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ABSTRACT OF THESIS 

Studies on mono-, bi-metallic and nano catalysts of nickel, palladium and platinum 

metals and their applications in selective hydrogenation of acetylenic compounds 

and nitroaromatics of industrial relevance 

Catalysis has been playing a major role for last few decades due to its wide range 

applications in various fields such as fuel cell as renewable source of energy, abatement 

of air pollution, waste water treatment, environmental protection by developing green 

processes.  In particular, due to increasing awareness of environmental issues, chemical 

industries look for the cleaner, safer, environmentally acceptable alternative and 

sustainable processes. Chemical processes should have minimum waste generation, 

improved product quality and cost effectiveness. Traditionally, for manufacturing fine 

chemicals the synthetic organic chemists used the classical ‘stoichiometric’ routes, which 

generate large amount of organic or inorganic wastes in the range of 1-100 kg byproduct 

formed per kg of product, which gives serious impact on environment and hence on 

human life.  Some of the well known examples of such processes are oxidations with 

permanganate and chromium compounds, reductions with metal acids and metal 

hydrides, halogenations, alkylation, nitration etc. These processes are now being replaced 

by catalytic routes and among these processes, catalytic hydrogenation reactions of 

various organic functional groups is one of the core technologies widely used in chemical 

industries. Although hydrogenation is supposed to be a  well developed subjected area, 

there is a great deal that can be still done for fundamental understanding particularly, in 

designing new catalysts and routes for selective hydrogenation reactions of industrial 

relevance [1].  

For this purpose, we undertook a detailed study on the preparation and characterization of 

mono-, bimetallic and nanocatalysts using nickel, palladium and platinum metals.   These 

catalysts were evaluated for their activities for the selective hydrogenation of 2-butyne-

1,4-diol to 2-butene-1,4-diol and butane-1,4-diols, phenylacetylene to styrene, 

nitrobenzene to p-aminophenol, m-chloronitrobenzene to m-chloroaniline.  
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Catalytic hydrogenation of acetylenic compounds e.g. 2-butyne-1,4diol and 

phenylacetylene is an industrially important reaction whose end products 2-butene-1,4 

diol and styrene respectively are widely used in the manufacture of endosulfan 

(insecticide),  tetrahydrofuran, vitamins A and B6 and in polymer industries.  Since, 

hydrogenation of 2-butyne-1,4diol and phenylacetylene involve consecutive as well as 

parallel reactions, controlling the selectivity to olefinic products is a challenging task. 

Several catalysts were reported for selective semi-hydrogenation of acetylenic 

compounds[2], however the major drawbacks associated with these catalysts are poor 

activity in subsequent reuses, and moreover, such processes require the complete removal 

of the additives for obtaining highest purity of the product for its end uses in the fine 

chemical or pharmaceutical sector.  The noble metals such as palladium, ruthenium alone 

or in combination with other metals such as zinc, lead, cadmium, copper, and/or organic 

amines were also used as catalyst systems to improve selectivity to the intermediate, B2D 

[3-9].
 
  

Hydrogenation of various nitroaromatic compounds is also a commercially important 

process and in the present thesis we have studied the following reactions (i) single step 

direct hydrogenation of nitrobenzene to p-aminophenol (PAP), with a particular emphasis 

on intermediate p-phenylhydroxylamine formed and its rearrangement to PAP and (ii) 

selective hydrogenation of m-chloronitrobenzene to m-chloroaniline, without/minimum 

dehalogenation [10].   Both these are multi step processes involving Fe/HCl reduction 

(Bechamp Process) which produced equivalent or higher amount of Fe-FeO sludge as a 

byproduct. The catalytic hydrogenation using supported metal catalysts is an excellent 

alternative to the conventional Bechamp process which gives better yield and selectivity 

to the desired products [11,12].   

OBJECTIVES OF THE PRESENT INVESTIGATION 

• Preparation of colloidal, bulk and nano structured supported mono, and bi-

metallic catalysts involving various transition metals such as Ni, Pd, Pt.  
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• Physico-chemical characterization of the prepared catalysts by various techniques 

such as powder X-ray diffraction, SEM, EDAX, BET surface area, Raman, FTIR, 

Chemisorption, XPS. 

• Standardization of analytical methods for the model reaction systems investigated 

using GC and HPLC. 

• Activity testing of the prepared catalysts for selective hydrogenation of 2-butyne-

1,4-diol, phenylacetylene, nitrobenzene and m-chloronitrobenzene, in high 

pressure batch and continuous reactors. 

• To study the kinetics of formation and further rearrangement of an intermediate 

phenylhydroxylamine in hydrogenation of nitrobenzene to PAP. 

• To study the role of additives on extent of dehalogenation in hydrogenation of m-

chloronitrobenzene to m-chloroaniline 

• Optimization of reaction parameters such as temperature, pressure, catalyst and 

substrate loading in order to achieve highest conversion and selectivity, for all the 

hydrogenation reaction studied in this work. 

• To correlate the observed activity and selectivity patterns with the catalyst 

characterization data.  

 

OUTLINE OF THE THESIS 

The thesis contains total 7 chapters among which the first two chapters include general 

introduction including objectives and experimental techniques respectively.  The 

scientific results are then divided in two parts viz. Part I dealing with selective 

hydrogenation of acetylenic compounds and Part II contains hydrogenation of 

nitroaromatic compounds. A brief summery of the thesis is outlined here. 

Chapter 1 presents general introduction to catalysis, classification of heterogeneous 

catalysts, and reduction methods. At the end of this chapter, the scope and objectives of 

this thesis are given.   
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Chapter 2 includes preparation details for various types of mono and bimetallic catalysts 

such as Pt/C. Ni/C, Ni-Pt/C, colloidal Pd and supported nano catalysts, synthesis of 

carbon nanotubes, Pd functionalization of carbon nanotubes and experimental setup and 

procedure for hydrogenation reactions in batch and continuous reactors under high and 

atmospheric pressure conditions.  Details of catalyst characterization techniques used 

such as FTIR, BET N2 adsorption, Chemisorption, XRD, Raman, XPS, SEM, TEM and 

the analytical techniques such as GC and HPLC are also included. 

Chapter 3 contains specific literature survey on hydrogenation of 2-butyne-1,4-diol to 2-

butene-1,4-diol and butane-1,4diol and activity results of supported palladium 

nanoparticles, Pt/CaCO3 and Pd-functionalized carbon nanotubes (CNTs) on this 

hydrogenation systems.     

Continuous hydrogenation of 2-butyne-1,4-diol (B3D) in presence of 1% Pt/CaCO3 

catalyst in a fixed-bed reactor gave 2-butene-1,4-diol (B2D) and butane-1,4-diol (B1D) 

without formation of any other side products. In case of continuous hydrogenation, higher 

selectivity (66%) to B2D was obtained and the selectivity pattern was completely 

different from that found in case of batch slurry operation in which B1D selectivity was 

very much higher (83%) than the B2D selectivity (17%).  The selectivity ratio of B1D to 

B2D could be altered by varying the H2 pressure, temperature, liquid and gas flow rate 

conditions at the reactor inlet.  A theoretical model was also developed incorporating the 

conditions of external and intraparticle mass transfer, partial wetting of the catalyst using 

reaction kinetics of 2-butyne-1,4-diol hydrogenation in a batch slurry reactor. The reactor 

model was validated by carrying out hydrogenation experiments under various reactor 

inlet conditions. The predictions obtained by the proposed reactor model was found to 

agree well with the experimental data over a wide range of operating conditions [13]. 

Another interesting study included in this chapter is activity and selectivity behavior of 

supported palladium nanoparticles.  Pd nanoparticles supported on activated carbon and 

CaCO3 showed the higher activity (9-21 times) and selectivity towards B2D (> 99%) than 

the bulk Pd/C catalyst prepared by conventional method for 2-butyne-1,4-diol.  The pulse 

titration study showed that metal dispersion for the nano catalyst was > 65% higher than 

that for the bulk catalyst [14].
  

Performance of Pd-functionalized carbon nanotubes 
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(CNTs) for the hydrogenation of 2-butyne 1, 4 diol was also studied. Pd-functionalized 

carbon nanotubes catalyst was prepared by supporting Pd on acid-treated carbon 

nanotubes. Pd-functionalized carbon nanotubes showed higher selectivity (93%) to 2-

butene-1, 4-diol than Pd supported on commercial carbon (70% selectivity to 2-butene-1, 

4-diol) with complete conversion of 2-butyne-1, 4-diol. Pd/CNTs catalyst was 

characterized by BET, FTIR, Raman, XRD, EDAX, ICP-OES, SEM and TEM analysis. 

The reusability of the catalyst was evaluated by the catalyst recycle experiments [15]. 

Chapter 4 deals with literature survey and activity results of colloidal Pd nanoparticles on 

hydrogenation of phenylacetylene. Colloidal Pd nanoparticles prepared by chemical 

reduction method using PVP as a capping agent showed 3.5 times higher reaction rate 

than the bulk catalyst for hydrogenation of phenylacetylene under milder reaction 

conditions.  Effect of temperature and pressure was also studied to achieve the complete 

conversion and high selectivity to styrene. At 90% conversion of phenylacetylene, 

selectivity to styrene was found to be 90% which decreased to 68% for complete 

conversion of phenylacetylene. This is due to formation of ethylbenzene by further 

hydrogenation of styrene.  

Chapter 5 contains literature survey and catalyst activity results of Pd/C catalysts on 

direct hydrogenation of nitrobenzene to p-aminophenol (PAP).  The mechanistic pathway 

for hydrogenation of nitrobenzene to PAP involves two-steps (i) reduction of 

nitrobenzene to give phenylhydroxylamine (PHA) as an intermediate (ii) Bamberger 

rearrangement of PHA in presence of an aqueous acid to give PAP. Formation of aniline 

via further hydrogenation of PHA is a major competing reaction affecting the selectivity 

to PAP.   Catalytic hydrogenation of nitrobenzene using 3% Pt/C catalyst at 303 K 

showed 95% selectivity to PHA at 36 % conversion of nitrobenzene which decreased to 

75% for complete conversion of nitrobenzene due to the formation of aniline as a 

byproduct. Rearrangement of PHA in an inert atmosphere (Ar) gave a higher selectivity 

(77%) to PAP as compared to the rearrangement carried out under hydrogen atmosphere. 

Another part of this chapter includes the study on optimization of reaction conditions and 

scale up of this important industrial hydrogenation system.  The downstream process step 
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of neutralization of the reaction crude was also fine tuned in order to achieve the highest 

selectivity to p-aminophenol (75% isolated yield of PAP). 

Chapter 6 contains literature survey and activity testing of the mono, bi-metallic catalysts 

containing Pd, Ni metals for selective hydrogenation of m-chloronitrobenzene to m-

chloroaniline.  In this work, we studied the role of an additive, sodium carbonate 

reducing the extent of dehalogenation to give 94% selectivity to m-chloroaniline.  It was 

also found that the Ni-Pt based bimetallic catalysts showed high activity and almost 

complete selectivity (>99%) towards m-chloroaniline compared with Ni based 

monometallic catalysts.  

Chapter 7 summarizes work presented in all the chapters and general conclusions arrived 

at from the discussed results.  
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1.1. General Introduction: 

Catalysis has played a major role in improving quality of human life by offering 

environmentally benign processes for the manufacture of various chemical products in 

day to day life.  Catalysis is a multidisciplinary science that serves a broad range of 

applications covering specialty, fine, intermediate, and life science chemicals.   About 85 

to 90 % industrial processes are based on catalysis.  Furthermore, about 80 % catalytic 

processes are carried out using heterogeneous catalysts [1].  The worldwide uses of 

catalysts in various sectors are shown in Figure 1.1 [2].  

 

Chemical 

production,

27%

Polymerization 

catalysts, 22%Peteroleum 

refining 

catalysts, 21%

Environmental 
catalysts, 30%

 

 

Figure 1.1. Catalytic process in various sectors  

 

Environmental benigness of a chemical process is determined by the ‘E-factor’ that is 

evaluated by the ratio of kg����� kg�	
���⁄ , where waste is everything formed in the 

reaction except the desired product formed.  Formation of byproducts in various sectors 

of the chemical industries is shown in Table 1.1.  As can be seen from this Table, E-

factors for fine chemicals and pharmaceutical sectors are very high, due to the 

conventional multistep syntheses based on using stoichiometric reagents producing large 

amounts of organic or inorganic wastes, which pose serious impact on the environment 

and human life [3].  
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Table 1.1. E-factor for various sectors of the chemical industries [4, 5]. 

Industry segment Product tonnage kg byproduct/kg product 

Petrochemicals 106-108 <0.1 

Bulk chemicals 104-106 <1-5 

Fine chemicals 102-104 5-50 

Pharmaceuticals 10-103 25-100 

 

In order to minimize such problems, chemical processes based on reagents need to be 

replaced by catalytic routes. The classical definition of ‘catalysis’ is given as ‘a substance 

that increases the rate of approach to equilibrium of a chemical reaction without itself 

being substantially consumed in the reaction process’ [6].  Depending upon the phases in 

which a catalyst exists, it is classified in two types,  

1. Homogeneous catalyst, in which reactants, products and catalyst are in the same 

phase. 

2. Heterogeneous catalyst, in which catalyst is in different phase than that of the 

reactants and products.  

Heterogeneous catalysts have distinct advantages of easy recovery and recycling, over the 

homogenous catalysts.  Some of distinct features of homogeneous and heterogeneous 

catalysis are summarized in Table.1.2. 
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Table 1.2. Distinction between homogeneous and heterogeneous catalysts [7] 

 Homogeneous Catalyst Heterogeneous catalyst 

Advantages • Mild reaction conditions  

• High activity and selectivity 

• Efficient heat transfer 

• No mass transfer limitation 

• Facile separation of 

catalyst and products 

• Continuous processing 

• Elimination of corrosion 

problems 

Disadvantages • Toxic waste water after 

catalyst recycling 

• Contamination of product 

with catalyst 

• High costs due to catalyst 

losses 

(noble metal complexes) 

• Difficulties in separation and 

recycling 

• Not readily adapted to a 

continuous process  

• Corrosion problem 

• Heat transfer problem  

• Lower selectivity   

• Diffusion to and within 

catalyst 

• Temperature control of 

highly exothermic 

reactions 

• Mass transfer limitations  

• Harsh reaction 

conditions 

• High mechanical 

stability required 

 

Since, the present work involves studies on heterogeneous catalysts for hydrogenation 

reactions, further discussion is devoted to heterogeneous catalysts.  

1.2. Types of heterogeneous catalysts: 

Heterogeneous catalysts are classified in two categories, unsupported and supported [8]. 

Unsupported catalyst has several drawbacks such as difficulty in preparation, estimation 

of active metal component and thereby characterization is difficult.  Sintering is a major 

issue in case of unsupported catalyst, which can be resolved by a simple way of affixing 

the small amount of metal particles to a thermally stable material usually known as a 
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‘support’.  It also gives better dispersion of active metal for efficient use of the catalyst.  

Supports used are porous materials such as activated charcoal, alumina powder, silica 

powder etc. having high surface area [9].  Metal loading on the support generally varies 

from 0.1 to 20% with degree of metal dispersion ranging from 10 to 80% and due to firm 

anchoring to the support, they do not readily coalesce or sinter easily under the reaction 

conditions. Both supported and unsupported catalysts are further divided into three 

categories metallic, oxide based, and nanosize as shown in Figure 1.2. 

 

 

 

Figure 1.2. Types of heterogeneous catalysts 

 

In case of supported or unsupported metallic catalysts depending on the number of metals 

involved, they are known as mono, bi- or multimetallic catalysts. Metals typically have 

high surface free energies, therefore they have a pronounced tendency to reduce their 

surface areas by particle growth [10].  In most of the cases a metal is dispersed on a 

suitable support.  These supports may also alter the catalytic properties of the active 

phase which is known as metal-support interaction [11].   Metal oxides consisting of a 

Heterogeneous catalysts 

Supported Unsupported

Metallic Oxide metal

Bi -metallic MultimetallicMonometallic

Nanosize
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metal cation and the oxide anion are commonly used both as catalysts and as supports. 

The surface of these oxides is often partially occupied by hydroxyl groups, so it possesses 

some acidic character [12]. However, it is the variation in the oxidation states and the 

possibility of forming nonstoichiometric compounds that are responsible for their 

important redox catalytic properties [13].   

 

1.2.1. Bimetallic catalysts: 

In late eighties of last century, the use of bimetallics in catalysis significantly increased 

due to their surface modifications caused by the addition of a second metal leading to 

better activity and selectivity as compared to the monometallics [6,7].   Sinfelt has made 

pioneering contributions to the area of bimetallic catalysts and improved the performance 

of these catalysts and also has attempted to co-relate the catalyst activity with modified 

electronic structure and surface geometry [14-19]. Incorporation of the second metal 

enhances the catalyst performance by several ways  

• Promotes the desired reaction leading to increase in selectivity to the desired 

product. 

• Enhances the stability or prevents the deactivation of the catalyst, which leads to 

increase in catalyst reusability. 

• Active even at mild conditions with respect to temperature, pressure and acidic or 

basic reaction conditions. 

 

Sinfelt has classified bimetallic catalysts depending on miscibility of two metals as 

shown in Figure 1.3 [20]. 
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Figure 1.3. Classification of bimetallic catalyst 

 classified as (i) doped metal (ii) bimetallic aggregates and

bimetallic clusters. In doped metal catalyst, the second metal [usually alkali or alkaline 

Cs /CaCO3] may act as a promoter or a poison to the first metal, 

which may increase or decrease the rate of reaction [21, 22].  Depending 

second metal and the size of metal group formed, it is  further classified as 

Bimetallic aggregates or clusters can be differentiated on the basis 

second metal and the size of the aggregates [23, 24

smaller than 100 Å and they are commonly in the size range of 10 

The clusters are generally dispersed on support having high surface are

metal content of the system may be ≤ 1 %.  In bimetallic aggregates

the metals have near about the equal proportion

properties of both metals can be seen.   

In miscible bimetallic catalysts, alloys are the solid solutions of two metals, 

miscible with each other in such a way that a completely different species is formed

shows different properties from that of monometallic catalysts such as 

magnetic, electronic and surface properties [19, 21]. Generally, these alloys are prepared 
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by co-precipitating the two metal precursors to form a mixed metal oxide which is then 

reduced at high temperature.    

