparticles with amine functionalized molecules and therefore, it is important
to study the strength and nature of the interaction between the amine and the
palladium/platinum  nanoparticle surface. Figure 4.2 shows a plot of the TGA data
recorded from a carefully weighed quantity of the amine-functionalized Na-Y zeolite
powder (curve 1), after immobilization of palladium and platinum nanoparticles on the
amine-functionalized zeolite (curves 2 and 3 for [Pd]-APTS-Y and [Pt]-APTS-Y samples

respectively).
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Figure 4.2. TGA data recorded from a carefully weighed quantity of the APTS
functionalized Na-Y zeolite powder (curve 1), after immobilization of palladium and

platinum nanoparticles on the amine-functionalized zeolite (curves 2 and 3 for [Pd]-APTS-

Y and [Pt]-APTS-Y samples respectively).
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Two monotonic weight losses of 7% and 8% are observed in the temperature
interval of 50-142°C and 145-725°C respectively for APTS modified zeolite. The weight
loss in the temperature interval of 50-142°C is attributed to desorption of water molecules
present in the amine functionalized Na-Y zeolite powder, while the weight loss in the
temperature interval 145-725°C is due to desorption of surface-bound APTS molecules
from the surface of the Na-Y zeolite (curve 1). Comparing the curves 2 and 3 with the
curve 1 it is observed that the nature of the curves 2 and 3 are similar with the curve 1,
however the percentage (%) of weight losses are more in case of [Pd]-APTS-Y and [Pt]-
APTS-Y samples (curves 2 and 3 respectively) compared to amine functionalized zeolite
(curve 1). In curves 2 and 3, the weight losses are 7% upto 142°C due to desorption of
water molecules present in the zeolites whereas in the temperature interval of 145-725°C
the weight losses are ca. 10% and 10.5% for [Pd]-APTS-Y and [Pt]-APTS-Y respectively.
In the temperature interval of 145-725°C the 2% and 2.5% higher weight losses for [Pd]-
APTS-Y and [Pt]-APTS-Y samples respectively were observed compared to only APTS
modified zeolite. When desorption of surface bound APTS molecules occurs from the
surface of Na-Y zeolites, the palladium and platinum molecules are also desorbed with the
APTS molecules and a higher percentage of weight loss is attributed to desorption of
palladium and platinum nanoparticles bound on the Na-Y zeolite surface through binding
with the amine group of the APTS molecules. From the TGA data, it is clearly seen that
strength of the interaction between amine group of the APTS molecule and palladium and
platinum molecules are strong enough, at least up to 145°C (desorption of surface bound
APTS molecules starts at ca. 145°C). Therefore [Pd]-APTS-Y and [Pt]-APTS-Y catalysts
are stable in our experimental conditions (maximum 120°C). From the above discussion it
can be concluded the platinum and palladium nanoparticles are bound on the zeolite
through binding with the amine group of the APTS molecules only.

Figure 4.3A shows the XRD patterns recorded in the 26 range 5°-30° from the Na-
Y zeolite before amine functionalization (curve 1), after amine-functionalization of the Na-
Y zeolite powder (curve 2), after immobilization of platinum and palladium nanoparticles
on the amine-functionalized zeolite (curves 3 and 4 for [Pt]-APTS-Y and [Pd]-APTS-Y

samples respectively). After amine functionalization and binding of platinum and
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palladium nanoparticles to the underlying zeolite template, there are no significant changes
in the peak positions and peak width of the Bragg reflections arising from the zeolite. This
indicates that if amorphisation occurs during the modification of the surface of Na-Y
zeolite with APTS molecules and immobilization of Pt and Pd nanoparticles, the
percentage of amorphisation is extremely small. Kelate et al.>’ have reported that
encapsulation of hetero polyanions in channels of Si-MCM41 lead to a loss in crystalinity
of the mesoporous template. The XRD results in Figure 4.3A thus show that the platinum
and palladium nanoparticles are bound to the surface of the zeolite particles and are not

trapped within the pores of the zeolite.
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Figure 4.3. (A) XRD patterns recorded from the samples of Na-Y zeolite (curve 1), amine-
functionalized Na-Y zeolite (curve 2), [Pt]-APTS-Y (curve 3) and [Pd]-APTS-Y (curve 4)
in the 20 range 5°-30°; (B) XRD patterns recorded from the samples [Pd]-APTS-Y (curve
1) and [Pt]-APTS-Y (curve 2) in the 20 range 35°-85°. The Bragg reflections for both