 

1.2.2. Nano catalysts: 

Metal nanoparticles have become the focus of many researchers over the past decade due 

to their potential in surface chemistry, catalysis and electronic microdevices [25].  These 

are near monodispersed particles generally < 10 nm (100 Å) in size having some unique 

characteristics such as (i) very high surface area, (ii) short range ordering, (iii) enhance 

interaction with environment, (iv) great variety of valence band electron structure, and (v) 

self structuring for optimum performance in chemisorption and catalysis [15].  Recently, 

they have been also exploited as novel catalysts for various reactions such as 

hydrogenation, hydroformylation, hydration, etc. The variation in adsorption and 

catalytic behavior of nano size catalysts is due to the change in their surface morphology, 

which in turn results from the method of preparation [26-29].  Metal nanoparticles can be 

prepared by physical and chemical methods. In case of physical method, the metal 

particles aggregates are subdivided mechanically to produce nanoparticles. It has a major 

drawback of reproducibility of synthesis, which leads to inconsistent catalytic activity 

[30].  Therefore, chemical methods like reduction of metal salt using reducing reagents 

like alcohol, hydrogen are well studied and most commonly used.   

 

Stabilization of nanoparticles against aggregation: 

Metal nanoparticles are only kinetically stable which needs to be stabilized against 

agglomeration in to bigger particles close to bulk.  Stabilization of metal nanoparticles 

can be achieved by various methods [31, 32]. 

There are four types of stabilization 

a. Electrostatic stabilization 

b. Steric stabilization 

c. Stabilization by ligands or a solvent 
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1.3. Performance criteria of a catalyst : 

Three major criteria usually considered to assess the performance of a catalyst are given 

below [33]. 

1.3.1. Activity: 

Catalyst efficiency can be evaluated by the turn over frequency (TOF). 

 

Turn over frequency (time
-1
):  

It is the ratio of moles of reactant converted per mole of catalyst per unit time.  

 

TOF �
�
���	��� �
��� 
� �����	���

�
��� 
� ������� ���� � ����
      …..1.1 

 

1.3.2. Selectivity: 

Selectivity (S) is expressed by the ratio of the amount of desired product (P) formed to 

the amount of substrate consumed during the reaction.  It also gives information about the 

possible reaction pathway. In addition to the desired reaction, parallel and sequential 

reactions can also take place (Figure 1.4).  A high selectivity is essential for economical 

as well as ecological processes.  

 

Selectivity �
�
��� 
� ����	�� &	
���


���	��� �
��� 
� �'� 	������
     …..1.2 

 

Sequential reactions Parallel reactions 

 

 

( → * → *+ 

 

Figure 1.4. Sequential and parallel reactions 
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Where A is reaction starting material 

P is desired product 

P1 & P2 side products 

Selectivity in catalysis is one of the most important factors that is influenced by 

structural, chemical, electronic, kinetic and energy factors [34]. 

 

1.3.3. Stability: 

Stability of a catalyst is very important issue in any catalytic reaction.  Chemical, thermal 

and mechanical stability of the catalyst determines the lifetime of catalyst. Number of 

factors including decomposition, coking and poisoning affect the stability of catalyst.    

 

Turn over number: 

Catalyst stability can be calculated in terms of turn over number and defined as the ratio 

of moles of reactant reacted per mol of catalyst.   

 

TON �
�
���	��� �
��� 
� �����	���

�
��� 
� �������� ����
       …..1.3 

 

The TON term specifies the maximum use that can be made of a catalyst for a reaction 

under defined conditions by a number of molecular reactions or reaction cycles up to the 

decay of activity. 

Suitability of a catalyst can be decided considering the following order of priority.  

Selectivity > Stability > Activity 

 
1.4. Major issues in heterogeneous catalysts: 

1.4.1. Support: 

In case of heterogeneous catalysts, choice of support depends on several factors including 

chemical nature, morphology, surface area, pore volume, pore size distribution, particle 

size, corrosion resistance, acidity, impurity levels and ability to give rise to metal-support 

interaction [9]. Major advantages of a suitable support are given below [35, 36]. 

• To reduce the amount of expensive active metal loading. 
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• To generate additional active sites leading to bifunctional catalysis. 

• Increase the mechanical resistance of the catalyst composite. 

• Stabilize the metal particle size. 

• Increase the metal dispersion due to high surface area. 

 

Different types of supports used in catalysis include metal oxides, silica, zeolites, 

activated carbons, pillered clays, red mud, polymers, carbon black, among  which 

activated carbon, alumina and silica are most commonly used [37]. Metal particles 

anchored to the support material through bonding may give rise to metal-support effects 

due to geometric as well as electronic interactions [38, 39].  

 

1.4.2. Metal dispersion: 

The term dispersion refers to the ratio of the number of metal atoms on the surface to the 

total number of metal atoms present [40]. The metal dispersion of a supported catalyst 

may vary widely, depending on the physical form of the catalysts.  The degree of 

dispersion of a supported metal can be determined by chemisorption technique which 

involves adsorption of a suitable gas on the active sites of a catalysts [41, 42].   

 

1.4.3. Spillover: 

This ‘Spillover phenomenon’ may occur due to the transport of active species (spillover 

species) adsorbed or formed on one phase (donar) onto second phase (acceptor), which 

does not from the active species under the same circumstances [43].  Major spillover 

phenomena are hydrogen spillover onto supports and metal to metal spillover.  In 

hydrogen spillover, hydrogen atoms migrate from the metal surface to the interstitial 

volume of the support material known as hydrogen spillover. The catalyst activity is 

influenced due to the molecular hydrogen adsorbed its dissociation to form the active and 

transportation via surface diffusion to the catalyst surface to form the active sites for the 

reaction [44, 45].  A spillover source may be able to activate the adsorbing species. In 

metal to metal spillover phenomenon, not all metals are in the active form, active metal 

adsorbs molecular hydrogen on its surface and then spillover takes place onto the surface 
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that does not adsorb the molecular species directly.  In a bimetallic catalyst e.g. Cu:Ru, 

hydrogen is adsorbed on Ru and then spill over takes place onto the Cu surface.  This 

spillover hydrogen on the Cu then desorbs directly as the temperature is raised [46]. 

 

1.4.4. Transport phenomenon in multiphase catalytic system: 

Liquid phase hydrogenations employing heterogeneous catalysts are multiple phase 

systems involving gas (H2) + liquid (in case of immiscible liquids, liquid-liquid) + solid 

catalyst.  Such a multiphase system usually has concentration and temperature gradients 

[47]. 

A general representation of a gas-liquid reaction in presence of a solid catalyst is shown 

below. 

 

-./012 3  4.5678692

:0;05<1; .=>5692

?@@@@@@@@@A BC>98D;       …..1.4 
 

For the reaction to take place in a multi phase catalytic system, the following steps must 

occur as shown in Figure 1.5. [47, 48]. 

• Dissolution of a gas (e.g. Hydrogen) into the liquid phase. 

• Transport of dissolved gaseous reactant through the bulk liquid to the catalyst 

particle. 

• Transport of the liquid reactants to the surface of catalyst particle 

• Diffusion of the reactants into the pore structure of catalyst surface 

• Adsorption of reactants on the catalyst, chemical reaction on the surface and 

desorption of products. 

• Diffusion of products from the catalyst. 
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Figure 1.5. Transport mechanism in a multiphase system [49] 
 

One of the above steps can be a rate determining step and it is important to study the 

above transport phenomenon critically while investigating the kinetics of a solid 

catalyzed reaction.  

 

1.4.5. Promoter effect: 

Promoter is a substance although not catalytically active but when added to a catalyst 

system improves the performance of the catalyst particularly leading to enhancement in 

the selectivity of the desired product [50]. The performance improvement could be due to 

(i) modification in the electronic characteristics of a catalysts (ii) structural changes  (iii) 

inhibition of the growth of catalyst particles and, (iv) protection of the active phase 

against poisoning [ 51, 52]. 

 

1.5. Catalyst preparation methods: 

Solid catalyzed reactions involve the interactions between the substrate molecules on the 

surface of the active material hence, the most efficient catalysts should have a high 

population of active centers on the surface exposed to the reaction medium. Very fine 
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metal particles that have the high ratio of surface to bulk atoms needed for good catalyst 

activity however, these fine particles easily sinter under reaction conditions. Hence, the 

most common way of minimizing metal catalyst sintering is to disperse the active metal 

component over a porous and thermally stable, support [53, 54]. Essentially most of the 

preparation methods for supported metal catalysts involve two major steps namely, co-

precipitation and deposition.  

 

1.5.1. Co–precipitation: 

It involves the addition of a precipitating agent to a solution containing both a support 

precursor and a catalyst precursor. The resulting precipitate contains species, either as 

single phase or multiple phases, from which the active component and the support 

material are eventually processed. The initial step in the preparation of a co- precipitated 

catalyst is the reaction between a solution of two or more metal salts and a base, 

generally a hydroxide, alkali carbonate or bicarbonate. The resulting precipitate may 

contain not only the insoluble hydroxides and/ or carbonates but also a mixed metal 

compound if the solubility equilibria are favorable. Even if the formation of a mixed 

metal compound is not favorable, some of the support material is usually trapped in the 

active metal precipitate. This causes formation of large crystals of the active metal 

compound. Smaller crystals are easier to reduce and generate more finely divided metal 

particles.  One of the problems associated with the preparation of co- precipitated 

catalysts is formation of vapor liquid interface inside the pores of the solid during  drying 

and calcinations of the precipitated catalyst precursor. Use of solvents with high surface 

tension e.g. water, resulting a partial collapse of the solid gives low surface area material.  

This problem can be overcome by using a solvent having surface tension lower than 

water. Hence, a well known ‘Sol-gel’ method is adapted in which the alcoholic solutions 

of the active metal and support precursors are used and the precipitation is initiated by 

addition of stoichiometric amount of water.  For example, aq. alchoholic solution of 

tetraethoxysilane and palladium ammonium chloride with ammonia gives a gelatinous  

Pd-SiO2 precipitate which is dried at 353-373 K and then heated to 723 K. This on 

reduction in H2 gives a highly dispersed Pd/SiO2 catalyst.  Another commercially used 
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‘Copper-cromite’ or Adkins’ catalyst is also prepared by co-precipitation method which 

involves the addition of copper nitrate solution to a solution of ammonium dichromate in 

ammonia giving a precipitate of copper ammonium dichromate.  This precipitate is 

calcined and washed with acetic acid to give the copper-cromite catalyst. 

Another problem associated with the co-precipitation method is relatively large amount 

of active metal is retained inside the particles of the support and therefore remains 

unavailable for the reaction.   This problem can be overcome by a sequential precipitation 

procedure.  

 

1.5.2. Deposition: 

Deposition is a process in which the active component or precursor is added to a 

separately prepared carrier or support.  This is preferred because (i)  during co-

precipitation, solid catalyst contains small metal particles trapped throughout the porous 

oxide support, reducing the effective use of the metal catalyst, (ii) it is difficult to form 

insitu support  with a prescribed surface area and pore structure.  Deposition can be 

accomplished in two ways:  

1. Precipitation- deposition: 

In this procedure, a precipitating agent is added slowly to a well stirred suspension of a 

support in a solution of the metal precursor [55].  For example slow addition of sodium 

hydroxide to a suspension of alumina in a nickel chloride solution gives Ni/ Al2O3 

catalyst. Alternately, aqueous hydrolysis of urea liberates the base for homogeneous 

precipitation in an aqueous solution of metal precursor and the support.  After isolation,  

the supported precipitate is washed, dried and calcined to produced supported oxide 

which is then reduced to give the active hydrogenation catalyst.  Precipitation-deposition 

method is used to produce a variety of commercial catalysts e.g. Nickel on silica, 

alumina, magnesia, titania, thoria, ceria, and also precious metals like palladium, 

platinum on carbon etc. [56]. 

2. Reduction-deposition: 

In this procedure, a solution of a metal salt containing the support is treated with reducing 

agent to give the supported reduced metal catalyst directly. For example, palladium on 
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carbon is obtained by treating a suspension of carbon in aq. palladium chloride in a 

reducing atmosphere. Similarly Pt/C catalysts are prepared, however with a small amount 

of palladium chloride is added to facilitate the complete reduction of chloroplatinic acid 

[57].  In a photodeposition procedure the semiconductor support is suspended in a metal 

salt solution and irradiated with a mercury lamp, e.g. Pt/TiO2 catalyst in which the small 

platinum crystallites obtained by photodeposition are uniformly distributed on the titania 

surface [58].  Other examples include Pt, Pd, Rh, Ag, Ir on supports such as ZnO, Nb2O5, 

ZrO2, ThO2 and WO3 [58]. 

  

1.5.3. Impregnation: 

Impregnation is defined as a means of catalyst preparation by the adsorption of a catalyst 

precursor salt from solution on to a support material.  This is also known as wet-

impregnation since, the pores of the support are filled with the solvent before coming in 

contact with the precursor salt [59]. In this method, an intense interaction between the 

surface of the support and the salt takes place leading to the adsorption of the salt on to 

the support due to stirring a suspension of the support in the salt solution for a long 

duration followed by the separation of the supported catalyst by filtration, centrifugation 

or evaporation. The supported salt is then calcined and then reduced to the metal. Several 

types of catalysts are prepared by this method particularly, highly loaded nickel on 

alumina, titania, silica, niobia and vanadium pentoxide as well as noble metals on various 

supports.  

Major factors affecting the degree of impregnation and metal distribution are 

• Solvent used: organic or aqueous 

• pH of the solution 

• Nature of the metal salt or complex used 

• Presence of additives or modifiers 

 

1.5.4. Incipient wetness: 

Incipient wetness, also known as dry impregnation or capillary impregnation involves 

contacting a dry support with only enough solution of the impregnate to fill the pores of 
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the support [59].  The volume of liquid needed to reach this stage of incipient wetness is 

usually determined by slowly adding small quantities of the solvent to a well stirred 

weighed amount of support until the mixture turns slightly liquid.  Some of the catalysts 

prepared commercially by this method include Pt/SiO2, Pt/Al2O3, Ni/C, Ru/ C, Ni/Al2O3, 

Rh/Al2O3, Rh/SiO3 etc.   The experimental conditions influence dramatically the 

dispersion and location of the metal in resulting catalyst. For example, in case of 

Ni/Al2O3 catalysts pH and the weight loading of the metal affect the activity of resulting 

catalysts [60]. 

 

1.5.5. Ion exchange: 

In this method, the pH of the impregnating solution must be either sufficiently high or 

low to provide the appropriate surface potential and the adsorbent must have proper 

charge. The pH at which the net charge on the support is zero is known as the isoelectric 

point (IEP) of the material.  For a negatively charged surface, cationic species are 

attracted and get adsorbed.  Similarly, negative species get adsorbed on a positive 

surface.  The common cationic and anionic metal complexes used in catalyst preparation 

are given below in Table 1.3.  

Table 1.3. Common cationic and anionic complexes for catalyst preparation [53] 

 

Metal Anion Cation 

Cobalt  Co(NH3)4
++ 

Nickel  Ni(NH3)4
++ 

Copper  Cu(NH3)4
++ 

Ruthenium  Ru(NH3)5Cl++ 

Rhodium RhCl6
3- Rh(NH3)5Cl++ 

Palladium Pd Cl4
3- Pd(NH3)4

++ 

Silver  Ag(NH3)4
++ 

Iridium IrCl6
3- Ir(NH3)5Cl++ 

Platinum PtCl6
2- Pt(NH3)4

++ 

Gold AuCl4
-  
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• Separation of reagents from the product mixture is difficult. 

• Being the multistep processes, rather time consuming and involve tedious work-

up, which increase the manufacturing cost. 

• Erosion of reactor takes place in case of iron acid reduction method. 

 

These problems can be overcome by catalytic hydrogenation route. Hydrogenation is a 

process in which the reduction of organic compounds takes place by addition of 

molecular hydrogen in the presence of a catalyst.  The hydrogen is commercially 

available in molecular form and its reactivity is very low even at high temperature and 

pressure conditions.  Hence, a catalyst is necessary to facilitate the rate of a 

hydrogenation reaction.  

 

1.6.1. Catalytically active metals for hydrogenation reactions: 

Several metals are used for hydrogenation reactions that are summarized Figure 1.7.  The 

choice of a metal depends on several factors but most commonly used hydrogenation 

catalysts are Raney nickel and noble metals catalysts as shown in dark shade in Figure 

1.7.  Use of these metals as catalysts in the industrial hydrogenation processes for the 

production of organic synthesis is shown in Table 1.4. 

 

 VII b VIII I b 

  Co 

COBALT 

Ni 

NICKEL 

Cu 

COPPER 

 Ru 

RUTHENIUM 

Rh 

RHODIUM 

Pd 

PALLADIUM 

Ag 

SILVER 

Re 

RHENIUM 

Os 

OSMIUM 

Ir 

IRIDIUM 

Pt 

PLATINUM 

Au 

GOLD 

 

Figure 1.7. Catalytically active metals [63] 
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Table 1.4. Heterogeneously catalyzed hydrogenation processes [64] 

 

Process or product Catalyst Conditions 

Methanol synthesis ZnO-Cr2O3 

CuO-ZnO-Cr2O3 

523-673 K, 20-30 MPa 

503-553 K, 6 MPa 

Fat hardening Ni/Cu 423-473 K, 0.5-1.5 MPa 

Benzene to cyclohexane Raney Ni  

 

Noble metals 

Liquid phase 473-498 K, 5 

MPa 

Gas phase 673 K, 2.5-3 

MPa 

Aldehydes and ketones to 

alcohols 

Ni, Cu, Pt 373-423 K,  3 MPa 

Esters to alcohols CuCr2O4 523-573 K, 25-50 MPa  

Nitriles to amines Co or Ni on Al2O3 373-473 K, 20-40 MPa 

 

Our work is mainly focused on nickel, platinum and palladium metals [65, 66] which will 

be discussed further. 

 

1.6.1.1. Nickel: 

The temperature at which nickel oxide is reduced by hydrogen greatly affects the activity 

of the resulting catalyst. There is a considerable temperature difference between the 

commencement and the completion of the reduction. Reduced nickel oxides are usually 

more active than completely reduced forms. Supported catalysts may require a higher 

temperature for activation with hydrogen than unsupported ones. Thus, reduced nickel is 

usually employed with a support such as Kieselguhr for practical uses.  We carried out 

preparation of nickel catalyst by using impregnation method which involves several steps 

such as mixing, solvent evaporating, drying, calcination and activation  (see Figure 1.8). 
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Figure 1.8. Preparation of Ni catalyst by precipitation method [67] 

 

1.6.1.2. Platinum: 

Platinum is one of the most capable metal for the hydrogenation of various functional 

groups under relatively mild conditions of low temperature and pressure. Platinum metal 

catalysts have been employed either in the form of unsupported fine particles of metal, 

usually referred to as blacks, or on the inert supports of porous nature. Unsupported 

catalyst may also be prepared in a colloidal form by liberating metal in the presence of 

suitable protective additives. The platinum catalyst is prepared by dissolving the 

chloroplatinic acid in water followed by its reduction usually using formaldehyde at an 

appropriate pH. 