samples are indexed.
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Figure 4.3B shows the XRD patterns recorded in the 20 range 35°-85° from the
samples [Pd]-APTS-Y (curve 1) and [Pt]-APTS-Y (curve 2). The positions of the Bragg
reflections (indexed in the curves 1 and 2 Figure 4.3B) correspond very well with those
reported in the literature for face centered cubic (fcc) Pt** and Pd.* The broadening of the
Bragg reflections from platinum and palladium bound to the amine-functionalized Na-Y
zeolite template (curves 1 and 2) clearly indicates that the particles are nanocrystalline. The
nano-size of the immobilized Pt and Pd is corroborated by TEM measurements presented
below.

To examine the immobilization of platinum and palladium nanoparticles on the
amine-functionalized Na-Y zeolite, TEM measurements of the samples were carried out at
different stages. Figure 4.4A and B show representative TEM micrographs of the as-
prepared amine-functionalized zeolite particles (A), after immobilization of platinum
nanoparticles on the amine-functionalized Na-Y zeolite (sample [Pt]-APTS-Y) (B). In
Figure 4.4A, it is clearly seen that the surface of the amine-functionalized Na-Y zeolite is
clean and smooth, whereas after immobilization of platinum nanoparticles on the zeolite
the surface is covered by the platinum nanoparticles (4.4B). In the Figure 4.4B, platinum
nanoparticles (dark spots) decorating the surface of the zeolite particles and a dense
population of platinum nanoparticles on the surface can be clearly seen which indicates that
the platinum nanoparticles are bound to the zeolites at fairly high concentration. Figure
4.4D shows the selected area electron diffraction (SAED) pattern recorded from the
platinum nanoparticles shown in Figure 4.4B. The diffraction rings have been indexed in

the figure and are clearly due to a face centered cubic (fcc) platinum unit cell structure.
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Figure 4.4. (A) - (C) Representative TEM images of amine-functionalized zeolite, [Pt]-
APTS-Y before reaction and [Pt]-APTS-Y after reaction respectively on a carbon-coated
TEM grid (see text for details). (D) Selected area electron diffraction (SAED) pattern

recorded from the platinum nanoparticles shown in B.

Though FTIR, XRD, TGA and TEM measurements proved that the metal
nanoparticles are selectively on the outer surface of the zeolite, a semi-theoretical
explanation can also be given to prove that the metal nanoparticles are immobilized only on
the outer surface of the zeolite Y. Zeolite Y has a large supercage of 12 A connected to four
channels of 7.4 A each. If we assume that APTS molecule can bind to the silanol groups
inside the channels, the tethered moiety ((-O);SiCH,CH,CH,;NH,) will have a length of
6.065 A (using Mercury 1.1.2 software, Cambridge Crystallographic Data Center). But the
bare platinum and palladium nanoparticles possess an average particle size in the range of
4-5 nm, which are far bigger than the channels of the zeolite Y. Therefore, though the
amine functionalities of APTS molecules are present inside the supercages, those are not
accessible to the bare Pt and Pd nanoparticles. From this discussion, it is understood that

the Pt and Pd nanoparticles are bound to the surface of the zeolite and not inside the cages.
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Scheme 4.1. Schematic representation of selective outer-cage synthesis of [Pt]/[Pd]-

APTS-Y nanocomposites

A chemical analysis of the [Pt]-APTS-Y and [Pd]-APTS-Y samples were also
performed using XPS and the metal core level spectra obtained for these samples (Pt 4f and
Pd 3d) are shown in Figures 4.5A and B respectively. The general scan spectra of the above
samples showed the presence of C 1s, N 1s, Cl 2p, Pt 4f and Pd 3d core levels with no
evidence of impurities. In Figure 4.5A, the Pt 4f spectrum could be resolved into two spin-
orbit pairs (spin-orbit splitting ~ 3.36 eV) with a 4f;, binding energies (BEs) of 72 eV
(curve 1 in Figure 4.5A) and 75.3 eV (curve 2 in Figure 4.5A) respectively.** The low BE
component at 72 eV (curve 1) corresponds to metallic Pt while the high BE component at
75.3 eV (curve 2) is assigned to unreduced PtCls™ ions, possibly bound to the surface of the
Pt metal core. In addition to the additional components of Pt 4f spectrum, a strong CI 2p
signal was also observed in the samples supporting the contention that unreduced PtClg™