 

1.6.1.3. Palladium 

Palladium is one of the best catalysts for the hydrogenation of acetylenic compound as 

well as for hydrogenolysis of C-C, C=O, C-X and C≡N bond. Palladium catalyst is 

prepared by dissolving palladium chloride in water and further treated with hydrochloric 

acid  thus forming chloro palladic acid prior to reduction. Unsupported and supported 
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palladium catalysts [Pd0] are also prepared by reduction of palladium salts using variety 

of reducing agents such as formaldehyde, sodium formate, hydrazine, hydrogen gas, and 

sodium borohydride etc. The various type of catalysts include palladium black, palladium 

oxide, Pd-BaSO4, Pd-C, Pd (OH)2- C; lead- poisoned Pd-CaCO3 (Lindlar catalyst).   

 

1.7. Effect of reaction conditions in hydrogenation reactions: 

The optimum performance of any hydrogenation process with respect to the conversion 

and selectivity to the desired product not only depends on type of catalyst but also on the 

proper choice of process conditions such as catalyst loading, temperature, hydrogen gas 

pressure, choice of solvent [68] , agitation speed (in case of batch process), concentration 

of substrate, gas and liquid flow rates (for continuous processes).  

 

1.7.1. Temperature: 

According to the Arrhenius Law with increase in temperature the rate of hydrogenation 

reaction also increases however, it may also lead to the loss of selectivity due to 

formation of side products at higher temperature.  Some other important effects are the 

catalyst deactivation at higher temperature particularly, in vapor phase hydrogenation 

and/or (ii) the reactants and products may be thermally sensitive, particularly in case of 

fine chemicals and pharmaceutical applications [69].  

 

1.7.2. Hydrogen pressure: 

In most of the hydrogenations, rate of reaction usually increases with the increase in 

pressure of the system and the reaction proceeds even with lower catalyst loading.  

Increase in rate of hydrogenation at higher the pressure is mainly due to the increase H2 

solubility, according to the Henry Law.  It states that, at a constant temperature, the 

solubility of a gas in a liquid is directly proportional to the pressure of that gas above the 

surface of the solution [70].  

 

S = kH p        …..1.5 
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Where,  

S   solubility of dissolved gas, Kmol/m3. MPa 

 kH  proportionality constant 

 p   partial pressure, MPa 

 

1.7.3. Solvents: 

Solvent is usually preferred for its ability to dissolve the reactants and/or reduction 

product,  and it also acts as a heat sink since, most of the hydrogenations are highly 

exothermic reactions [71]. Most liquids that are stable under hydrogenation conditions 

and do not deactivate the catalyst can be used as solvents. Carboxylic acids, esters, ethers, 

amines, hydrocarbons, acetic acid, methanol, ethanol, water can be used as solvents. 

Solubility of H2 in solvents commonly used for hydrogenation is shown in Table 1.5. 

 

Table 1.5. Hydrogen solubility in various solvents [72] 

 

Sr. No. Solvent He constant, (kmol/m
3
.MPa) 

1 Methanol 0.0423 

2 1,4-dioxane 0.0352 

3 Hexane 0.0201 

 

1.8. Selectivity in catalytic hydrogenation: 

Selectivity is the key issue in any hydrogenation [73] and it is defined as the ratio of 

amount of desired product formed to the sum of the amounts of all the products formed in 

a particular reaction [74]. The following types of selectivity patterns are usually observed 

in hydrogenation reactions:  [7] 

• Chemo-selectivity 

• Regio-selectivity 

• Stereo-selectivity 
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1.8.1. Chemo-selectivity: 

Chemo-selectivity is defined as the selective hydrogenation of one functional group in the 

presence of other groups that can be hydrogenated [73].  

e.g.   

 

  

Hydrogenation of phenylacetylene to styrene (Scheme 1.1.) 

 

1.8.2. Regio-selectivity: 

The regioselectivity refers to the selective hydrogenation of one functional group in the 

presence of the same functional group at different positions of the substrate.  

 

e.g. 

 

Hydrogenation of 1-substituted-2, 4-dinitrobenzene [75] (Scheme 1.2.). 
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1.8.3. Stereo-selectivity: 

The stereo-selective hydrogenation is the preferential formation of one stereoisomer in 

presence of another isomer.  When the steroisomers are enantiomers, the phenomenon is 

called enantioselectivity.  

e.g.  

             

 

 

Exclusive formation of cis- and trans-2-butene-1, 4-diol from hydrogenation of 2-butyne-

1, 4-diol (Scheme 1.3). 

 

1.9. Types of liquid phase catalytic hydrogenation reactions:  

Catalytic hydrogenation of organic compounds possessing a variety of functional groups 

is the core technology practiced in the chemical industry, as shown Figure 1.9 [76]. In our 

study, we have focused on hydrogenation reactions of acetylenic compounds and 

nitroaromatics and the details of these reactions are discussed below. 
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Liquid phase catalytic hydrogenation reactions 
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reactivity of different metals is: Pd >>Rh ≥ Pt > Ru >> Ir  > Os.  In case of Pd, selectivity 

is independent of conversion while in case of Ir metal the selectivity gets decreased with 

increasing conversion [80].  The general mechanistic pathway for catalytic hydrogenation 

of acetylenic compounds is shown in Scheme 1.4.  The hydrogenation of acetylenic 

compound involves the adsorption of acetylene and hydrogen on the catalyst surface and 

chemical reaction between the adsorbed species, and desorption of the products from the 

catalyst surface.  Hydrogen atom chemisorbed on the metal surface reacts with 

simultaneously adsorbed π system of acetylene compound to give the intermediate olefin 

compound [81].    

 

Step 1 Hydrogen molecule adsorbs to the surface of catalyst 
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Step II                                                                                                                                   

ππππ system of acetylene compound adsorbs on to the surface of catalyst 

  

 

 

Step III 

  

 

 

 

Scheme 1.4. Mechanistic pathway for catalytic hydrogenation of acetylenic 

compounds 
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In our work, we have studied catalytic hydrogenation of 2-butyne-1,4-diol and 

phenylacetylene to achieve the highest selectivity to intermediate olefinic compounds,  2-

butene-1,4-diol and styrene respectively.  We studied various catalyst systems such as 

Pt/CaCO3, supported nano Pd catalyst and Pd/CNTs for the hydrogenation of butyene 

diol.  Continuous hydrogenation of 2-butyne-1,4-diol was also investigated using 1% 

Pt/CaCO3 catalyst in a fixed bed reactor.  It was found that the selectivity pattern was 

completely different from that found in the case of batch slurry reactor and by varying the 

contact time, the selectivity to both butene- and butanediols could be varied over a wide 

range of conditions.   Stable supported Pd nano catalysts showed several folds higher 

activity and selectivity and stability compared with the bulk Pd catalyst in a batch slurry 

reactor.  Colloidal Pd nano catalyst developed for the hydrogenation of phenylacetylene, 

showed completely different selectivity pattern under atmospheric conditions. 

1.9.2. Hydrogenation of nitroaromatics: 

Catalytic hydrogenation of aromatic nitrocompounds is commonly practiced in industry 

for the production of the corresponding amino compounds [82, 83].  Aromatic amines are 

widely used as dye intermediates especially for azo dyes, pigments, and optical 

brighteners, as intermediates for photographic chemicals, pharmaceuticals and 

agricultural chemicals, antioxidents [84].  Since, these reactions are highly exothermic 

(493 KJ. mol-1 for nitrobenzene hydrogenation to aniline), care must be taken to prevent 

the reaction from becoming too violent.  A general reaction pathway for hydrogenation of 

aromatic nitro compounds is shown in Scheme 1.5. [85]. This involves, initial 

hydrogenation of nitroaromatic compound which gives arylnitroso and 

arylhydroxylamine as an intermediate compound which undergoes further hydrogenation 

to get the corresponding aniline. Another route is the coupling reaction of these 

intermediate (arylnitroso, arylhydroxylamine) leading to the formation of the dimeric azo 

and azoxy compounds and its hydrogenation product, arylhydrazo compound. Finally, 

corresponding aniline is achieved by reduction of hydrazo compound [85]. 
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Scheme 1.5. Reaction pathway for hydrogenation of aromatic nitro compounds 

 

In our work, we have studied the hydrogenation of nitrobenzene, m-chlronitrobenzene 

using supported Pt catalyst to achieve the highest selectivity to p-aminophenol and m-

chlroaniline respectively.  In case of hydrogenation of nitrobenzene to p-aminophenol, 

we studied two step separately viz. (i) partial hydrogenation of NB to PHA, and (ii) acid 

catalyzed rearrangement of PHA to PAP under mild reaction conditions.  We found that 

rearrangement of PHA in an inert atmosphere gave a higher selectivity to PAP.   The 

catalytic hydrogenation of nitrobenzene using 3% Pt/C catalyst at 303 K showed 95% 

selectivity to PHA at 36 % conversion of nitrobenzene which decreased to 75% for 

complete conversion of nitrobenzene due to the formation of aniline as a byproduct. It 

was found that process step of neutralization of the reaction crude at low temperature 

helps to achieve the highest selectivity to p-aminophenol (75% isolated yield of PAP) in a 

single step synthesis of p-aminophenol from nitrobenzene.  In case of hydrogenation of 

m-chloronitrobenzene to m-chloroaniline, we found that sodium carbonate reduces the 

extent of dehalogenation.  It was also found that the Ni-Pt bimetallic catalysts showed 

high activity and almost complete selectivity (> 99%) towards m-chloroaniline as 

compared with Ni monometallic catalysts. 
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1.10. Objectives of the thesis: 

The thesis contains total 7 chapters among which the first two chapters include general 

introduction including objectives and experimental techniques respectively.  The 

scientific results are then divided in two parts viz. Part I dealing with selective 

hydrogenation of acetylenic compounds and Part II contains hydrogenation of 

nitroaromatic compounds. The objectives of this thesis are given below. 

 

• Preparation of colloidal, bulk and nano structured supported mono, and bi-

metallic catalysts involving various transition metals such as Ni, Pd, Pt.  

• Physico-chemical characterization of the prepared catalysts by various techniques 

such as powder X-ray diffraction, SEM, EDAX, BET surface area, Raman, FT-

IR, Chemisorption, XPS. 

• Standardization of analytical methods for the model reaction systems investigated 

using GC and HPLC. 

• Activity testing of the prepared catalysts for selective hydrogenation of 2-butyne-

1,4-diol, phenylacetylene, nitrobenzene and m-chloronitrobenzene, in high 

pressure batch and continuous reactors. 

• To study the kinetics of formation and further rearrangement of an intermediate 

phenylhydroxylamine in hydrogenation of nitrobenzene to p-aminophenol. 

• To study the role of additives on extent of dehalogenation in hydrogenation of m-

chloronitrobenzene to m-chloroaniline 

• Optimization of reaction parameters such as temperature, pressure, catalyst and 

substrate loading in order to achieve highest conversion and selectivity, for all the 

hydrogenation reaction studied in this work. 

• To correlate the observed activity and selectivity patterns with the catalyst 

characterization data.  
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2.1. Materials: 

Nitrobenzene, aniline, polyvinylpyrollidone, formaldehyde, sodium hydroxide, ethanol, 

HCl, dimethyl sulfoxide were purchased from S.d. fine chemicals, India.  Methanol 

(HPLC), methanol (LR), 2-butyne-1,4-diol, and charcoal were obtained from Merck, 

India. p-Aminophenol, Ni(NO3)2, PtCl4, PdCl2, 4-chloronitrobenzene, 2-

chloronitrobenzene, 3-chloronitrobenezene, 2-chloroaniline, 3-chloroaniline, 4-

chloroaniline, phenylacetylene, ethylbenzene, styrene, 2-butene-1,4-diol and butane-1,4-

diol were purchased  from Sigma-Aldrich, Banglore, India.  Distilled water was 

deionized by using Millipore (Mili-Q) water system. High purity grade nitrogen and 

hydrogen cylinders used for the hydrogenation reactions were procured from M/s. Inox 

Ltd. Mumbai.  

 

2.2. Catalyst preparation: 

Various catalysts were used for hydrogenation reactions and the details of catalyst 

preparation are given below. A schematic of the experimental setup used for the catalyst 

preparation is shown in Figure 2.1. 

 

Figure 2.1. General setup for catalyst preparation 
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2.2.1. 1% Pt/CaCO3 catalyst: 

For the preparation of 1%Pt/CaCO3 catalyst, 0.166 g of PtCl4 was completely dissolved 

in minimum amount of water by adding a small quantity of HCl.  Under stirring, already 

prepared slurry of 10 g CaCO3 was added to the above solution and temperature was 

maintained at 353 K.  After 1h, formaldehyde was also added under stirring.  Then the 

reaction mixture was cooled, filtered to obtain the catalyst, which was then dried at room 

temperature under vacuum.  The powdered catalyst was then pelletized in the form of 

pellets of 4-mm diameter to be used in the fixed bed reactor for the hydrogenation of 2-

butyne-1,4-diol.  

 

2.2.2. 1% Pt/C catalyst: 

For the purpose of preparing Pt/C catalyst first, the charcoal support was activated by an 

acid treatment.  In a typical procedure, 10 g of charcoal was refluxed with 100 mL 10% 

HNO3 for 6 h, under magnetic stirring.  After filtration through Whatman filter paper, it 

was then washed several times with distilled water till the pH of the filtrate became ~7.  

This activated charcoal was then dried in an oven for 12 h,  at 373 K. 

For the preparation of 1% Pt/C catalyst, 0.053 g of H2PtCl4.6H2O was completely 

dissolved in minimum amount of water.  Under stirring, already prepared slurry of 2 g 

activated carbon was added to the above solution, and the temperature was maintained at 

353 K.  After stirring for 1 h, formaldehyde was added.  Then the reaction mixture was 

cooled to room temperature and then filtered to obtain 1% Pt/C catalyst which was dried 

at room temperature under vacuum.  Similarly 2, 3 and 5% Pt supported on carbon 

catalysts were prepared using the procedure described above. 

 

2.2.3. Supported bulk Pd catalyst: 

For the preparation of 0.25 % Pd/C catalyst, 0.0083 g of PdCl2 was completely dissolved 

in minimum amount of water.  Under stirring, already prepared slurry of 2 g carbon was 

added to the above solution and the temperature was maintained to 353 K.  After stirring 

for 1 h, formaldehyde was added.  Then the reaction mixture was cooled to room 

temperature and then filtered to obtain the reduced catalyst. After the filtration, catalyst 
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was dried at room temperature under vacuum.  Similarly, Pd  catalyst supported on 

alumina, silica and calcium carbonate were prepared.  

 

2.2.4. Colloidal Pd catalyst: 

0.343 g of polymer polyvinylpyrrolidone (PVP) was added to 15 ml of H2PdCl4 solution  

(prepared by addition of 0.0083 g of PdCl2 to a mixture of 13 ml of water and 2 mL of 

0.2M HCl). To this solution, 30 mL of mixture of ethanol:water (30:70) was added. The 

initial pH of the solution was found to be 3 which  was adjusted to pH 7 by adding slowly 

10% (w/w) NaOH. This solution was diluted to 100 mL by adding a mixture of 

ethanol:water and refluxed in a 250 mL flask at 353 K for 3 h.  After 3 h, the color 

changed to dark brown to form polymer protected Pd nanoparticles. 

 

2.2.5. Supported nano Pd catalyst: 

First the colloidal Pd catalyst was prepared as per the procedure given in section 2.2.4. 

For depositing the colloidal Pd on to the support, activated carbon (2 g) was added to the 

above solution under stirring for 16 h, after which the solid catalyst was separated by 

filtration. In a similar way, Pd nanoparticles supported on alumina, silica and calcium 

carbonate were prepared. 

 

2.2.6. Pd supported on CNT catalyst: 

In order to prepare Pd/CNT catalyst, first the multiwalled CNTs were grown on MgO-

supported, Fe-Mo powder catalyst by thermal decomposition of methane in a quartz 

tubular furnace (Firstnano-ET2000, USA).  Typically, 100 mg of the catalyst on a quartz 

plate was placed into the center of the quartz tube and furnace was heated to 1223 K in an 

argon flow of 1000 sccm. The reaction began as Ar was replaced by a mixture of CH4 

(1000 sccm) and H2 (200 sccm).  After 30 minutes, the flow was switched to Ar again to 

cool the furnace to ambient temperature.  The synthesized CNTs were purified by acid 

treatment with 3-4 N aqueous solution of HNO3.  Further the CNTs were magnetically 

stirred at room temperature for 6 h,  filtered  through Whatman 200 nm, 47 mm diameter 

PTFE membrane and then washed several times with de-ionized water till the pH reached 

close to 7.  The purified sample of CNTs was then dried in air at room temperature.  The 
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sample was then heated at 773 K in H2 atmosphere to remove the amorphous carbon and 

graphitic nanoparticles. The purified CNTs were treated with a mixture of HNO3 and 

H2SO4 at 353 K for a period of 24 h. The acid treated CNTs were again filtered through 

the Whatman PTFE membrane and washed with de-ionized water till the pH reached 

close to 7 and then vacuum dried at room temperature. 

The stock solution of PdCl2 was prepared by first dissolving 0.0167 g of PdCl2 in 

aqueous hydrochloric acid (26% v/v) under stirring at 353 K. After complete dissolution 

of PdCl2, the solution was cooled to room temperature and then diluted to 100 mL by 

adding distilled water. 7.5 mL stock solution of PdCl2 was then sonicated with 15 mg of 

CNT sample for 1 h.  After 1 h, NaBH4 (reducing agent) was added slowly until the 

solution became colourless and  the catalyst was filtered and dried at 353 K for 3 h.       

 

2.2.7. Supported Ni catalysts: 

The monometallic nickel catalyst was prepared by an impregnation method.  Slurry of 10 

g of activated carbon was made in distilled water. To this hot slurry, a solution of 

Ni(NO3)2.6H2O (4.95 g dissolved in 10 mL of water) was added.  After stirring for 6 h, 

water was removed under vacuum using a rotary evaporator to obtain a solid cake.  This 

solid was dried overnight at 383 K and calcined in a static air furnace at 723 K for 10 h. 

The reduction of the catalyst was carried out in an electric furnace using silica quartz tube 

at 723 K and at H2 flow rate of 5 x 10 
5
 m

3
/min for 5 h.  The catalyst was cooled under 

nitrogen flow of 3 x 10 
5
 m

3
/min. In a similar way, Ni catalyst supported on alumina was 

prepared. 

 

2.2.8. Ni-Pt bimetallic catalyst: 

A bimetallic Ni-Pt/C catalyst was prepared by addition of chloroplanic acid 

(H2PtCl4.6H2O) to the already prepared Ni/C catalyst (see section 2.2.7).  This suspension 

was refluxed for 4 h and then formaldehyde was added as a reducing agent.  This solution 

was stirred further for 2 h and then filtered to give bimetallic Ni-Pt/C catalyst. 
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2.3. Physiochemical characterization of catalysts: 

The prepared catalyst samples were characterized by various physico-chemical methods 

such as BET surface area analyzer, X-ray diffraction analysis, Raman spectroscopy, 

infrared spectroscopy, SEM, TEM, XPS and H2 pulse titration. This section of chapter 2 

gives a brief account of the theory and principles of various characterization techniques 

used for the current study. The procedure for each experimental technique is described. 