ions are present on the surface of the platinum nanoparticles (data not shown). In a similar
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study, capping of gold nanoparticles by unreduced AuCly ions has also been observed
previously.” In Figure 4.5B, the Pd 3d level shows the presence of two chemically distinct
spin-orbit pairs centered at 336.1 (curve 1) and 340.3 eV (curve 2) BE. As in the case of Pd
nanoparticles, the low BE component corresponds to fully reduced Pd nanoparticles while
the high BE peak is due to unreduced Pd*" ions on the surface of the metal core.®
Therefore, there are Pt(IV) and Pd(II) species are present in minor quantities along with the

Pt(0) and Pd(0) species in [Pt]-APTS-Y and [Pd]-APTS-Y nanocomposites respectively.
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Figure 4.5. (A) and (B) - Pt 4f and Pd 3d core level spectra recorded for [Pt]-APTS-Y and
[Pd]-APTS-Y samples respectively.

4.3.2. Catalysis

One important direction of heterogeneous catalysis research is to develop catalyst
systems with high activity, selectivity and stability. To accomplish this, it is necessary to
design and identify the atomic level catalyst ingredients that control the performance. The
hydrogenation of various hydrocarbon compounds has been employed from time to time as
a convenient test reaction for evaluating the catalytic properties of supported Pt or Pd
metals. Platinum and palladium are superior catalysts for a variety of hydrogenation

reactions under suitable reaction conditions (reactants composition, pressure, and
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temperature). Therefore, catalytic activity of the [Pt]-APTS-Y and [Pd]-APTS-Y
nanocomposites was tested for hydrogenation reactions. Catalytic activity of the platinum
and palladium nanoparticles after immobilization on the surface of amine-functionalized
zeolite for a hydrogenation reaction involving the conversion of styrene to ethylbenzene,
phenylacetylene to ethylbenzene and nitrobenzene to aniline was studied in a 50 ml reactor
(Hastelloy-C, supplied by Parr Instrument Company, USA).

Table 4.1 shows the activity of the catalyst [Pt]-APTS-Y for hydrogenation of
different substrates. The hydrogenation of styrene to ethylbenzene showed a remarkable
jump in activity expressed as TOF (mol/g-atom/hr) in comparison to our previous results
obtained under the same reaction conditions with 4-hexadecylaniline (HDA) stabilized
platinum nanoparticles (TOF: 655 h™).” In HDA capped platinum nanoparticle synthesis,
free movement of HDA molecules allowed the HDA molecules to bind with the platinum
nanoparticles from all the sites and hence suffered from less accessibility for the reactant
molecules (Scheme 4.2A). However, in the present synthesis procedure, in the first step the
stabilizer APTS molecules are bound with the solid zeolite surface, which restricts their
free movements. In the second step of synthesis, when platinum nanoparticles are
immobilized on the surface of the zeolite, the Pt nanoparticles are stabilized by APTS
molecules binding with the amine group through one site only and therefore other sites will
be accessible for reactant molecules (Scheme 4.2B).
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Scheme 4.2. Schematic diagram of (A) HDA capped colloidal Pt nanoparticle and (B) [Pt]-

APTS-Y nanocomposite catalysts. Active catalyst surface is more accessible with [Pt]-

APTS-Y for the substrate molecules for catalytic hydrogenation reactions.
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Table 4.1. Hydrogenation reactions using immobilized Pt nanoparticles on APTS modified

NaY zeolite
Conv., % Sel., % TOF, h™
[Pt]- 5o/ [Pt]- .y [Pt]- 5o/
iti i 0 0 0
Substrate Conditions Time APTS- APTS- APTS-
Pt/C Pt/C Pt/C
Y Y Y
Styrene 353K, 30 ETB: ETB:
100 95 19480 17141
(1.7525 g) 200 psig min 99.2 99.5
ETB: ETB:
Phenylacetylene 353K, 90 66.3 57.89
100 100 14394 12710
(236 g) 200 psig min Styrene: Styrene:
32.9 41.88
Nitrobenzene 383K, 40 Aniline:  Aniline:
100 94 52613 44510
237 g) 500 psig min 100 100

Catalyst taken: 0.0075 g, metal loading for [Pt]-APTS-Y: 4.5%

From Table 4.1, it is seen that the [Pt]-APTS-Y catalyst is very active for
hydrogenation reactions. An important point concerning the use of heterogeneous catalysts
is their lifetime/reusability and therefore we checked the recyclability of the [Pt]-APTS-Y
catalyst in hydrogenation reactions. The catalyst [Pt]-APTS-Y was efficiently recycled 3
times for the hydrogenation of styrene to ethylbenzene, which has been shown by the bar,
diagram in Figure 4.6 A, which showed that there is no change in the activity even after
three recycles. This indicates that the nano structure and dispersivity of the platinum
nanoparticles has not changed after the recycle reactions. This is supported by the TEM
image of the catalyst after recovering from the reaction mixture of the third recycle (Figure
4.4C). Hardly any differences were recognized in the size of the platinum nanoparticles on
the surface of the zeolite for the samples before and after the reaction (Figure 4.4B and C
respectively). This indicates that no significant aggregation or sintering of platinum
nanoparticles on zeolite occurred during the hydrogenation reactions. The catalytic activity
depends on the size of the nanoparticles and in our study the size of the platinum

nanoparticles on the zeolite surface did not change as also the activity of the catalyst for
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hydrogenation reactions. Generally during recycle of the hydrogenation catalysts consisting
of supported metal nanoparticles, increase in size of the nanoparticles due to agglomeration
leads to deactivation of the catalyst. However, in this study, due to strong binding of the
platinum nanoparticles with the amine groups on the surface of the zeolite, there is no
aggregation of the platinum nanoparticles on the zeolite surface observed during the
reaction, which is consistent with the efficient reusability of the catalyst and the TEM
picture after the reaction.

From the XPS data in the Figure 4.5A it was clearly seen that before the reaction,
unreduced Pt (IV) ions were present in the [Pt]-APTS-Y sample. Therefore, a question
arises as to which oxidation state of the platinum nanoparticles in [Pt]-APTS-Y is
responsible for the hydrogenation reactions. Therefore, a chemical analysis of the [Pt]-
APTS-Y sample after hydrogenation reactions was also performed using XPS and the
metal core level spectra obtained for this sample (Pt 4f) are shown in Figure 4.6B. The
general scan spectra of the above samples showed the presence of C 1s, N 1s and Pt 4f core
levels with no evidence of impurities. Figure 4.6B shows the Pt 4f spectra recorded for
[Pt]-APTS-Y sample after 1* recycle (curve 1) and after 31 recycle (curve 2) of the
hydrogenation reaction respectively (these spectra have been shifted vertically for clarity).
The Pt 4f spectrum in all cases could be resolved into a single spin-orbit pair (spin-orbit
splitting ~ 3.35 eV) with a 4f;,, binding energy (BE) of 72.07 eV (Figure 4.6, curve 2),
which corresponds to Pt (0).

There was no evidence for the presence of Pt (IV) oxidation state in the Pt 4f
spectra after the 1% and 3™ recycles (curves 1 and 2 respectively) of the hydrogenation
reactions. During the 1* recycle of the hydrogenation reaction a small amount of unreduced
Pt(IV) ions, (present before the reaction) are completely converted to Pt (0) and the same
catalyst was used for other cycles of the hydrogenation reaction. If Pt (IV) oxidation state
(present in the [Pt]-APTS-Y sample before the reaction) is responsible for the
hydrogenation reaction, then after the 1* recycle the activity should go down, but it did not
happen (from Figure 4.6A). From these results, it may be concluded that Pt (0) state is only
responsible for hydrogenation reaction and the small amount of unreduced Pt (IV) ions

present in [Pt]-APTS-Y converts to Pt (0) during a hydrogenation reaction.
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Figure 4.6. (A) Recycle experiments for hydrogenation of styrene to ethylbenzene using

[Pt]-APTS-Y; and (B) Pt 4f core level spectra from [Pt]-APTS-Y after 1* (curve 1) and 3™

recycle (curve 2) of the hydrogenation reaction.