Characterization results are discussed in the relevant chapters. 

 

2.3.1. Surface area measurement: 

The Brunauer-Emmett-Teller (BET) is the most widely acceptable method for analyzing 

multilayer physisorption isotherms of inert gases to determine the surface area of solids 

and the distribution of mesopore size in these solids [1].  

Surface area is calculated by comparing the integrator count due to desorption with that 

form the calibration signal the mass, W, adsorbed is given by equation (2.1) 

 

W � �
����

V�	

���
�

         …..2.1 

 

Where, 

 W  mass of adsorbate adsorbed on the sample 

 Vcal  calibration volume (cm
3
) 

 A  sample integrator counts 

 Acal calibration integrator counts 

 Pa ambient pressure 

 M  adsorbate molecular weight (28 for N2) 

 T  temperature in K  

 R gas constant (82.06 cm
3
.atm.K

-1
.mol

-1
) 

 

The BET equation (2.2) yields a straight line when 1/W�P�/P � 1�� is plotted versus 

P/P�. The slope, �C � 1�/W�C, and the intercept, 1/W�C, are used to determine the 

weight adsorbed at the monolayer. 



Chapter II                                                               Experimental and Characterization techniques 

 
 

41 

 

 

 

�
����/����

�  ���
���

 �
��

�  �
���

        …..2.2 

 

Where, 

  W weight of adsorbate adsorbed at relative pressure P/Po  

 P Partial pressure of adsorbate 

 P0 saturated vapor pressure of adsorbate 

 Wm weight of adsorbate adsorbed at a coverage of one monolayer 

 C a constant which is a function of the adsorbate heats of condensation and  

                      adsorption 

 

The value of the slope S and the y-intercept i of the line are used to calculate the 

monolayer adsorbed gas quantity Wm and the BET constant C, using the following 

equation. 

 ! � �
"#$

                  …..2.3 

The total surface area of the sample, St, is determined from equation (2.4), 

 

S& � ��'��(

��
                      …..2.4

  

Where, 

Ma  adsorbate molecular weight 

Wm weight of adsorbate adsorbed at a coverage of one monolayer 

N Avogadro’s number = 6.023 x 10
23 

Acs cross sectional area of adsorbate molecule for N2 gas 16.2 x 10
-20 

m
2 

 

Specific surface (m
2
/g) is given by equation (2.5), 

S)*� � +,

-.$/0& 12 3	�4
.
        …..2.5  
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BET surface areas of the specimen have been measured by using of N2 adsorption at 77 K 

preformed on a Quantachrome CHEMBET 3000 instrument.  

 

2.3.2. Temperature programmed reduction (TPR) method: 

Temperature programmed reduction method is a technique in which a chemical reaction 

is monitored between metal particles and hydrogen gas while the temperature increases 

linearly with time. This method is used to find the most efficient reduction conditions for 

the catalyst. Catalyst precursor is subjected to a programmed temperature technique 

method while a reducing gas mixture (H2:N2) is flown over it.  

In typical procedure, a U-tube (Quartz ) was filled with the solid catalyst.  This sample 

holder is positioned in a furnace which is equipped with a temperature controller.  A 

thermocouple is placed in the U-tube for temperature measurements.  Equal quantities of 

fresh vacuum dried catalyst were taken in the U-tube. Initially, U-tube was purged with 

inert gas (nitrogen) to remove the air present in the lines, and then heated to 250
o
C for 30 

min in N2 atmosphere with a flow rate of 60 ml/min in order to remove the moisture and 

surface impurities present on the sample, and then it was cooled to room temperature.  

The nitrogen was replaced by ( 5% H2 in N2) for the TPR experiments.  Mass flow 

controller was used to maintain the mixture of 5 % hydrogen in nitrogen gas.    Finally, 

the sample in the U-tube heated from 30
o
C to 500

o
C using a temperature controller, with 

the ramp rate of 15
o
C/min.  The hydrogen consumed for complete reduction of the 

sample at certain temperatures, was detected by TCD, and was recorded.    

 

2.3.3. H2 pulse titration (chemisorption): 

In our work, chemisorption of catalyst samples was carried out using Quantachrome 

make Chembet-3000 instrument, equipped with a thermal conductivity detector.  

General experimental procedure for the pulse titration is given below 

1. Accurately weighed (~ 0.050 g) sample was placed in a sample cell holder            

(Figure 2.2) and then the sample was heated under the flow of nitrogen gas at 

200
o
C for 1 hour, by this treatment, the sample surface was cleaned and the 

moisture was completely removed.  
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2. After the sample was cooled to room temperature, the sample cell holder was 

connected to the spectrometer connection for pulse titration (see Figure 2.2).  

3. Then the temperature was increased to 300
o
C by using temperature controller 

with a heating rate of 10
o
C/min in an inert atmosphere.  

4. After attaining the temperature, nitrogen gas was replaced by a mixture of 5% 

hydrogen in nitrogen and kept it for half an hour.  

5. Mixture of 5% hydrogen in nitrogen was replaced by nitrogen gas, kept it for 1 

hour, and then cooled to room temperature.  By this treatment, metal surface was 

cleaned and ready for the H2 chemisorption analysis. 

6. Using the calibrating syringe, 100 µL of the hydrogen gas was injected to the 

sample. This was repeated until three consecutive peaks with the same integrated 

area were obtained.   

7. The volume of adsorbed hydrogen and metal dispersion at STP was calculated 

using TPR win software provided by Quantachrome. 

 

 

Figure 2.2. Quantachrome Chembet-3000 instrument 
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2.3.4. X-ray diffraction: 

Powder X-ray diffraction method is widely used for material characterization especially 

qualitative identification of crystalline phases.  It provides the information about the 

identification of crystalline phases, lattice parameters, crystallite size measurement.  It 

can detect crystalline materials having crystallites of greater than 3-5 nm and up to 100 

nm. 

The X-ray diffraction patterns are obtained by measurement of the angles by which an X-

ray beam is diffracted by the sample.   Bragg's equation relates the distance between two 

hkl planes (d) and the angle of diffraction (2θ) as given in equation 2.6 [2]. 

 

nλ � 28sinθ           …..2.6  

Where, 

λ   wavelength of the X-ray, nm 

n   integer called order of the reflection 

d   distance between two lattice plane 

θ   angle of incidence plane, degree 

 

The average crystalline size of the metal particle can be estimated by Debey-Scherrer 

equation 2.7 [3]. 

 

< = >� ?@
A�13B

           …..2.7  

In which, 

<L> is a measure for the dimension of the particle in the direction 

perpendicular to the reflecting plane 

λ is the X-ray wavelength, nm 

β is the peak width 

θ is the angle between the beam and the normal on the reflecting plane, 

degree 

K is a constant i.e. (0.9) 
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For calculation for peak width 

 

β � DB�
F � BF

F          …..2.8  

 

Where, 

 

B1   is the FWHM (full width half maxima) 

B2  is the instrument broadening (0.15) 

 

X-ray powder diffraction patterns have been recorded on a PAnalytical PXRD Model X-

Pert PRO-1712, using Ni filtered Cu Kα radiation ( λ=0.154 nm) as a source ( current 

intensity, 30 mA; voltage, 40 kV)  and a X-celerator detector.  The samples were scanned 

in the 2θ range of 5-80°. The species present on the surface were identified by their 

characteristic 2θ values of the relevant crystalline phase. 

 

2.3.5. X-ray photoelectron spectroscopy: 

The X-ray photo electron spectroscopy [4-7] is based on the photoelectric effect, which 

involves the bombardment of a sample surface with X-ray and measurement of the 

concomitant photoemitted electrons. The photoemitted electrons have discrete kinetic 

energies that are characteristic of the emitting atoms and their bonding states.  The shifts 

in core-level energies give information on the surface elemental composition, the 

oxidation state of the elements and chemical analysis [8].   

 

The kinetic energy, Ek, of these photoelectrons is determined by the energy of the X-ray 

radiation, hν, and the electron binding energy Eb as given by, 

 

EH � hν � EK          …..2.9  

 

The experimentally measured energies of the photoelectrons are given by 

 

EH � hν � EK � ψ                   …..2.10 
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Where, 

MN  is the kinetic energy of the photoelectron  

h    is Plank’s constant 

O  is the frequency of the exciting radiation 

MP   is the binding energy of the photoelectron with respect to the Fermi level 

               of the sample 

Q  is the work function of the spectrometer 

 

The shape of each peak and the binding energy can be slightly altered by the chemical 

state of the emitting atom. Hence, XPS can provide information on chemical bonding. 

The number of catalytic properties such as oxidation state of active species, interaction of 

a metal with a support, change in oxidation state upon activation of the catalyst, nature 

surface impurities, can be studied by using this characterization technique. XPS measures 

the intensity of photoelectrons as a function of their kinetic energy.   

 

X-ray photoelectron spectra were acquired on a VG Microtech Multilab ESCA 3000 

spectrometer using a non-monochromatized MgKα X-ray source (hν= 1253.6 eV). Base 

pressure in the analysis chamber was 4 × 10
−10

 Torr. The errors in all the B.E. values 

were within ± 0.1 eV. The binding energy correction was performed using the C1S peak of 

carbon at 284.6 eV as the reference. 

 

2.3.6. Fourier-transform infrared spectroscopy (FTIR): 

In FTIR spectroscopy, the incident electromagnetic wave is absorbed by a molecule upon 

excitation of molecular vibration modes.  Application of FTIR spectroscopy in catalysis 

is to identity adsorbed species and the way in which these species are chemisorbed on the 

surface of the catalyst [9]. The frequency of these vibrations depends upon the nature and 

binding of the molecules.   

FTIR spectroscopy in the frame work region (400-4000cm
-1

) provides additional 

information to identify the adsorbed species and adsorbed reaction intermediates and 

their structures on catalyst surfaces [10].   
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FTIR spectra was recorded on a Perkin-Elmer instrument. The pellets for analysis were 

prepared by mixing 3 mg of the catalyst with 50 mg of KBr. FTIR spectra were recorded 

between 450 to 4000 cm
-1 

with accumulation of 20 scan and 4 cm
-1

 resolution 

 

2.3.7. Transmission electron microscopy: 

Transmission electron microscopy technique involves a primary electron beam of high 

energy and high intensity passing through a condenser to produce parallel rays, which 

impinge on the sample.  As the attenuation of the beam depends on the density and the 

thickness, the transmitted electrons form a two-dimensional projection of the sample 

mass, which is subsequently magnified by the electron optics to produce a so-called 

bright field image.  The dark field image is obtained from the diffracted electron beams, 

which are slightly off angle from the transmitted beam [11-14].   

This technique allows the size distribution, external morphology, chemical composition 

and shape of metal particles in supported and unsupported catalyst to be characterized 

down to the level of atomic resolution better than 0.5 nm [10].   

Operating conditions of a TEM instrument is 100-200 keV electrons, 10
-6

 mbar vacuum, 

0.5 nm resolution and a magnification of 3 x 10
5
 to 10

6
.  TEM analysis was performed on 

a Jeol Moeld JEM 1200 electron microscope operated at an accelerating voltage of 120 

kV.  A small amount of the solid sample was sonicated in methanol for 1 min.  A drop of 

prepared suspension was deposited on a Cu grid coated with carbon layer and grid was 

dried at room temperature before analysis.  

 

2.3.8. Scanning electron microscopy: 

Scanning electron microscopy is a technique to probe the morphological features of 

catalyst materials. SEM scans over a sample surface with a probe of electrons (5-50 eV) 

and detects the yield of either secondary or backscattered electrons as a function of the 

position of the primary beam. Contrast is generally caused by the orientation such that the 

part of the surface facing the detector appears brighter than the part of the surface with its 

surface normal pointing away from the detector. The interaction between the electron 

beam and the sample produces different types of signals providing detailed information 

about the surface structure and morphology of the sample [15]. When an electron from 
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the beam encounters a nucleus in the sample, the resultant Coulombic attraction leads to a 

deflection in the electron's path, known as Rutherford elastic scattering. A fraction of 

these electrons will be completely backscattered, re-emerging from the incident surface 

of the sample. Since the scattering angle depends on the atomic number of the nucleus, 

the primary electrons arriving at a given detector position can be used to produce images 

containing topological and compositional information [16]. A major advantage of SEM is 

that bulk samples can also be directly studied by this technique 

The chemical composition of the sample was determined by energy dispersion X-ray 

(EDX) attached to a scanning electron microscopy (SEM: JEOL JSM 500)  

 

2.3.9. Raman spectroscopy: 

Raman spectroscopy is based on the inelastic scattering of photons, which loses energy 

by exciting vibrations in the sample [17]. Raman spectroscopy is generally used for 

characterizing  the materials to find the crystallographic orientation of a sample, chemical 

structure of molecules. It allows studying surface metal oxide species on typical oxide 

support materials.  It offers to study the molecular vibrations below 1100 cm
-1

 [17]. The 

radial breathing mode is commonly used technique to evaluate the diameter of sample 

and used to understand the structure of the composition.    

The Raman spectra of sample were recorded on a Horiba JY LabRAM HR800 micro-

Raman spectrometer with 17 mW 632.8 nm laser excitation. 

 

2.4. Catalyst activity measurement: 

2.4.1. Continuous high pressure reactor setup: 

Bench scale continuous hydrogenation experiments were carried out in a high-pressure, 

fixed-bed reactor supplied by M/s. Geomechanique, France. A schematic of the reactor 

setup is shown in Figure 2.3.  It consisted of stainless steel tube of 0.35 m length and 1.5 

x 10
-2

 m inner diameter that was heated by two tubular furnaces whose zones (TIC1 and 

TIC2) were independently controlled at the desired bed temperature.  The reactor was 

provided with two thermocouples [Chromel-Alume thermocouples (type K)] to measure 

the temperature at two different points.  The reactor was equipped with mass flow 

controllers, pressure indicator, and controller (PIC) devices.  A storage tank was 
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connected to the metering pump through a volumetric burette to measure the liquid flow 

rate.  The pump had a maximum capacity of 3 x 10 
-4

 m
3
/h under a pressure of 10 MPa.  

The gas outlet line was equipped with a backpressure controller, which maintained a 

constant pressure in the unit by continuous pressure release. The other end of the reactor 

was connected to a gas-liquid separator through a condenser. The experiments were 

carried out over 10 and 20 g of catalyst in the form of pellets having 4 mm diameter.  The 

section 5 cm and 5 cm below the catalyst bed was packed with inert packing 

(carborundum), thus providing the catalyst bed depth of  ~25 m .  The reactor was flushed 

thoroughly with H2 at  room temperature before the start of the actual experiment.  After 

attaining the desired temperature, the reactor was pressurized with H2. The liquid feed 

was “switched on” after the reactor has reached the operating pressure and kept there for 

1 h to obtain the constant liquid flow rate.  Liquid samples were withdrawn at regular 

intervals of time and were analyzed by gas chromatography. 
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Figure 2.3. Continuous reactor setup 

 

2.4.2. Batch reactor set up: 

All the batch hydrogenation experiments were carried out in a 300 mL capacity stirred 

autoclave supplied by Parr Instruments Co.  USA, which was equipped with heating 

arrangement, overhead stirrer, thermo well, internal cooling coil, gas inlet and outlet,  

liquid sampling valve, safety rupture disc, pressure gauge as well as transducer for digital 

pressure display, separate automatic controller to control the temperature, agitation speed, 

solenoid valve and high temperature cutoff module.   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 batch slurry 

reactor set-up is shown in Figure 2.4. 

 

 In a typical hydrogenation experiment, required amount of substrate was charged into the 

reactor. Total volume of the liquid phase was always kept to 100 mL by adding 
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appropriate solvent and the required amount of slurry of catalyst was charged in an 

autoclave carefully and reactor vessel was closed. The contents were first flushed 2-3 

times with N2 gas for the removal of trapped air and then flushed with H2. Then the 

temperature was ramped to the required temperature. After attaining the desired 

temperature, the system was pressurized with H2 gas to the desired pressure. Initial liquid 

sample was withdrawn before starting the reaction, by switching the stirrer on and the 

progress of the reaction was monitored by observing the pressure drop in the reservoir as 

a function of time. When the reaction was over, as indicated by a constant H2 pressure on 

the pressure display, the reactor was cooled to room temperature and excess H2 gas was 

vented out safely and the reactor contents were discharged.  Samples were withdrawn at 

regular time intervals for the analysis using gas and liquid chromatography. 
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 (1) Reactor (2) stirrer shaft (3) impeller (4) cooling

magnetic stirrer (7) electric furnace

TI: Thermocouple PI: Pressure transducer 

cylinder H2:Hydrogen gas cylinder 

regulator TR1: Reactor temperature indicator 

Reservoir temperature Indicator 

indicator 

 

2.4.3. Atmospheric reaction set up

Hydrogenation of phenylacetylene was conducted at 

capacity three-necked glass reactor fitted with a cooling condenser

typical experiment, phenylacetylene (49 mmol), and methanol (90 mL) were charged to 

the reactor and the system was purged with N

                                                               Experimental and Characterization techniques

Figure 2.4. Parr reactor setup 

 

(1) Reactor (2) stirrer shaft (3) impeller (4) cooling water (5) sampling valve (6)

magnetic stirrer (7) electric furnace 

: Pressure transducer TIg: Thermocouple for gas 

:Hydrogen gas cylinder PR: Pressure regulator CPR: Content pressure 

: Reactor temperature indicator PR1: Reactor pressure indicator 

Reservoir temperature Indicator TRg: Gas temperature indicator PR2: Reservoir pressure 

Atmospheric reaction set up: 

Hydrogenation of phenylacetylene was conducted at atmospheric pressure, in a 250 mL 

necked glass reactor fitted with a cooling condenser (Figure 2.5)

typical experiment, phenylacetylene (49 mmol), and methanol (90 mL) were charged to 

the reactor and the system was purged with N2 for 10 min. To this, 5 ml of colloidal Pd 
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water (5) sampling valve (6) 

: Thermocouple for gas N: Nitrogen 

: Content pressure 

: Reactor pressure indicator TR2: 

: Reservoir pressure 

atmospheric pressure, in a 250 mL 

(Figure 2.5). In a 

typical experiment, phenylacetylene (49 mmol), and methanol (90 mL) were charged to 

5 ml of colloidal Pd 
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catalyst was added and the hydrogenation was started by bubbling H2 gas at a desired 

flow rate through the reaction mixture and the H2 flow was regulated by a needle valve 

(30 mL/min).  This time was considered as the start of the catalytic reaction. All the 

reactions were performed up to 100% conversion, and this was taken as the end of the 

reaction.  Agitation was carried out with a magnetic stirring bar.  Timely samples were 

taken and analyzed on GC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Atmospheric reactor setup 
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2.5. Analytical methods: 

Chromatography: 

Chromatography is a separation process that is achieved by distributing the components 

of a mixture between two mutually immiscible phases, one phase is stationary and other 

is mobile. A sample component introduced in a mobile phase carried along with a column 

containing a distributed stationary phase. The species of sample undergo repeated 

interactions between the mobile phase and stationary phase. Those components held 

preferentially in the stationary phase are retained longer in the system than those that are 

distributed selectively in the mobile phase.  Separation can be achieved by selection of 

both phases, and the sample component gradually separated in bands in the mobile phase. 