In Table 4.2, the results on the activity of the [Pd]-APTS-Y catalyst for
hydrogenation reactions for different substrates are presented. Though the hydrogenation
results are comparable for [Pt]-APTS-Y and [Pd]-APTS-Y catalysts for styrene and
phenyl acetylene, the former showed higher activity (~ double) for nitrobenzene
hydrogenation. In order to compare these results with commercial supported platinum and
palladium catalysts, we conducted the hydrogenation reactions with commercial 5% Pt/C
and 5%Pd/C catalysts (Arora Matthey) and the results were compared in terms of
conversion, product distribution and TOF with [Pt]-APTS-Y (in Table 4.1) and [Pd]-
APTS-Y (in Table 4.2) catalysts.

168



Table 4.2. Performance of [Pd]-APTS-Y catalyst for hydrogenation reactions

Conversion, % Selectivity, % TOF, h'
[Pd]-
Substrate Cond". Time [Pd]- 5%  [Pd]- 5% 5%
APTS- APTS-
Y Pd/C APTS-Y Pd/C v Pd/C
353K,
Styrene 30 ETB: ETB:
200 100 100 15815 11386
(2.087 g) ‘ min 99.2 99.2
psig
ETB: ETB:
Phenyl- 353K,
80 85.9 81.2
acetylene 200 ‘ 100 100 10993 7728
) min Styrene:  Styrene:
(2.0440g)  psig
14.0 18.8
Nitro- 383K,
50 Aniline:  Aniline:
benzene 500 100 58.95 26431 11604
min 100 100

(235¢) psig
Catalyst: 0.0075 g, metal loading for [Pd]-APTS-Y: 3.6%(w/w)

There is a remarkable difference in activity between [Pd]-APTS-Y and Pd/C. From
Table 4.2 it is clearly seen that the [Pd]-APTS-Y catalyst is more active for the
hydrogenation of nitrobenzene (26431 h™ and 11604 h™' respectively, Table 4.2). After the
reaction, we also made TEM analysis of [Pd]-APTS-Y catalyst sample for examining if a
change in particle size occurred during the hydrogenation reaction. Figure 4.7C shows the
TEM image of [Pd]-APTS-Y catalyst after hydrogenation reaction of styrene to ethyl
benzene. Comparing the TEM images of the sample [Pd]-APTS-Y before and after
hydrogenation reaction (Figure 4.7 B & C respectively) it is clearly seen that there is no
change in the population and the size of the palladium nanoparticles during the reaction.
Furthermore, observations of TEM indicated that no substantial aggregation of palladium
nanoparticles on the zeolite surface occurred during hydrogenation reactions and suggested

that no appreciable sintering of the palladium nanoparticles occurs during the reaction.
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Figure 4.7. (A) - (D) Representative TEM images of the samples of amine-functionalized
zeolite, [Pd]-APTS-Y before reaction, [Pd]-APTS-Y after hydrogenation reaction and

after 2™ cycle of Heck reaction respectively on a carbon-coated TEM grid.

The Heck reaction is one of the most versatile tools in modern synthetic chemistry
for C-C bond formation and has great potential for future industrial applications. However,
the heterogeneous palladium catalysts suffer from lower turnover numbers (TON/TOF) and
reusability”’ due to either aggregation of the particles or leaching from the support

3738 during the reactions. Therefore, performance of the [Pd]-APTS-Y

materials
nanocomposite catalyst was evaluated for the arylation of styrene with iodobenzene (Figure
4.8A). Triethylamine was used as a base to remove the hydriodic acid formed during the
reaction. The products obtained were only cis-stilbene and trans-stilbene in all the cases.
Figure 4.8B shows a typical conversion-selectivity profile of the reaction with time where

curves 2 and 3 represent the selectivity patterns of trans- and cis-stilbene respectively.
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Figure 4.8. (A) Reaction scheme for Heck arylation of styrene: an application of [Pd]-

APTS-Y catalyst; (B) A typical conversion-time profile (1: iodobenzene; 2: trans-stilbene;
3: cis-stilbene)

The catalyst [Pd]-APTS-Y was recycled thrice in the Heck olefination of
iodobenzene with styrene and after the completion of the reaction the catalyst was
recovered by filtration and washed thoroughly with isopropanol and sample was made for
TEM measurement. The fresh reaction showed 95.4% conversion of iodobenzene after 2 h
with a TOF of 1881 h™. After 1* and 2™ recycles of the Heck reaction, the conversion of
iodobenzene obtained was 95.52% and 94.41% with TOF 1882 h" and 1860 h'
respectively (Table 4.3).

Thus, recycled catalyst showed activities comparable to the fresh catalyst. The
recycle results show that the catalyst is still active for Heck arylation of styrene even after
two recycles, which indicates neither agglomeration nor leaching of the palladium
nanoparticles from the supports during the reaction. ICP-OES analysis of the supernatant
liquids withdrawn after each recycle reactions showed almost no metal leaching (1, 0.7 and

0.3 ppm respectively with respect to total metal loading) from the catalyst.
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Table 4.3. Heck arylation of iodobenzene with styrene using [Pd]-APTS-Y

Conversion, Stilbene Selectivity, % TOF,

Catalyst Entry % o s hd
Recycle-0 95.4 10.8 89.15 1881
[Pd]-APTS-Y Recycle-1 95.52 10.8 89.1 1882
Recycle-2 94.41 10.7 89.3 1860
[Pd]-APTS-Y Recycle-0 96.1 10.6 89.35 1893
after keepingin ~ Recycle-1 94.3 11.2 88.8 1858
H, atmosphere Recycle-2 95.1 10.8 89.2 1874
[Pd]-NaY
Without APTS 18.1 10.7 89.2 4256
modification

Reaction conditions: Iodobenzene: 10 mmol, Styrene: 15 mmol, triethylamine: 15
mmol, Solvent: DMAC, Temperature: 393 K, Catalyst: 0.0075 g (in all cases), reactions

carried out under nitrogen atmosphere, Reaction time: 2 h.

Figure 4.7D shows the TEM image of [Pd]-APTS-Y sample after 2™ recycle of
Heck reaction. Comparing the TEM images of the sample [Pd]-APTS-Y before and after
Heck reaction (Figure 4.7 B & D respectively), it is clearly seen that there is a no change in
the density and size of the palladium nanoparticles on the surface of the zeolite during the
reaction. As the population of the palladium nanoparticles on the zeolite surface is not
decreased after the reaction, this also indicates that there is no leaching of the palladium
nanoparticles during the Heck reaction. It is known that in the Heck reaction, palladium
particles get leached out from the support’’ and the metal leaching is a common
phenomenon in heterogeneous Heck coupling reactions™ leading to loss in catalyst activity.
In some cases up to 79% Pd metal leaching was observed using commercial 1% Pd/Al,Os
catalyst.”” Several authors reported loss in activity of palladium nanoparticle catalysts for
these reactions.”’ Zhuangyu et. al. reported Heck coupling between styrene and
iodobenzene using p-C¢H4 phen/Pd catalyst and showed remarkable decrease in activity
from 70.3 h”' to 41.4 h' in the first recycle.*’ The same group reported a slight

improvement in recycle efficiency from 70.3 h™' to 57.7h" after 5™ recycle.** Therefore, in
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Heck reaction the reusability of the catalyst without loss in activity has been a major
challenge. A recent report on Heck coupling of iodobenzene and styrene using organically
modified Pd-silica catalysts has good recycleability, but the catalyst system has poor
activity (highest 129h™).* However, in the present study, the synthesized catalyst [Pd]-
APTS-Y showed excellent performance without loss in activity even after 2 recycles of
the Heck reaction with iodobenzene and styrene. The palladium nanoparticles on the
surface of the zeolite are neither aggregated nor leached out from the surface of the zeolite
due to strong binding with the amine group on the surface of the zeolite and for these
reasons there is no loss in activity of the catalyst. From the above results it is clearly seen
that our synthesized catalyst is also a good candidate for Heck reaction showing significant

improvement over the previously known catalysts.