As a consequence, solutes are eluted from the system as local concentrations in the 

mobile phase in the order of their increasing distribution coefficients with respect to the 

stationary phase: the least retained component emerges first; the most strongly retained 

component elutes last [18, 20].   

Applications: 

Depending on mobile phase the chromatographic techniques are divided in to two parts 

� Gas chromatography 

� Liquid chromatography 

 

1. Gas Chromatography: 

In gas chromatography, inert gas used as a mobile phase e.g. He, H2, N2 and analysis 

sample must be thermally stable and volatile that of  organic/inorganic compounds. 

Colum is heart of chromatography where actual separation is take place.  The details of 

stationary phases used for the quantitative and qualitative analysis are shown in Table. 

2.1 
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Table 2.1. Selected stationary phases used for gas-liquid chromatography analysis. 

 

Column trade 

name & Column 

details 

Stationary phase 
Operating range 

/limit 

Compounds 

analyzed in this 

work 

HP-FFAP,  

(Free Fatty acid 

phase column ) 

30 m x 0.53 mm x 

1.0 µm* 

5% methylpolysiloxane 

+ polyethylene glycol 

( Nitroterephthalic acid 

modified polyethylene 

glycol)   

High polarity 

60 - 250
o
C 

Used for the 

analysis of  2-

butyne-1,4-diol, 2-

butene-1,4-diol, 

butanediol 

HP-1 

30 m x 0.32 mm x 

1 µm* 

100% 

Dimethylpolysiloxane,  

Non polar  

325/350
o
C 

Nitrobenzene, 

aniline, m- , p-, o-

chlronitrobenzene, 

m-, p-, o- 

chlroaniline,  

HP-5 

30 m x 0.32 mm x 

1 µm* 

(5%-Phenyl)-

methylpolysiloxane, 

Non-polar 

-60 - 325
o
C 

Phenylacetylene, 

styrene, 

ethylbenzene 

 

 * Column length x column ID x film thickness 

Hewlett- Packard model equipped with flame ionization detector (FID) was employed for 

the analysis of samples. Major advantages of FID include a detection limit that is 

approximately two to three order of magnitude smaller than that for a thermal 

conductivity and helium gas used as a carrier.  On basis of plot of response Vs time, the 

qualitative and quantitative analysis were determined by using gas chromatography.  

2. High performance liquid chromatography: 

Hewlett-Packard model 1050 liquid chromatograph equipped with an ultraviolet detector 

and HP 1100  series auto sampler was employed for the analysis of liquid samples. HPLC 



Chapter II                                                               Experimental and Characterization techniques 

 
 

56 

 

 

analysis was performed on a 25 cm RP-18e* column supplied by Hewlett-Packard. The 

products and reactants were detected using a UV detector at λmax, 254 nm using 30% 

acetonitrile:5% Buffer:water as the mobile phase at a column temperature of 313 K and 

flow rate of 1 mL/min. Samples of 10 µL were injected into the column using an auto 

sampler. 

 

HPLC analysis Conditions 

Column Details 

Dimensions (Length, ID) Lichrocart RP 18e* (250 X 4 mm) 

Particle size 5µm 

Stationary Phase RP 18 

Mobile Phase analysis details 

Mobile Phase  Acetonitrile:Buffer(pH:7):water (30:5:65) 

Flow rate 1 ml/min 

Temperature 25
0
C 

Sample volume 10 µL diluted to 10 ml 

Washing Phase Methanol:water (50:50) 

HPLC column washing mobile phase Flow 

rate 

0.3 ml/min (overnight) 

Detector UV-Vis 

λmax 254 nm 
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Calculation for response factor, % conversion and % selectivity: 

 

Rf � �1T�.T&U	&$1T $T �1
.3
	U.	 VTW.U &0. U.34.�&$X. 4.	H

      …..2.11 

 

%, Conversion � _T&$	
 �1
.3 12 3VK3&U	&.�`$T	
 �1
.3 12 3VK3&U	&.
_T$&$	
 �1
.3 12 3VK3&U	&.

 x 100  …..2.12 

 

%, Selectivity � �1
.3 12 4U1WV�& 21U�.W
�1
.3 12 3VK3&U	&. �1T3V�.W

 x 100     …..2.13  
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3.1. Introduction: 

Hydrogenation of carbon-carbon triple bond to partial/complete hydrogenation products 

has been the topic of great importance from both fundamental as well as industrial point 

of view [1, 2]. It is challenging to achieve complete selectivity to olefinic compounds in 

such processes since the intermediate olefin of the first hydrogenation step readily 

undergoes further hydrogenation to give a saturated alkane product [3].  One Such  

industrial example is the catalytic hydrogenation of  2-butyne-1,4-diol (B3D) for the 

manufacture of cis-2-butene-1,4-diol (B2D) and butane-1,4-diol(B1D) [3,4]. The 

geometric cis isomer is predominantly obtained (> 99%) due to the cis addition of 

hydrogen over heterogeneous catalysts under mild conditions [1]. The trans-isomer is 

regarded to be formed due to isomerization of cis-isomer however, under hydrogenation 

conditions isomerization is greatly suppressed due to fast desorption of the intermediate 

olefinic diol.  2-Butene-1,4-diol (B2D) and butane-1,4-diol (B1D) have wide ranging 

applications in the manufacture of various sectors details are given below. 

      

3.1.1. Importance of 2-butene-1,4-diol: 

2-Butene-1,4-diol has large number of applications as shown in Figure 3.1 especially in a 

variety of chemical and pharmaceutical industries.  As B2D possesses two replaceable 

hydroxyl groups and one double bond a large number of chemicals and intermediates are 

possible from its downstream processing.  

• Butenediol is a starting material for the production of endosulfan, a commonly used 

insecticide. It is produced by Diels-Alder reaction of butenediol with 

hexachlorocyclopentadiene [5]. 

• Hydroformylation of B2D is an important step in the production of vitamin A 

(Schemes 3.1 and 3.2) [6-10]. 

• B2D is also used for the production of pyridoxine (Vitamin B6) and as bactericide [11-

13]. 

• It is used as an additive in paper industry and as a stabilizer in resin manufacture. 

• Lubricant for bearing system and in the synthesis of allyl phosphates.  

• Used in the synthesis of diarylate monomer.  



Chapter III                               

 

 

• Used in the preparation of biologically active 

iodoacetoxy-2-butene

-2-butene-4-chlroide etc.

 

Figure 3.

((2E,4E )-3-methyl-5-(2-methylcy
dienyl)triphenylpho

Butenediol

                              Hydrogenation of 2-butyne-1, 4-dio-l and 

preparation of biologically active haloacetates such as 

butene-1,4-ol, cis-1-bromacetoxy-2-butene-4-bromide, 

chlroide etc. [14]. 

 

 

Figure 3.1. Importance of 2-butene-1,4-diol 

 

PPh3 O
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H
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tetraenyl acetate

Vitamin A acetate

yclohex-1-enyl)penta-2,4-
osphonium

 

Scheme 3.1. Vitamin A synthesis 
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Scheme 3.2. Steps involved in preparation of 3-methyl-4-oxobut-2-enyl acetate from 

butenediol 
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3.1.2. Importance of butane

As shown in Figure 3.2

butynediol process is mainly consumed for the production of polyurethanes, poly

terephthalate (PBT), γ-butyrolactone and tetrahydrofuran

not only used as a solvent in polyvinyl chloride (PVC), coating, high precision magnetic 

tape but also in making of the 

(PTMEG), which is mainly used for production of spandex fibers as well as 

thermoplastic, polyurethan

chemicals.   γ-butyrolactone (GBL) produced from 

feedstock for the N-methyl

agrochemicals and as an intermediate 

sectors such as electronic industry, lube oil extraction, paint stri

coating and engineering resin

sectors, cosmetics, and hair spray, germicide and 

polyvinyl pyrrolidone polymers. One of the important applications 

in the production of fire resistant polymers.

 

                               

Figure 3.

                              Hydrogenation of 2-butyne-1, 4-dio-l and 

butane-1,4-diol:  

igure 3.2 the saturated product butanediol of the hydrogenation of  

butynediol process is mainly consumed for the production of polyurethanes, poly

butyrolactone and tetrahydrofuran [15-16]. Among these

used as a solvent in polyvinyl chloride (PVC), coating, high precision magnetic 

but also in making of the highest volume derivative, polytetramethylene ether glycol

which is mainly used for production of spandex fibers as well as 

thermoplastic, polyurethanes (TPU) and copolyester (COPE), polymers, solvents and fine 

butyrolactone (GBL) produced from butane-1,4-diol

methyl-2-pyrrolidone (NMP) and 2-pyrrolidone, and

intermediate for several other products.  NMP is 

sectors such as electronic industry, lube oil extraction, paint strippers, magnetic wire 

coating and engineering resins. 2-pyrrolidone is an intermediate used in pharmaceutical 

tics, and hair spray, germicide and tablet binders and in high value 

polyvinyl pyrrolidone polymers. One of the important applications of butane

production of fire resistant polymers.                          

 

Figure 3.2. Importance of butane-1,4-diol 
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he saturated product butanediol of the hydrogenation of  

butynediol process is mainly consumed for the production of polyurethanes, polybutylene  

Among these THF is 

used as a solvent in polyvinyl chloride (PVC), coating, high precision magnetic 

olytetramethylene ether glycol 

which is mainly used for production of spandex fibers as well as 

polymers, solvents and fine 

diol, provides the 

and also used in 

is  used in various 

ppers, magnetic wire 

in pharmaceutical 

t binders and in high value 

butane-1, 4-diol is 
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The world wide capacity for butane-1,4-diol is 3,92,000 tonnes in year 2008 and expected 

demand for year 2012 is 4,24,000 tonnes with expected annual growth rate of 4.5%. 

 

3.2. Conventional manufacturing processes for butane-1,4-diol: 

3.2.1. Reppe process: 

The first commercial process for the synthesis of 2-butyen-1,4-diol is based on Reppe 

process (Scheme 3.3) which involves condensation reaction of formaldehyde with 

acetylene in presence of copper acetylide which gives B3D and further hydrogenation of 

B3D gives B2D and B1D (Scheme 3.3) [17]. First synthesis of butanediol was carried out 

by hydrolysis of N, N’-Dinitro-1,4-butamine, in year 1890 [18]. 

 

 

 

 

 

 

Scheme 3.3. Reppe process 

 

3.2.2. Mitsubishi process: 

The first non-acetylene process was developed and commercialized by Mitsubishi 

(Scheme 3.4), which proceeds via acetoxylation of butadiene followed by hydrogenation 

and hydrolysis.  This process can be designed to make butanediol and THF (Scheme 3.4) 

[19, 20]. 
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Scheme 3.4. Mitsubishi process 

 

3.2.3. Lyondell process: 

Lyondell (formerly Arco chemical) established the process using propylene oxide as a 

feedstock. In this multistep process (Scheme 3.5) initially, isomerization of propylene 

oxide to allyl alcohol takes place.  Further, hydroformylation of allyl alcohol gives         

4-hydroxy-butyraldehyde.  Finally, the hydrogenation of 4-hydroxy-butyraldehyde gives 

B1D.  
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Scheme 3.5. Lyondell process 

3.2.4. Davy process: 

In Davy process (Scheme 3.6), maleic anhydride is used as a starting material.  In this 

multistep process, initial two steps give monoester and diester, which undergoes 

hydrogenation using copper chromite catalyst at very high temperature (463-523 K) and 

pressure (6 MPa), to give B1D along with formation of THF and γ-butyrolactones.   

 

 

 

Scheme 3.6. Davy process 

 

3.2.5. From acrolein: 

Initially acrolein acetal is obtained by the reaction of acrolein and 2-methylpropane-1,3-

diol and the aldehydes are synthesized by hydroformylation of acrolein acetal, using Rh 

catalyst and finally butane-1,4-diol is obtained by hydrolysis/hydrogenation of aldehydes 

along with formation of the side products such as THF, n-propanol, n-butanol (Scheme 

3.7) [21]. 
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Scheme 3.7. Process from acrolein to butane-1,4-diol [21] 

 

 

3.2.6. From furan: 

Butane-1,4-diol can be obtained from furan in presence of water at 433 K and 3 MPa 

hydrogen pressure along with formation of THF, butyrolactone and n-butanol (Scheme 

3.8) [22]. 
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Scheme 3.8. Process from furan to butane-1,4-diol 
 

 

3.2.7. From succinic acid : 

Another route to get butane-1,4-diol is hydrogenation of succinic acid with formation of 

tetrahydrofuran and butyrlactone (Scheme 3.9) [23]. 

 

 

 

Scheme 3.9. Process from succinic acid to butane-1,4-diol 

 

3.3. Literature survey on hydrogenation of 2-butyne-1,4-diol to 2-butene-1,4-diol 

and butane-1,4-diol: 

Hydrogenation of B3D to B2D and B1D initially used to be carried out by Raney Ni 

catalyst under severe reaction conditions e.g. temperature of 400-500 K and hydrogen 

pressure of  5-30 MPa which gave low conversion and selectivity to B2D and B1D 

products [24, 25].    40 % Ni/SiO2 catalyst showed 34 % selectivity towards B1D along 

with formation of several side products such as butyraldehyde and butanol with  complete 

conversion of B3D [26].   The catalyst activity increased with increase in Ni metal 

loading from 10 to 40%, while the selectivity to B1D dropped down from 93 to 84 % 

[27].   Highest selectivity of 98 % to B1D was obtained using Ni supported on pumice 

stone under severe reaction conditions i.e. temperature of 423 K and pressure of 8 MPa 

[28].  Enhancement in catalytic activity and selectivity was found by the addition of a co-

metal with Ni based catalyst.  Bimetallic Ni-Cu/AlPO4 catalyst showed 150 times higher 

activity and 98 % selectivity towards the B1D [27].  Major drawback in nickel catalyst 
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system was the loss of catalytic activity due to formation carbonaceous polymers on to 

the catalyst surface during the hydrogenation of B3D, which was observed by Hort et al. 

[29, 30].   

 

The well known Lindlar catalyst consisting of 5%Pd/CaCO3 poisoned with lead acetate 

has been in commercial use for the semi-hydrogenation of B3D to B2D, however 

maximum selectivity to B2D achieved was  85 to 87% [31-33].  Using Lindlar catalyst, 

more detailed study of different poisons (e.g. quinoline, piperidine, lead acetate) and 

supports such as CaCO3, BaCO3, BaSO4, alumina on the hydrogenation of butynediol  

was carried out by Fukuda et al. [34, 35].  He found that the activity decreased with 

increasing amount of poison (lead acetate) for both hydrogenation steps i. e. 

hydrogenation of B3D to B2D and that of B2D to B1D.   Nevertheless, several other 

catalyst systems have also been reported in the literature and a summary is presented in 

Table 3.1.  The noble metals such as palladium, ruthenium alone or in combination with 

other metals such as zinc, lead, cadmium, copper, and/or organic amines also were used 

as catalyst systems to improve the selectivity to the intermediate, B2D [ 36-42].   A 

monometallic Pd/C catalyst was reported to give 60-70% selectivity to B2D while, 

remaining was a mixture of saturated diol (B1D) along with other side products due to the 

double  bond migration [6,7, 42].  Although, Pd has been known as a very good catalyst 

for the alkyne hydrogenations, it has also strong affinity towards double-bond, due to 

which several side products are normally formed in the hydrogenation of  B3D [43].  The 

Pd metal on different oxide supports like MgO, NiO, CuO, ZrO2 MoO3 showed almost 

complete (~ 99 %)  selectivity towards the B1D [31, 44-46].    

 

By changing the acidic properties of the support, AIPO4 for the Ni and Ni-Cu metals, the 

activity and selectivity behavior were studied by Bautista et al. [27].  He found that 

increasing acidity of catalyst increases the catalyst activity by almost 175 times.  

Musolino et al. have investigated in detail the role of supports and solvents on product 

distribution in the hydrogenation of B3D over 0.5 Pd/C catalyst [47].  They found that Pd 

supported on acid modified carbon showed high activity and selectivity to isomerization 

products such as cis- and trans-2-butene-1,4-diol, 2-hydroxytetrahydrofuran, cis- and 
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trans- crotyl alcohol, n-butanol [47].  On this basis, he proposed a reaction pathway for 

the hydrogenation of  2-butyen-1,4-diol as shown in Scheme 3.10.  Among various 

solvents such as ethanol, tetrahydrofuran, ethyl acetate and water used for this reaction 

system,  water showed the highest activity and selectivity to B1D [47].  Homogeneous 

catalyst system involving Pd with bidentate ligands using various polyethers (e.g. 

diglyme) as solvents showed complete conversion  of B3D with the selectivities of 6 % 

and 94 % to B2D  and B1D respectively, in a temperature range of  278-328 K and 3-6 

MPa hydrogen pressure [48, 49].    

 

Scheme 3.10. Hydrogenation of B3D and its product distribution [54] 

 

Telkar et al. studied the role of ammonia, catalyst loading and catalyst pre-treatment on 

the activity and selectivity behavior in a batch and continuous hydrogenation of B3D  

using 1% Pt/CaCO3 catalyst [50].  Formation of B1D is possible either directly from 

carbyne type intermediate or via B2D hydrogenation through carbene species. A plausible 
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mechanistic pathway has been also proposed based on carbyne and carbene type of 

intermediates [50, 51].    

Hydrogenation of B3D has been also reported in supercritical CO2 medium, in which the 

reactor wall (ss) was supposed to catalyze the reaction to give a complete selectivity to 

B1D with 100 % conversion of B3D [ 52, 53].  Kiwi-Minsker and Joannet studied the 

solvent free selective hydrogenation reaction using nano Pd supported on the activated 

carbon fibers made from poly(acrylonitrile) in the form of plain woolen fabrics. They 

observed  ≥ 98 % selectivity toward the B2D with 90 % conversion [54, 55].  

 

Table  3.1. Summary of literature on hydrogenation of 2-butyene-1,4-diol to 2-

butene-1,4-diol and butane-1,4-diol. 

 

Sr. 

No. 

Catalyst used Conversion, 

% 

Reaction 

conditions 

Selectivity, % 
Ref. 

B2D B1D Other 

1. Nano Pd/Al2O3 and 

Pd 

94 T=323 K; 

PH2=0.6 MPa 

100   56 

2. Nano Pd/activated 

carbon fibers 

(polyacrylonitrile 

fibers in the form of 

plain woolen fabric) 

≤ 90 T=352-392 K; 

PH2=1-2MPa; 

Solvent free 

98   54 

3. Nano Pd/Al2O3 94  100   57 

4. Nano Pd, bulk Pd 100 T=323 K ;       

PH2=2.4 MPa 

99.9   36 

5. Pd 95 T=293-333K; 

PH2=0.1-0.3 

MPa 

97   58 

6. Pd/ACF 80 T=293-341 K; 97   59 
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PH2=2.0MPa 

7. Pd/ CaCO3  T=358-368 K    60 

8. 1%Pd /C, Al2O3, 

CaCO3, BaCO3, 

MgCO3, ZSM-5 

100 T=323-353 K;  

PH2=2.4-6.9 

MPa 

100   61 

9. Pd/C &  

Pd/TiO2 

100 T=303-333 K; 

T=298 K 

60-75 

99 

 20-30 

- 

62 

10. 5% Pd/C 100 T= 333 K 99.2   63 

11. Pd/CaCO3 in 

presence of 

quanoline and lead 

acetate 

52 T=285-289 K; 

PH2=0.2-0.3 

MPa 

73   35 

12. Pd/FCN 90 T=353K; 

PH2=10 MPa 

- 91-92  64 

13. Pd/C 100 T=333-353 K;  

PH2=4.0 MPa  

97   65 

14. Pd  100 Basic 5 95  48 

15. Pd supported on 

bacterial biomass  

62  100   66 

16. Pd-Ag/Al2O3 100 T=353 K;     

PH2=0.103 

MPa 

85   67 

17. Pd-Zn-CaCO3 100 T=303-353 K; 

PH2=0.8-3.5 

MPa 

99   68 

18. Pd-Zn/CaCO3 90 T=273-423 K; 80-97   69 
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PH2=0.1-3 

MPa 

19. PdO-ZnO/Al2O3 80 T=345 K; 

PH2=0.2-0.5 

MPa 

90   70 

20. Pd/Al2O3 and Zinc 

acetate 

100 T=288-523 K; 

PH2=0.1-2 

MPa 

 87  71 

21. 2:1 Ru/C-Pd/C 

Pd/C 

100 T=483 K;  89 

  71   

 72 

22. Pd-Pb-Cd 89 T=423 K; 

PH2=1.5 MPa 

85   34 

23. Pd-Cu/BaSO4 80 T=303-353 K; 

PH2=0.2-0.5 

MPa 

98   73 

24. Pd-Cu,  

Ni-Cu 

100 

45 

T=313-393 K; 

PH2=0.3-1 

MPa 

84-87 

48 

  41 

25. Pd-Cu  T=313-373 K; 

PH2=0.1-2 

MPa 

85-87   74 

26. Pd-Zn-Cd/Al2O3 

Pd-Zn-Bi/Al2O3 

90 T=303-353 K; 

PH2=1-1.6 

MPa 

89-92   39 

27. 1% Pt/CaCO3 100 T=323-353 K; 

PH2=2.5-6.9 

MPa 

>99   75 
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28. Suspended Pd & 

Raney Ni 

 T=303-343 K; 

atm pressure 

90   76 

29. Raney Ni 100 T=343-353K; 

PH2=2.0 MPa 

 95  77 

30. Ni/Al2O3  pH 5-11; 

T=293-428 K;  

PH2=0.2-7 

MPa 

95 

yield 

  78 

31. Supported Ni & Ni-

Cu  

 T=313 K; 

PH2=0.3-0.7 

MPa 

5 95 - 27 

32. Ni(OAc)2  T=503-523 K;  

PH2=25 MPa 

97.9   79, 

80  

33. Unsupported Ni 

Containing  

Cu 30-40 % ; 

Mn 1-10%  in 

presence of Mo 

oxide 

100 T=353-393 K;  

PH2=3 MPa 

 47-82  81 

34. Metal oxide catalyst 

NiO : 38.6, 

CuO:12.9, 

Al2O3:36.9, 

Mn3O4:3.9, 

MoO3:1.9,  

Na2O3 :0.8 of wt % 

100 T=413 K; 

PH2=26 MPa 

 98.5  82 

35. Ni/Pumice stone 100 T=288-423 K;  97-98 3-2 83 
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PH2=5-8 MPa Butanol 

36. Raney Ni + Cu 100 T=333-373 K; 

PH2=0-4 MPa 

 78-89  84 

37. Raney Ni, 

Supported Ni 

80 413-433 K; 

PH2=15-30 

MPa 

80   22 

38. Ni:Cu:Mn/Al2O3 100 T=423 K; 

PH2=7 MPa 

 100  85 

39. Pd/C 

Supercritical CO2 

 PH2=0.2-0.8 

MPa 

   86 

40. Supercritical CO2 

promoted SS wall 

reactor 

100 T=323 K; 

PH2=4.0 MPa 

 83  87 

41. Supercritical CO2 100 T=323 K; 

PH2=2-6MPa 

 84  88 

 

Although achieving the complete selectivity either to B1D or B2D has been attempted by 

several researchers, still the major challenges of this industrially important process are as 

follows: 

• Monometallic Ni, Co based catalysts give low selectivity (< 60%) towards B2D 

under severe reaction conditions i.e. temperature (423 K ) and pressure (20 MPa) 

along with formation of various side products. 

• Pd catalyst is widely studied for hydrogenation of B3D, which shows only 60-70 

% selectivity towards the B2D.  

• A systematic comparison of performance in batch and continuous reactors is 

lacking for the hydrogenation of B3D. 
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• Due to the formation of various side products such as butanol, n-butyraldehyde, γ- 

butyrolactone γ-hydroxybutyraldehyde, and acetals, pure product separation is 

difficult and time consuming. 

• Bimetallic catalysts show higher activity and selectivity towards butanediol than 

that for monometallic catalyst but deactivation of catalysts was observed.  

 

Therefore the major objectives of our work were: 

1. To investigate the activity and selectivity of 1% Pt/CaCO3 catalyst for continuous 

hydrogenation of B3D in a fixed-bed reactor. To study the effect of various 

reaction parameters on the conversion and selectivity behavior for the continuous 

hydrogenation of B3D. To develop a reactor model that provides reasonably 

accurate conversion and selectivity predictions for various reactor inlet 

conditions.  

2. To prepare palladium nano particles, their performance evaluation in selective 

hydrogenation reaction of B3D in a batch slurry reactor. 

3. To explore the suitability of Pd functionalized CNTs as a catalyst, 

characterization and activity evaluation for hydrogenation of B3D. 

 

3.4. Experimental: 

3.4.1. Catalyst preparation: 

Details of catalysts preparation for 1% Pt/CaCO3, supported nano Pd, Pd supported on 

CNTs and Pd/C catalyst have been described in chapter II, section 2.2.  

 

3.4.2. Catalyst activity testing: 

3.4.2.1. Continuous hydrogenation reaction setup: 

The details for continuous hydrogenation reaction setup and experimental procedure is 

described in chapter II, section 2.4.1. 

3.4.2.2. Batch hydrogenation reaction setup: 

The experimental batch setup used for high pressure reaction and experimental procedure 

is described in chapter II, section 2.4.2. 
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3.4.3. Catalyst characterization: 

The details of catalyst characterization have been described in chapter II, section 2.3. 

 

3.4.4. Analytical techniques: 

The quantitative analysis of liquid samples were analyzed by gas chromatography 

method having FID detector, HP-FFAP capillary column and helium gas used as carrier 

by using temperature programming method (80-190
o
C), details of which are described in 

chapter II, section 2.5. 

 

3.5. Results and discussion: 

Initial hydrogenation of 2-butyne-1,4-diol gives olefinic compound,  2-butene-1,4-diol 

which on further hydrogenation gives butane-1, 4-diol.  The reaction pathway for 

hydrogenation of 2-butyne-1,4-diol as shown in Scheme 3.10, involves parallel and 

consecutive reactions forming other side products such as γ-hydroxybutyraldehyde, n-

butyraldehyde, n-butanol, n-butanal  due to the possibility of double bond migration and 

condensation reactions of γ-butyraldehyde and butane-1, 4-diol in presence of a catalyst 

[4, 6, 10].   

 

We have carried out our studies on the following aspects of hydrogenation of 2-butyne-

1,4-diol and the results are discussed separately under three sub sections: 

♦ Continuous hydrogenation of 2-butyne-1,4-diol using 1% Pt/CaCO3 catalyst 

♦ Hydrogenation of 2-butyne-1,4-diol using supported Pd nano catalyst 

♦ Pd-funtionalized carbon nanotubes for selective hydrogenation of 2-butyne-

1,4-diol 

 

3.6. Continuous hydrogenation of 2-butyne-1,4-diol and 2-butene-1,4-diol using 1% 

Pt/CaCO3 catalyst: 

Continuous catalytic hydrogenation of 2-butyne-1,4-diol was carried out in a fixed bed 

reactor (30 g capacity) over 1% Pt/CaCO3 catalyst to give 2-butene-1,4-diol.  We found 

that selectivity pattern obtained in a fixed-bed reactor was different from that obtained in 

the slurry reactor at similar conversion levels and that the selectivity ratio of B1D and 
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B2D could be altered by varying the H2 pressure, temperature, liquid and gas flow rate 

conditions at the reactor inlet.  The predictions obtained by the proposed reactor model 

were compared with the experimental data and were found to agree well over a wide 

range of operating conditions.  The main objectives of this work were (i) to investigate 

the activity and selectivity behavior of 1%Pt/CaCO3 catalyst for continues hydrogenation 

of B3D in a fixed-bed reactor, (ii) to study the effect of various reaction parameters on the 

conversion and selectivity behavior for the continuous hydrogenation of B3D and (iii) to 

develop a reactor model for predicting the conversion and selectivity under various inlet 

conditions.  For this purpose, the effects of temperature, H2 pressure, liquid and gas flow 

rates, catalyst loading on the conversion of B3D and the product selectivities were 

investigated.    The range of reaction conditions is given in Table 3.2 

Table 3.2. Range of operating conditions 

1. Catalyst 1%Pt/CaCO3 

2. Initial concentration of B3D 1.16 kmol/m
3
 

3. Solvent Water 

4. Hydrogen pressure 1-7 MPa 

5. Liquid velocity, U1 10-60 mL/h 

6. Gas velocity, Ug 20-80 NL/h 

7. Reactor diameter (i.d.) 0.015 m 

8. Total reactor length 0.35m 

9. Catalyst packing length 0.25 m 

10. Bed voidage 0.7 

11. Particle diameter, dp 0.004 m 

12. Density of catalyst, ρ 1685 kg/m
3
 

13. Porosity of the catalyst, є 0.1050 

14. Tortosity of the catalyst, τ 6.2 
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In all experiments, the concentrations of the reactants and products in the reactor effluent 

were determined from which the conversion and selectivity were calculated.  The 

material balance as per the reaction Scheme 3.11, was found to be in the range of 98-

100% in all the experiments. Reproducibility of the rate, conversion, and selectivity 

measurements was found to be within 3-4% error as indicated by a few repeated 

experiments.  The results are discussed below.  

 

 

HO

OH Catalyst

H2 HO

OH

H2

HO

OH

2-butyne-1, 4-diol (B3D) 2-butene-1, 4-diol (B2D)

Butane-1, 4-diol (B1D)  

 

 

Scheme 3.11. Hydrogenation of B3D 

 

3.6.1. Catalyst activity and product distribution: 

For 1% Pt/CaCO3 catalyst, the products of B3D hydrogenation were B2D and B1D as per 

the reaction Scheme 3.11 and Table 3.3 shows the variation of conversion and selectivity 

as a function of contact time defined as a ratio of catalyst loading to the liquid flow rate 

(W/F, h).  Obviously, the conversion of B3D increased with increase in contact time.  The 

selectivity pattern was completely different from that found in case of batch slurry 

operation in which B1D selectivity was very much higher (83%) than the B2D selectivity 

(17%) [75].  As can be seen from Table 3.3, varying the contact time at different 

conversion levels could vary the selectivity to both B2D as well as B1D over a wide 

range.  This is an attractive option for a commercial operation where the desired products 
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mixture of B1D and B2D can be achieved, depending on the fluctuation in the market 

demand. 

Table 3.3. Activity and selectivity pattern for 2-butyne-1,4-diol hydrogenation in a 

fixed-bed reactor 

Sr. No. W/F (h) Conversion (%) 

Selectivity (%) 

B2D B1D 

1. 0.33 14 34 66 

2. 0.50 30 42 58 

3. 0.66 40 49 51 

4. 1.11 55 59 41 

5. 2 78 73 27 

 

Some preliminary experiments showed that the activity of 1%Pt/CaCO3 for the 

hydrogenation of B3D was constant for >100 h in the temperature range of 333-373 K 

(Figure 3.3), confirming the uniform activity for the duration of all experiments carried 

out in this work.  Therefore, all the data collected for the purpose of reactor modeling and 

reactor performance studies were under steady-state conditions. 
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Figure 3.3. Time on stream catalyst activity profile. 

Reaction conditions: hydrogen pressure, 2 MPa; hydrogen flow rate, 20 L/h; liquid flow  

                                  rate, 20 mL/h; catalyst weight, 20 g. 

 

3.6.2. Effect of reaction parameters: 

3.6.2.1. Effect of liquid flow rate: 

The effect of liquid flow rate on conversion of B3D was studied in the range of 10-60 

mL/h, under constant temperature, H2 pressure, and gas flow rate conditions, and the 

result are shown in Figures 3.4 and 3.5.  The conversion of B3D decreased almost 

proportionately (from 70 to 12%) with increase in liquid flow rate from 10 to 60 mL/h 

(see Figure 3.4).  One of the main reasons for decrease in the conversion is that, as the 

liquid flow rate was increased, the residence time of B3D in the reactor was reduced and 

less time was available for the intimate contact of H2 with liquid B3D and with the      
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Figure 3.4. Effect of liquid flow rate on conversion. 

Reaction conditions: hydrogen pressure, 2 MPa; hydrogen flow rate, 20 L/h;  temperature, 

                                  373 K; catalyst weight, 10 g. 

 

catalyst pellets; thus proper diffusion was not possible.  Another  reason is that, although 

the increase in the liquid flow rate could wet more surface area of catalyst pellets and 

there was an increase in the gas-liquid and liquid-solid mass transfer coefficient, at lower 

liquid velocity,  catalyst particles were partially wetted; under these conditions, the rate 

of would increase due to direct transfer of the gas-phase reactant to the catalyst surface 

(already wetted internally due to capillary forces).  Hence with an increase in gas-liquid 

flow rate, an increase in the wetted fraction was expected to retard the rate of reaction 

[89, 90].  The overall rate of hydrogenation (Figure 3.6) decreased with increase in the 

liquid flow rate.  In the range of 10-25 mL/h liquid flow rate, the fall in the rate is fast, 

and eventually it becomes slower.  The model predictions for the effect of liquid flow rate 

on the conversion and overall rate of hydrogenation are in well agreement with the 

experimental results (See Figures 3.4 and 3.6). 
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Figure 3.5. Effect of liquid flow rate on conversion. 

Reaction conditions: hydrogen pressure, 2 MPa; hydrogen flow rate, 20 L/h; temperature,  

                                  373 K; catalyst weight, 20 g. 
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Figure 3.6. Effect of liquid flow rate on rate of hydrogenation. 

Reaction conditions: hydrogen pressure, 2 MPa; hydrogen flow rate, 20 L/h; temperature, 

                                  373 K; catalyst weight, 20 g. 

 

3.6.2.2. Effect of hydrogen pressure: 

The effect of hydrogen pressure on the conversion of B3D was studied in the range of 1-7 

MPa H2 pressure for 10 and 20 g of catalyst loadings and at 373 K, and the results are 

shown in Figure 3.7  Initially, B3D conversion increased almost linearly with increase in 

pressure upto 4 MPa H2 pressure.  The overall rate of hydrogenation was also found to 

increase in H2 pressure (Figure 3.8) for both the catalyst loadings.  The increase in H2 

pressure increases the gas-liquid and liquid-solid transfer coefficient, leading to higher 

conversion and hydrogenation rates.  It was interesting to note that with increase in H2 

pressure, the selectivity patterns of B2D and B1D were exactly opposite to each other (see 

Figure 3.9).  In the lower range of H2 pressure (1-4 MPa), the difference between the 

selectivities of B2D and B1D was larger; enventually, 50:50 formation of B2D and B1D 
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could be obtained at 7 MPa H2 pressure.  The predictions of the model equations for the 

effect of pressure on the conversion of B3D, selectivity of B2D and B1D, and overall rate 

of hydrogenation is in good agreement with the experimental results. 
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Figure 3.7. Effect of hydrogen pressure on conversion. 

Reaction conditions: liquid flow rate, 20 mL/h; hydrogen flow rate, 20 L/h;  temperature,  

                                  373 K. 
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Figure 3.8. Effect of hydrogen pressure on rate of hydrogenation. 

Reaction conditions: liquid flow rate, 20 mL/h; hydrogen flow rate, 20 L/h; 

                                  temperature,  373 K. 
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Figure 3.9.  Effect of hydrogen pressure on selectivity of B2D and B1D. 

Reaction conditions: liquid flow rate, 20 mL/h; hydrogen flow rate, 20 L/h;  temperature, 

                                  373 K; catalyst weight, 20 g. 

 

3.6.2.3. Effect of hydrogen flow rate: 

The effect of hydrogen gas flow rate on conversion of B3D and selectivities of B2D and 

B1D were studied in the range of 20-80 L/h at constant pressure, temperature, and liquid 

flow rate conditions.  The conversion of B3D was slightly lower at the lower and higher 

gas flow rates as compared with that in the middle range (Figure 3.10).  The reason for 

this situation is that at lower gas flow rate the gas cannot overcome the gas-liquid mass 

transfer resistance, while at higher gas flow rates, although the gas reduces the liquid film 

thickness around the catalyst pellets, the gas phase becomes continuous, and the liquid 

phase becomes dispersed.  With further increase in gas flow rate, the flow regime 

changes to spray flow regime, and this causes greater velocities in the liquid phase by 
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increasing the drag forces on the liquid phase.  The selectivities to both B2D and B1D 

were nearly constant since the change in gas flow rate did not affect the intrinsic reaction 

kinetics to a considerable extent. 
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Figure 3.10. Effect of gas flow rate on conversion of B3D.  

Reaction conditions: liquid flow rate, 20 mL/h; hydrogen pressure , 2 MPa; hydrogen 

                                  flow rate, 20  L/h; temperature , 373 K; catalyst weight, 10g. 

 

3.6.2.4. Effect of temperature: 

The effect of temperature on conversion of B3D and selectivity patterns of B2D and B1D 

were studied by varying the temperature from 333 K to 373 K (Figure 3.11).  The 

conversion increased from 5 to 30% with increase in temperature from 333 K to 373 K 

since, the temperature has a greater impact on the reaction kinetics.  The selectivity 

patterns of B1D and B2D showed opposite trends with an increase in temperature, 

obviously because at higher temperature B2D gets converted to the saturated diol B1D. 
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Figure 3.11. Effect of temperature on conversion of B3D and selectivity of 

                     B1D and B2D.  