4.3.2.1. Trojan Horses or Truly Heterogeneous?

Though the [Pd]-APTS-Y catalyst showed very good activity as well as selectivity,
stability is also a sine qua non for its practical utility. According to Sheldon et al.,* a
heterogeneous catalyst, which simply releases its active species into solution - like Greek
warriors from the Trojan horse - is likely to have limited practical utility. The authors had
also mentioned that conventional recycling of a catalyst for several times without
significant loss of activity is also not an adequate proof for heterogeneity, because in many
heterogeneous catalyzed reactions, the supported catalyst comes out to the liquid phase
during the reaction and sits back on the support surface after cooling or completion of the
reaction.” As suggested in the literature, hot filtration experiment was carried out to
confirm if there is Pd metal leaching or not during the reaction. The [Pd]-APTS-Y
catalyzed Heck reaction between iodobenzene and styrene was allowed to continue till 20-
50% conversion of iodobenzene and filtered in the hot condition. The liquid without the
solid material was used to continue the reaction. The results are shown in Figure 4.9, which
confirms that there was no leaching of the palladium nanoparticles from the supports
during the reaction. This is also indirectly supported by the TEM image of the [Pd]-APTS-
Y catalyst taken after the heck reaction as discussed in the previous paragraph (see Figure
4.7 D). If the Pd metal leaches out during the reaction, then its deposition may not be too

similar to the TEM image taken before the reaction.
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Figure 4.9. Hot filtration experiment to check the heterogeneity of [Pd]-APTS-Y catalyst
for Heck arylation of styrene with iodobenzene. (A) [Pd]-APTS-Y catalyzed reaction; (B)
reaction continued with liquid separated out from [Pd]-APTS-Y by filtration after ~50%

conversion. Conditions are as given in Table 4.3.

4.3.2.2. Active Pd species for Heck Reaction

A similar strategy to [Pt]-APTS-Y was used to check the active species in [Pd]-
APTS-Y catalyst responsible for Heck reaction. In the XPS data shown in Figure 4.5 B, it
was clearly seen that before reaction there were unreduced palladium ions (Pd*") present in
the [Pd]-APTS-Y sample. Therefore, it was doubtful that which oxidation state of the
palladium nanoparticles present in [Pd]-APTS-Y sample is responsible for the Heck
reaction. For this reason we kept the catalyst [Pd]-APTS-Y in presence of hydrogen
atmosphere for the complete reduction of even small amount of Pd*" ions to Pd (0) state.
The hydrogen-pretreated catalyst was used for Heck coupling reaction. A chemical analysis
of the [Pd]-APTS-Y samples after the reactions were also performed using XPS and the
metal core level spectra obtained for these samples (Pd 3d) are shown in Figure 4.10, in
which the spectra have been shifted vertically for clarity. Curve 1 in Figure 4.10 shows the
Pd 3d core level spectrum recorded from the [Pd]-APTS-Y sample after keeping in

174



hydrogen atmosphere and the Pd 3d spectrum could be resolved into a single spin-orbit pair
(spin-orbit splitting ~ 5.2 eV) with a 3ds/, binding energy (BE) of 336.4 eV (Figure 8, curve
1). There was no evidence for additional components for Pd (II) oxidation state in the Pd 3d
spectrum after reduction by hydrogen (curves 1) which indicates the presence of Pd (0)
state only and complete reduction of Pd* ions to Pd (0). This catalyst (after complete
reduction of Pd*" ions to Pd (0), containing only Pd (0) state) was used for further Heck
reactions.

Curve 2 in Figure 4.10 shows the Pd 3d core level spectrum recorded from the
[Pd]-APTS-Y sample after 2™ recycle of the Heck reaction and the Pd 3d spectrum has
been resolved into a single spin-orbit pair (spin-orbit splitting ~ 5.2 eV) with a 3dsp,
binding energy (BE) of 336.5 eV (Figure 4.10, curve 2). There was no evidence for
additional components of Pd (II) oxidation state in the Pd 3d spectrum after reaction (curve
2), which indicates the absence of Pd*" ions in the sample. If Pd*" ions present in the [Pd]-
APTS-Y catalyst were responsible for Heck reaction, after complete reduction of Pd*" to
Pd (0) species it should not show any catalytic activity. The conversions after 0 (fresh
reaction), 1% and 2™ recycles in the Heck olefination of iodobenzene with styrene were
96.1%, 94.3% and 95.1% with TOF 1893 h™', 1858 h™' and 1874 h™' respectively (Table
4.3). The recycle results show that the catalyst is still active and there is neither
agglomeration nor leaching of the palladium nanoparticles from the catalyst during the
reaction. Therefore it can be concluded that Pd (0) oxidation state in the [Pd]-APTS-Y

sample is responsible for Heck reaction.
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Figure 4.10. Pd 3d core level spectra recorded from [Pd]-APTS-Y sample after keeping in

hydrogen atmosphere (curve 1) and after 2nd recycle (curve 2) of the Heck reaction. The
spectrum in curve 2 has been decomposed into two components by a nonlinear least-

squares procedure and the spin-orbit components are shown.