Reaction conditions: liquid flow rate, 20 mL/h; hydrogen pressure, 2 MPa; H2 flow rate,  

                                  20 L/h; catalyst weight, 10 g. 

 

3.6.3. Reactor modeling: 

A trickle-bed reactor model for the hydrogenation of B3D was developed using rate data 

equations proposed by Telkar et al. based on the kinetic data in a slurry reactor to 

represent the intrinsic kinetics for different reaction steps as shown in Scheme 3.11 [75].
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����	���� ����             ….3.2 

 

The overall rate of hydrogenation can be given as 

 

�� � ����∗
	�� ���� �

���	��������   ….3.3 

         

 

Where A, B1 and C1 represents the concentration of H2, B2D and B1D.  A nonlinear least-

squares regression analysis was used to obtain the values of the kinetic parameters in the 

above rate equation.  For this purpose an optimization program based on the Marquardt’s 

method [91] was used.  The different kinetic parameter values evaluated for the above 

rate equation are given in Table 3.4 

 

Table 3.4. Kinetic parameters for the hydrogenation of B3D 

Temperature (K) 
rate constants ((m

3
)
2
/kmol.kg.s) adsorption constants (kmol/m

3
) 

k1 k2 KB Kc 

333 1.940 1.210 8.101 2.11 

343 3.178 2.790 9.80 2.60 

353 5.037 6.140 11.728 3.183 

363 7.802 12.934 13.898 3.843 

373 11.804 26.178 16.32 4.594 

 

To develop a trickle-bed reactor model applicable to hydrogenation of B3D, the 

approximate solution of the catalytic effectiveness factor was performed for partial 

wetting of catalyst particles [92].  The overall catalyst effectiveness factor could be 

expressed as a sum of weighted average of the effectiveness factor in the dynamic liquid-

covered, stagnant liquid-covered and complete gas-covered zones and with the 

assumptions that (a) gas and liquid phases are in plug flow; (b) the liquid-phase reactant 
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is nonvolatile and was in excess as compared to the gaseous reactant; (c) the gas-liquid, 

liquid-solid, and intraparticle mass transfer resistances for H2 are considered, whereas the 

liquid-solid and intraparticle mass transfer resistances for the liquid phase were 

negligible; (d)  the interphase and intraparticle heat transfer resistances were negligible.  

The catalyst effectiveness factor equation for the hydrogenation of B3D could be 

developed on the basis of the approaches already reported in the literature [93, 94].  

Under the conditions of significant intraparticle gradient for the gas-phase reactant (H2) 

and when the liquid-phase reactant was in excess, the overall rate of hydrogenation of 

B3D was given as 

 

�� � ������∗
	�� ����� �

���	�������  ….3.4 

 

Where �� , the overall effectiveness factor for the spherical catalyst particle was given as 

 

�� � �
∅ �coth 3∅ � �

 ∅! ….3.5 

 

 is the Thiele parameter, and final dimensionless parameters are given in Appendix 1.  

For calculating , the values of effective diffusivity were estimated using the standard 

correlation [95, 96].  Various correlation used to calculate the different coefficients in this 

work are given in Appendix 1.  The saturation solubility of hydrogen was calculated as  

 


"∗�# � $% � 
%&�#'
()�# ….3.6 

 

Where, Pv is the vapor pressure of solvent. 

At steady-state conditions, the sum of the convection term and gas-liquid mass transfer 

term were in equilibrium with the liquid-solid mass transfer term in the dynamic zone and 

the volumetric mass exchange between the dynamic and stagnant zone.  The final mass 

balance equations in dimensionless form for species A (H2) are given as  
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*+�,*- � ∝/� 
1 � ∝�,�
�  �� ∝1 
2� 3  4��5�
1 3 2�46 3  5�4���  7 8 9,+�,
1 3 ��∅� :,⁄ � 
3 9<+�,
1 3 ��∅� :<⁄ 3 ��∅� ∝< :<⁄ �= 

  ….3.7 

Similarly, the mass balance of liquid-phase reactant/products in dimensionless form can 

be given as  

 

,6�>
,? � � ��∝@6� A

B
��6��C�������  ….3.8 

 

This equation represents the change in the concentration of B3D in liquid phase in terms 

of dimensionless parameters. 

 

,��>
,? � � ��∝@
6�D��� ���A

B
��6��C������� ….3.9 

 

B2D in liquid phase in terms of dimensionless parameters. 

 

,E�>
,? � � ��∝@��� ��A

B
��6��C������� ….3.10 

 

This equation represents the change in the concentration of B1D in liquid phase in terms 

of dimensionless parameters, where 

 

F � 8 G>H�>

����∅� I>⁄ � 3 GJH�>


����∅� IJ⁄ ���∅� ∝JI⁄ � 3 
�DG>DGJ�H�>

����∅� IKL = ….3.11 

 

A programme code in Q-Basic was developed to get the output of eqs. 3.7-3.10.  These 

equations were solved using a fourth-order Runge-Kutta method with the following 

initial conditions: 
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At z = 0;        ….3.12 

a1 = b1 = 1;     

c1 - P1 = 0 

 

The model equations developed above, allowed the prediction of concentrations of 

products/reactants along the length of the reactor.  At any given length of the reactor the 

fractional conversion of B3D (XB) could be given as 

 

M	 � 1 � 2� ….3.13 

 

The overall rate of hydrogenation was calculated as 

 

�N � O�
P 
Q� 3 2%�� ….3.14 

 

Here U1, is the liquid velocity in m/s, L is the length of the catalyst bed in m, C1, P1 are 

the concentrations of B2D and B1D respectively.  The selectivities of B2D and B1D were 

calculated as 

 

S	�T � ��

�D6��  Χ 100 ….3.15 

 

S	�T � W�

�D6��  Χ 100 ….3.16 

 

The applicability of the model was verified by comparing the predicted concentration vs 

time profiles as well as conversion of B3D and selectivities to B2D and B1D with the 

experimental results under various conditions.  These results have already been discussed 

above and are shown in Figures 3.6-3.9, which showed an excellent agreement between 

the predicted values and the experimental data. 
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3.7. Hydrogenation of 2-butyne-1,4-diol using supported Pd nano catalyst: 

Due to the growing importance of metal nanoparticles as catalysts, our aim of this work 

was to study the selective hydrogenation of 2-butyne-1,4-diol to 2-butene-1,4-diol using 

supported palladium nano particles.  This is the continuation of the work reported by our 

group previously on the same system however, here we are reporting the new results 

which explicitly show the better performance of the Pd nanocatalysts than that of the bulk 

Pd catalyst [97]. 

Pd/C catalyst prepared in the presence of PVP as a stabilizer gave Pd particle size in a 

narrow range of 3-5 nm.  PVP has a polycationic nature due to the presence of quaternary 

nitrogen, which helps in stabilizing the Pd nuclei formed during the reduction.  The 

interaction between the negative charge of oxygen containing groups on an activated 

carbon surface and the cationic PVP causes the polymer to occupy the adsorption sites on 

the carbon [98, 99].  

Catalytic activity of supported palladium nanoparticles was tested for liquid phase 

hydrogenation of B3D and the results are presented in Figure 3.12.  As can be seen from 

Figure 3.12 , catalytic performance (% conversion) for these supported Pd nanoparticles 

catalyst showed much higher ( 9-21 times ) activity than the bulk Pd/C catalyst prepared 

by conventional method.   Activity  for nanoparticle catalyst is higher due to the 

enhancement in rate of hydrogenation as evident from the hydrogen absorption vs. time 

plot for butyne diol hydrogenation shown in Figure 3.13.  The dramatic enhancement of 

activity of supported Pd nanocluster catalyst is mainly due to the narrow particle size 

distribution giving an average size of 4 nm, and very high dispersion of Pd
o
 nuclei.   

 

 



Chapter III                               Hydrogenation of 2-butyne-1, 4-dio-l and butene-1, 4-diol 

 
 

95 

 

0

4

8

12

16

20

T
im

e
, 
h

 Bulk catalyst

 Nanosize catalyst

Pd/C Pd/Al
2
O

3 Pd/SiO
2

Pd/CaCO
3

 

Figure 3.12. Conversion of B3D  

Reaction conditions: B3D, 0.34 mol; temperature, 323 K; hydrogen pressure, 2.068  

                                  MPa; catalyst weight, 0.075 g. agitation speed, 1000 rpm 

 

 

 



Chapter III                               Hydrogenation of 2-butyne-1, 4-dio-l and butene-1, 4-diol 

 
 

96 

 

0 1 2 3 4 5

0

5

10

15

20

25

30

 nano catalyst

 conventional catalyst

H
2
 a
b
so

rb
ed

, 
m

o
le
s 
1
0
-4

 

Time, h

 

Figure 3.13. Hydrogen consumption vs. time plot 

Reaction conditions: B3D, 0.34 mol; temperature, 323 K; hydrogen pressure, 2.068 

                                  MPa; catalyst (0.25 % Pd/CaCO3) 0.075 g; agitation speed,  

                                  1000 rpm 

 

The pulse titration of (hydrogen) studies (Table 3.5) showed that the metal dispersion 

found for the nano catalyst was >65% higher that for the bulk Pd/C catalyst.  The low Pd 

loading (0.25%) as well as the decreased average crystallite size (H/Pd ratio = 1) from 

12.7 nm (bulk Pd) to 7.6 nm for the nano catalyst contribute to a very high metal 

dispersion leading to the enhancement in the catalytic activity.   
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Table 3.5: Catalyst characterization by pulse titration 

Catalyst Dispersion   

(%) 

Metal Surface 

area (m
2
/g) 

H2 Adsorbed 

(µmole/g) 

Crystallite size 

(nm) 

Pd/C bulk 8.8 0.10 1.03 12.7 

Pd/C nano 14.7 0.16 1.73 7.6 

 

The nanosize Pd
o
 particles are protected by the bulky polymer groups of the stabilizer 

PVP on the surface, which cannot penetrate through the micropores of the carbon 

support, whereas in case of conventional Pd/C catalyst, Pd
0
 is adsorbed in several ways 

including the micropores of the support and such sites would be inaccessible for 

hydrogenation [100].  It was also observed that the size of Pd particles did not change 

after deposition on the support (average dTEM = 2.8 and 3 nm before and after 

deposition, respectively).  The observed catalyst activity was also several times (x4) 

higher than reported recently for a heterogeneous Pd nanocluster catalyst                    

(TOF 10,100 h
-1

), which was prepared from Pd mixed monolayer protected clusters (Pd 

MMPC) and carboxylic acid-silica colloid and then activating the catalyst by calcination 

at 773 K [101].  The apparent activation energy of hydrogenation of butyne diol to butane 

diol over Pd nanoparticle catalyst evaluated in our work (Figure 3.14) was 13.6 kJ/mol 

which is about one third than that observed is case of bulk Pd catalyst ( 39.42 kJ/mol) 

[102].   

Detailed calculations for the activation energy is given below 

 

Rate of reaction at various temperatures were calculated using the equation 3.17 & the 

results are presented in Table 3.6. 

 

  Rate of reaction �  _`abc `d efgh`ibj k`jcl_bg
mn_b nj cbk     …..3.17 

 

 

 



Chapter III                               Hydrogenation of 2-butyne-1, 4-dio-l and butene-1, 4-diol 

 
 

98 

 

Table 3.6. Rate of reaction at various temperatures 

 

Temperature K
-1
, (1/T) Rate of reaction, mol/sec.cm

3
 lnR 

323 0.00310 8.41 x 10
-7

 -13.98 

338 0.00296 1.114 x 10
-6

 -13.76 

353 0.00283 1.3435 x 10
-6

 -13.52 

 

The activation energy of the reaction was calculated according to Arrhenius equation 

3.18, 

k � AeDqr st⁄          ......3.18 

Where, 

k   rate constant 

A   pre-exponential factor  

R   gas constant, 8.31 J/molK 

T   Temperature 

Ea   activation energy 

By rearranging this equation 3.18 

lnR � lnkv � qw
st           ……3.19 

which is in the form of y=  mx + c  

Where, 

Slope= m = - Ea/R  

Intercept = c = lnko 

The lnR (rate constant) was plotted vs. the inverse of the temperature. 
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Figure 3.14: Arrhenius plot 

Reaction conditions: B3D, 0.34 mol; hydrogen pressure, 2.068 MPa, catalyst  

                                  (0.25 % Pd/CaCO3), 0.075 g; agitation speed 1000 rpm. 

 

Slope of plot (m) was found to be -1641.37 

Activation energy   xH � �y� 

             = slope x 8.31 

             =13.639 KJ/mol 

 

Such dramatic decrease in apparent activation energy for nanoparticle Pd catalyst 

suggests either: (i) being a gas-liquid- solid reaction, the reaction could be operating 

under conditions such that the mass transfer resistances are significant or (ii) the different 

adsorption characteristic of butyne diol from those for the bulk palladium catalyst.  The 

initial rate data of the present work was independent of agitation speed and also the factor 

α1 ( defined as the ratio of the observed rate of reaction to the maximum rate of gas-liquid 

mass transfer rate) estimated was < 0.03.  These two criteria clearly confirmed that the 

results on catalyst activity of the Pd nanoparticles obtained in the present work were 

independent of mass transfer resistance [37].  Due to very small catalyst particle size, the 
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intraparticle and liquid-solid mass transfer resistance also do not have any influence on 

the activity [37, 102].  Hence, the lower activation energy for the nanoparticle Pd/C 

catalyst is purely due to its specific adsorption characteristics which needs to be 

investigated further to reveal the nature adsorption. 

Another interesting feature of our catalyst was a change in selectivity pattern in case of 2-

butyne-1,4-diol hydrogenation (Figure 3.15).  The commercially used 1% Pd/C catalyst 

gave saturated butane diol as the major product while, the supported Pd nanocluster 

catalyst gave almost complete selectivity to the intermediate olefinic diol (B2D) [75].   It 

is believed that α- and β-Pd-hydride species are formed during hydrogenation and that β 

sites promote alkane selectivity due to mainly higher amount of hydrogen dissolved 

within the particles [103] .  However, it has been shown that for very small particles, β-

Pd-hydride phase is rarely formed [104, 105] hence a dramatic size reduction in case of 

nanocluster Pd/C catalyst could lead to the enhanced selectivity to the olefinic diol.  The 

increased effect of steric hindrance (geometric effect) due to the stabilizer in case of the 

protected Pd nano particles also contributes to the higher selectivity to the olefinic diol 

[36]. 
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Figure 3.15. Catalytic performance of nanosize and bulk Pd on different supports 

Reaction conditions: B3D, 0.34 mol; temperature, 323 K; hydrogen pressure, 2.068 

                                   MPa; catalyst weight, 0.075 g; agitation speed, 1000 rpm. 

 

After the hydrogenation run, the catalyst was separated by filtration and the reaction 

mixture was analyzed for Pd content by AAS, which showed Pd in the range of less than 

5 ppm.  The clear filtrate was tested for the hydrogenation of fresh butynediol, and which 

showed no hydrogenation activity.  Both these results rule out the possibility of leaching 

of Pd metal from the supported Pd nanocluster catalyst. 

Several Pd nano particle catalysts using PVP as a stabilizer and supported on alumina, 

silica, and calcium carbonate were prepared similar to Pd nanoparticles supported on 

carbon.  These results obtained were compared with the corresponding conventional Pd 

catalyst is very low (5-10%) except for Pd supported on CaCO3 where the selectivity 

obtained is 83%.  The other side products obtained were butyraldehyde, butanol and 
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acetals [37].  The formation of other side products were minimized or completely 

eliminated (Pd/C and Pd/CaCO3) using nanosize Pd catalyst.   

In the present work, PVP was used as a stabilizer because it has two hetero atoms 

(oxygen, nitrogen) which make the capping of metal particles more efficient leading to 

size reduction of Pd [36].  PVP also prevents the Pd particle aggregation and grain 

growth effectively due to its steric effect [106]. 

3.8. Pd-funtionalized carbon nanotubes for selective hydrogenation of 2-butyne-1,4-

diol:     

Carbon is one of the best supports for several active metal functions in heterogeneous 

catalysis, mainly due to its high resistance to acidic/basic media and easy separation from 

the reaction crude for subsequent reuse [107, 108].  Although the carbon nano tubes were 

being prepared by thermal decomposition of hydrocarbons over solid catalyst since long, 

it has become the focus of research from both technological as well as fundamental point 

of view recently [109, 110].  In the area of heterogeneous catalysis, CNTs have been used 

as catalysts as well as support material due to their specific structural and electronic 

properties [111, 112].  The activity of CNTs for particular reaction can be enhanced by 

functionalizing it with suitable surface modifying agent followed by the loading of 

metallic salt [113].   Metal functionalized CNTs are robust and more promising as 

catalysts than the normal carbon supported catalysts for industrially important reactions 

such as hydrogenation due to their uniform pore dimensions, higher H2 uptake capacity, 

large specific surface area, and the hydrophobic character of surface and good chemical 

stability [114].   Hence, one of the objectives of this work was to explore the suitability of 

functionalized CNTs as a catalyst for hydrogenation of B3D. For this purpose, we 

prepared Pd functionalized CNTs by thermal decomposition method followed by the 

deposition of Pd on acid treated CNTs via covalent attachment with –COOH and –OH 

groups present on the nanotube surface.  The prepared material was characterized by 

various techniques like BET surface area measurement, TEM, SEM, EDX, ICP-OES, FT-

IR, Raman and XRD and its catalytic performance was evaluated for the hydrogenation 

of 2-butyne-1,4-diol.  We found that the Pd functionalized CNTs showed complete 
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conversion of B3D with 93% selectivity to the olefinic diol (B2D). This catalyst could be 

recycled successfully for three times maintaining its original activity and selectivity. 

3.8.1. Catalyst characterization: 

3.8.1.1. BET surface area measurements: 

The specific BET surface area of CNTs, Pd/CNTs and Pd/C catalysts are presented in 

Table 3.7. The specific BET surface area of the catalysts decreased in the following 

order: Pd/C > CNTs > Pd/CNTs.  Among the three catalysts, Pd/C showed the highest 

surface area of 825 m
2
/g. Interestingly, BET surface area of CNTs decreased marginally 

from 162 to 151 m
2
/g after impregnation of Pd on CNTs. This marginal decrease in 

surface area was due to a well dispersion of Pd on CNTs and also indicates that no 

structural damage (e.g. pore blockage) was observed during post synthesis impregnation 

process.  

 

Table 3.7. Catalyst activity test 

Entry Catalysts BET surface area, 

m
2
/g 

Conversion, 

% 

Selectivity, % 

B2D B1D Other 

1 CNTs 162 - - - - 

2 Pd/CNTs 151 100 93 7 - 

3 Pd/C 816 100 70 6 24 

 

Reaction conditions: B3D, 0.034 mol; temperature, 333 K; hydrogen pressure, 0.69 MPa; 

                                  water, 87 mL; catalyst weight, 0.005 g; agitation speed, 1000 rpm. 