4.3.2.3. Role of Surface Modification by APTS

APTS modified Na-Y zeolite was used to immobilize the palladium nanoparticles
on the surface of the zeolite binding through the amine group of the APTS molecules. Are
the APTS molecules really required to immobilize the Pd nanoparticles on the surface of
the Na-Y zeolite? To check the role of APTS molecule, a control experiment was
performed wherein Pd nanoparticles were tried to immobilize on the surface of the Na-Y
zeolite without modifying the surface with APTS molecules ([Pd]-NaY). The loading of
metal nanoparticles (Pd) on the surface of unmodified Na-Y zeolite is very low (0.3 %),
which was measured by ICP. From the TEM images as shown in Figure 4.11, it is also
visible that on the surface of the zeolite, numbers of metal nanoparticles (dark spots) are
very few compared to the TEM images shown in Figure 4.7B where the Pd nanoparticles

were immobilized on the APTS modified zeolite. We carried out the Heck arylation
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reaction between styrene and iodobenzene with [Pd]-NaY (without APTS) in identical
reaction conditions to compare its activity with [Pd]-APTS-Y catalyst and the results are
shown in Table 4.3. With the [Pd]-NaY catalyst, conversion in the Heck reaction is very
poor (18.1%) (Table 4.3). This is due to the poor loading of the metal nanoparticles on the

surface of the zeolite without modifying the surface of zeolite with APTS molecules.

100 nm 100 nm

Figure 4.11. Representative TEM images of Pd nanoparticles immobilized on the surface

of Na-Y zeolite without APTS modification

Thus, modification of the surface of Na-Y zeolite with APTS molecules is an
important step to immobilize the Pd nanoparticles on the surface of the zeolite. Pd
nanoparticles were immobilized on the surface of the zeolite through binding with the
amine group of APTS molecules present on the surface of the zeolite and strong interaction
of Pd nanoparticles with the amine group of the APTS molecule stabilized the metal
nanoparticles and increased the loading of the metal nanoparticles on the surface of the

zeolite, which is responsible for good catalytic activity in the Heck reactions.

4.4. CONCLUSION

In this chapter it is demonstrated that platinum and palladium nanoparticles
immobilized on the surface of amine-functionalized zeolite provides highly active,

recyclable heterogeneous catalysts for hydrogenation and carbon-carbon bond formation
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reactions. Detailed characterizations have been done to understand the exact nature of the

nanocomposites and are summarized below.

K/
£ %4

K/
L4

X/
°e

UV-visible spectra confirm the formation of Pt and Pd metal nanoparticles

FTIR spectra and TGA data confirm that the Pt and Pd nanoparticles are bound to the
zeolite surface through the amine functionality of APTS molecule

TGA data also indicates that the [Pt]-APTS-Y and [Pd]-APTS-Y nanocomposites
are stable till 145°C

Powder XRD data indicates that the zeolite structure remains unchanged during the
surface grafting by APTS molecules and metal immobilization. The formation of face
centered cubic Pt and Pd nanoparticles on the outer surface of Na-Y zeolite is also
interpreted by the XRD data. These observations are supported by TEM
measurements

Different oxidation states of Pt and Pd present in the [Pt]-APTS-Y and [Pd]-APTS-Y

nanocomposites are confirmed by XPS studies.

The synthesized platinum and palladium nanoparticles show very good catalytic

activity for hydrogenation and Heck coupling reactions and more importantly, the stability

of these catalysts was found to be good. The high activity of the catalysts can be attributed

to the nano size of the metal nanoparticles where as the large grain size of the zeolite take

care of easy separation of the catalyst from the liquid phase after reaction. The

methodology reported here for the synthesis of supported nano catalysts has great potential

for synthesis of heterogeneous catalysts useful for practical applications.
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