 

3.8.1.2. Fourier transform infra-red (FTIR) studies:  

The presence of –COOH and –OH groups on CNTs due to acid treatment were confirmed 

by FTIR analysis. The FTIR spectra of CNTs and Pd/CNTs are presented in Figure 3.16. 

CNTs sample showed bands at 1630 and 3445 cm
-1

 (Figure 3.16 (a) and (b)) due to the 

C=O and O-H stretching respectively indicating the presence of –COOH and –OH group 
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[115-116] Two weak bands were also observed at 2850 and 2925 cm
-1

 in CNTs which 

could be assigned to C-H symmetric and asymmetric stretching respectively [117-118]. 

Similar to CNTs, Pd/CNTs sample also showed bands at 1630, 2925 and 3445 cm
-1

 due 

to C=O, C-H (asymmetric) and O-H stretching respectively.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. FTIR spectra of (a) acid treated CNTs (b) Pd/CNTs. 

 

3.8.1.3. Raman spectroscopy: 

Figure 3.17 shows the Raman spectra of purified as well as acid-treated CNTs. Raman 

spectroscopy offers to assess the defects in the structure and crystallanity of CNTs [119]. 

The Raman spectra of CNTs showed two first-order characteristic peaks viz.  G-band 

peak due to the in-plane oscillations of sp
2
 carbon atoms in CNTs [120] 

 
and D-band peak 

due to the presence of defects in CNTs [121].  The G- and D-band peaks for purified 

CNTs were observed at 1569 and 1321 cm
-1

 respectively. After the acid treatment, these 

peaks appear slightly shifted to 1572 and 1322 cm
-1

. The intensity ratio of D- to G-band 

3500 3000 2500 2000 1500 1000

(b)
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%
, 
T
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(ID/IG) indicates the extent of defects within CNTs [122].  The smaller the value of ID/IG 

is, the lesser the structural defects in CNTs would be. In our case, the values of ID/IG for 

purified CNTs and COOH-functionalized CNTs were estimated to be 0.7536 and 1.0436 

respectively. This confirms that the acid treatment has created defects on the nanotube 

surface and favored the formation of –COOH functionalized nanotubes.   
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Figure 3.17. Raman spectra of (a) purified and (b) acid-treated CNTs 

 

3.8.1.4. XRD analysis: 

XRD patterns of CNTs and Pd/CNTs catalysts are shown in Figure 3.18. CNTs showed 

typical peaks at 2θ =25.8
o
 and 44.2

o
 corresponding to diffraction of (0 0 2) and (1 0 0) 

planes.[123, 124]  Interestingly, the intensity of peaks at 2θ = 25.8
o
 and 44.2

o
 was 

significantly reduced and new peaks at 2θ = 40.2
o
, 46.7

o
 and 68.1

o
 appeared after 5% Pd 

loading on CNTs. The peaks at 2θ = 40.2
o
, 46.7

o
 and 68.1

o
 can be assigned to (1 1 1), (1 

1 0) and (1 0 0) crystalline plane respectively for loaded Pd metal [125].  It can be also 

observed from XRD pattern of the prepared catalyst (Figure 3.18) that Pd was reduced to 

Pd
o
 state in Pd/CNTs catalyst [126]. The average particles size of Pd in prepared 

Pd/CNTs catalyst calculated by the Scherrer equation was found to be of 12 nm. 
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Figure 3.18. XRD pattern for (a) CNTs (b) Pd/CNTs. 

 

3.8.1.5. EDX and ICP-OES analysis: 

EDX analysis of Pd/CNTs sample is presented in Figure 3.19. The presence of signal 

corresponding to Pd metal indicates deposition of Pd on CNTs. The presence of Pd on 

CNTs was also confirmed and estimated quantitatively by ICP-OES analysis, which 

showed the impregnation of 4.1% of Pd on CNTs.  
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Figure 3.19. EDX of Pd supported on CNTs. 

 

3.8.1.6. SEM and TEM analysis: 

SEM image of the prepared CNTs is shown in Figure 3.20. The CNTs showed tubes or 

rod like morphology which was also confirmed from TEM analysis. TEM images of 

prepared CNTs and Pd/CNTs samples are shown in Figure 3.21. As can be seen from 

Figure 3.21a that CNTs were double walled having average external diameter ranging 

from 22 to 25 nm. Low magnification TEM images (Figure 3.21b-c) clearly showed that 

Pd particles were well dispersed on CNTs.   
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SEM photograph of as synthesized CNTs. 

(b) 



Chapter III                               Hydrogenation of 2-butyne-1, 4-dio-l and butene-1, 4-diol 

 
 

110 

 

 

 

(c) 

 

Figure 3.21. TEM images of (a) CNTs, (b) and (c) Pd/CNTs. 

 

3.8.2. Catalyst performance study: 

3.8.2.1. Catalyst activity: 

The catalytic performance of the prepared Pd/CNTs catalyst was evaluated and compared 

with commercial Pd/C catalyst for liquid phase hydrogenation of B3D to B2D and B1D 

(Table 3.7 and Scheme 3.11). CNTs itself showed no catalyst activity for the 

hydrogenation of B3D. However, significant activity of CNTs was observed after 

dispersion of Pd on it. As can be seen from Table 3.7 both commercial Pd/C and 

Pd/CNTs catalysts showed complete conversion of B3D after 5 h inspite of very low 

surface area of Pd/CNTs (151 m
2
/g) as compared to that of Pd/C  (816 m

2
/g) indicating 

that the metal dispersion is much better on CNTs than that on the bulk carbon support. 

Another interesting observation was that Pd/CNTs catalyst showed very high selectivity 

(> 92%) to B2D as compared to that  obtained for commercial Pd/C catalyst (70%) to 

B2D. The lower selectivity to B2D (70%) with Pd/C catalyst was due to the formation of 

B1D and other side products like γ-hydroxybutyraldehyde, n-butryaldehyde, n-butanol 
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etc. It has been reported that in case of CNTs, electrons are mainly residing along the 

tube axis giving rise to formation of pure quantum wires (1D-system) [127].
 
This will 

lead to the change in electronic environment causing the modified adsorption 

characteristics of the Pd dispersed on CNTs eventually giving rise to higher selectivity to 

B2D. 

 

3.8.2.2. Effect of reaction time:  

Since, hydrogenation of B3D involves consecutive/parallel reactions, the effect of 

reaction time on the B3D conversion and products selectivity was also studied at 333 K 

and 0.69 MPa hydrogen pressure and the results obtained are presented in Figure 3.22. 

The conversion of B3D increased from 5 to 96% with increase in reaction time from 0.5 

to 4 h, thereafter it increased marginally from 96 to 100% with further increase in 

reaction time from 4 to 5.5 h. Initially, complete selectivity (100%) to B2D was obtained 

after 1h which marginally decreased to 92% with increase in reaction time from 1 to 5.5 

h. The decrease in B2D selectivity was mainly due to its further hydrogenation to B1D. 

The selectivity to B1D increased from 0 to 8% with increase in reaction time from 0.5 to 

5.5 h. 
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Figure 3.22. Effect of reaction time on conversion and product selectivity 

Reaction conditions: B3D, 0.034 mol; water, 87 mL; catalyst weight,  0.005 g;  hydrogen  

                                 pressure, 0.69 MPa;  temperature, 333 K; agitation speed, 1000 rpm. 

 

3.8.2.3. Catalyst recycle study: 

The reusability of the catalyst for the hydrogenation of B3D was assessed by the catalyst 

recycle experiment which is described below. After the first hydrogenation run, the 

catalyst was filtered and washed it with distilled water for several times, then dried at 

room temperature and then in an oven at 383 K for 2 h and reused it for subsequent runs. 

This procedure was followed for three subsequent hydrogenation experiments and the 

results are shown in Figure 3.23. The catalyst was found to retain its activity even after 

the third recycle experiment giving 100% conversion of B3D with 93% selectivity to 

B2D. 
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Figure 3.23. Catalysts recycle experiment 

Reaction conditions: B3D, 0.034 mol; temperature, 333 K; hydrogen pressure, 0.69 MPa;  

                                  water, 87 mL; catalyst  weight, 0.005 g; agitation speed, 1000 rpm. 

 

3.9. Conclusion: 

Hydrogenation of 2-butyne-1,4-diol (B3D) was carried out using 1% Pt/CaCO3 catalyst in 

a fixed-bed reactor.  This process represents a consecutive reaction scheme giving 2-

butene-1,4- and butane-1,4- diols.  In a continuous hydrogenation process, the ratio of 

butene- and butane diols could be manipulated by tailoring the operating conditions for 

the same catalyst.  The liquid flow rate and pressure of the hydrogenation gas showed a 

significant effect on the conversion of B3D and overall rate of hydrogenation.  A 

theoretical model was also developed incorporating the conditions of external and 

intraparticle mass transfer, partial wetting of the catalyst and reaction kinetics of butyne 

diol hydrogenation in a batch slurry reactor.  The reactor model was validated by carrying 
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out hydrogenation experiments under various reactor inlet conditions, and model 

predictions were found to agree well with the observed conversion, selectivity data. 

The supported palladium nanoparticles prepared in this work showed a very high 

catalytic activity with ease of separation for B3D hydrogenation reactions. The higher 

activity of palladium nanoparticles than that of bulk Pd catalyst for butynediol 

hydrogenation was demonstrated by faster hydrogen consumption and lowering (one 

third) in apparent activation energy of the reaction.  

The catalyst activity of Pd/CNTs prepared by thermal decomposition followed by Pd 

functionalization was compared with that of bulk Pd/C for the hydrogenation of B3D to 

B2D. The intensity ratio of D- to G-band (ID/IG) for purified CNTs and –COOH 

functionalized CNT obtained in Raman spectroscopic characterization were estimated to 

be 0.7536 and 1.0436 respectively, confirming that the acid treatment created the defects 

on the nanotube surface and favored the formation of COOH-functionalized nanotubes 

responsible for Pd deposition.  Although Pd/C catalyst had higher surface area of 816 

m
2
/g than that of Pd/CNTs catalyst (151 m

2
/g), both the catalysts gave complete 

conversion of B3D. Interestingly, Pd/CNTs showed higher selectivity (93%) to B2D than 

that for Pd/C (70% selectivity to B2D) which could be due to modified electronic 

environment of Pd on CNTs.  The conversion of B3D increased from 5 to 100% and 

selectivity to B2D decreased from 100 to 93% with increase in reaction time from 0.5 to 5 

h. The catalyst was found to retain its activity even after the third recycle experiment 

giving complete conversion of B3D with 93% selectivity to B2D. 
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Appendix I 

(1) Dimensionless parameters used in the model 

gas-liquid mass transfer +/ � 4�+	z/|� 

liquid-solid mass transfer +�< � 4<+Ez/|� 

Gas-solid mass transfer +/< � 4/<+Ez/|� 

Nusslet no. in dynamic zone :< � �4<,/3}) 

Nusslet no. in stagnant zone :c � �4~</3})  

reaction rate constant ∝1� z�4�2�/|� 

equilibrium constant 4�� � 4� 4�;  46 � �	��⁄  

Thiele parameter ∅ � �
3 � SE
4��� 3 4�Q�})
1 3 �	�� 3 ��Q����

� �L
 

(2) Correlations used in section 3.6.3 work: 

Parameter Authors reference 

molecular diffusitivity Wilke and Chang 95 

gas-liquid mass transfer 

coefficient 

Goto and Smith 128 

liquid-liquid mass transfer 

coefficient 

Satterfield et al. 129 

gas-particle mass transfer 

coefficient (value used) 

Zheng Lu et al. 130 

volumetric mass exchange 

coefficient 

Hochmann and Effron 131 

total liquid hold-up  Sato et al. 132 

static liquid hold-up (value used) Zai-sha Mao et al. 133 

saturation solubility Stephen and Stephen 134 

wetting efficiency Mills and Dudikovic 135 
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4.1. Introduction: 

Hydrogenation of phenylacetylene to styrene achieving the complete conversion of 

phenylacetylene and selectivity towards side chain olefinic intermediate styrene is a 

highly challenging task for the researcher [1].  In this process, styrene is the intermediate 

product of the first hydrogenation step which readily undergoes further hydrogenation to 

give ethylbenzene. Scheme 4.1 shows the reaction pathway for hydrogenation of 

phenylacetylene.  

 

+H2 +H2

+2H2

Phenylacetylene

Styrene

Ethylbenzene  

Scheme 4.1. Reaction pathway for hydrogenation of phenylacetylene 

For polymerization of styrene, pure styrene feedstock is needed for a longer catalyst life.  

Even very small amount of phenylacetylene (less than 10 ppm) in the styrene stream can 

deactivate the catalyst hence, styrene feed with very low concentration of 

phenylacetylene is mandatory [2].  

World wide requirement for styrene monomer was 26 x 106 tones per annum in year 2006 

with annually growing demand at an average rate of 4.0%. Nearly about 80 companies 

are producing styrene monomer, and the major producers of styrene are shown in Table 

4.1 [3]. 
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Table 4.1. Styrene producing companies 

Sr. No Name of company Capacities, % 

1 Badger 40 

2 ABB Lummus Crest 24 

3 PO/Styrene 13 

4 Dow Chemical 11 

5 BASF 7 

6 Miscellaneous 5 

 

4.1.1. Importance of styrene: 

Styrene is one of the important industrial monomer used in a variety of polymer products 

such as preparation of polystyrene, latexes, rubber, elastomers, theromoplastics, polyester 

resins, thermoset plastic, dispersions, resins, copolymer and terpolymer (Figure 4.1) [3]. 

Majority of styrene, approximately 66% is used for the production of polystyrene having 

variety of applications, e.g. in preparation of toys, housings for room air conditioners, 

television cabinets, cassettes, combs, furniture parts, disposable food containers, packing 

material, electrical and electronic parts, thermal insulation, sports goods etc.  Near about 

6% styrene is used in the synthesis of styrene-butadiene rubber elastomer (SBR), which 

gives variety of products for industrial hose, footwear, consumer goods, vehicle parts etc.  

Approximately 7% of styrene goes into production of styrene butadiene latexes which is 

used in the paper coatings, paper adhesives, latex paints, carpet backing, cement additives 

etc. Styrene acrylonitrile copolymer and terpolymers used for sewer pipes, vehicle parts, 

appliance parts, business machine casings, sports goods, luggage, toys, drinking tumblers, 

battery cases, automotive components, refrigerator doorliners and shower stalls.  

Additionally polyester resins are used in fiberglass-reinforced boats, storage tanks, 

shower units, and simulated marble products.  
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4.1.2. Traditional routes for synthesis of styrene:

There are several methods for styrene manufacture

[3].  

A. Dehydrogenation of ethylbenzene

B. Propylene oxide process

C. Butadiene process

D. Toluene process 

E. Pyrolysis of gasoline

A. Dehydrogenation of ethylbenzene:

Dehydrogenation of ethylbenzene is one of the simple 

(Scheme 4.2).  Near about 90% of manufacturing industries 

process. 

 

Polystyrene

Latexes

Polyester resins

                                          Semi-hydrogenation of phenylacetylene to styrene

Figure 4.1. Uses of styrene 

outes for synthesis of styrene: 

There are several methods for styrene manufacture, the details of which are given below

Dehydrogenation of ethylbenzene 

process 

Butadiene process 

Pyrolysis of gasoline 

A. Dehydrogenation of ethylbenzene:  

Dehydrogenation of ethylbenzene is one of the simple concepts for styrene manufacture

.  Near about 90% of manufacturing industries are using 
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the details of which are given below 

for styrene manufacture 

are using dehydrogenation 
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Scheme 4.2. Dehydrogenation of ethylbenzene 

Dehydrogenation of ethylbenzene is generally carried out using iron oxide-potassium 

oxide catalyst at very high temperature i.e. 823-953 K in presence of steam. Major 

drawback of this reaction system is its high operating temperature which leads to 

formation of side products such as toluene and benzene.  Toluene is generally formed 

from styrene along with formation of methane and coal (Scheme 4.3). Other byproducts 

include carbon dioxide, ethylene, phenylacetylene, allylbenzene, vinyltoluene, xylenes, 

etc. which can affect the cost of purification and the quality of the styrene product. 

 

 

 

Scheme 4.3. Formation of methane and coal while production of styrene 
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B. Propylene oxide process  (ARCO process): 

The most important commercial production route for styrene is the oxidation of 

ethylbenzene to ethylbenzene hydroperoxide, which is subsequently reacted with propene 

to give styrene and propylene oxide.  As shown in Scheme 4.4, various steps involved in 

this process are: 

1. Oxidation of ethylbenzene to ethylbenzene hydroperoxide 

2. Epoxidation of ethylbenzene hydroperoxide with propylene to form α–

phenylethanol and  propylene oxide 

3. Dehydration of α-phenylethanol to styrene  

 

 

 

 

 

Scheme 4.4. ARCO process 
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Epoxidation of ethylene hydroperoxide to α-phenylethanol and propylene oxide is the key 

step of this reaction and is carried out in liquid phase at 373-403 K using molybdenum 

naphthenate catalyst.  Further dehydration step takes place over an acidic catalyst at 498 

K. 

C. 1,3-Butadiene route: 

Another choice to obtain the styrene involves Diels-Alder dimerization of 1,3-butadiene 

to 4-vinylcyclohexene-1  followed by its dehydrogenation (scheme 4.5).  This route is 

highly exothermic and can be carried out by either thermal or catalytic route.   Thermal 

process requires high temperature of 413 K and 4 MPa pressure [4, 5].  The catalytic 

route is based on nitrosyl halide-iron complexes [6, 7].   Further 4-vinylcyclohexene-1 is 

dehydrogenated to get the ethylbenzene and styrene [8-11].  
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Scheme 4.5. Butadiene route 

D. Toluene route: 

Preparation of styrene from toluene as a starting material is one of alternative routes due 

to 15% cheaper price of toluene than the benzene. Unland and Barker developed the 

oxidative coupling of toluene to stilbene (Scheme 4.6) [9, 10]. 

 

 

Scheme 4.6. Oxidative coupling with toluene to stilbene 

Further stilbene is reacted with ethylene in presence of molybdenum catalyst to form 

styrene. (Scheme 4.7) 

 

Scheme 4.7. Styrene from stilbene 
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Another route for the preparation of styrene from toluene is alkylation of toluene with 

methanol over zeolite catalysts [9, 10]. 

E. Styrene from pyrolysis of  gasoline: 

Thermal cracking of naphtha or gas-oil gives styrene as a product along with the mixture 

of aromatic compounds. 

Major drawbacks of these processes  are: 

1. Majority of the commercial units run adiabatically and under vacuum at high 

temperature which leads to coke deposition on the catalyst surface and catalyst 

gets easily deactivated. 

2. Due to high temperature, change in catalyst solid-state occurs adversely affecting 

the rate of reaction, and the catalyst lifetime. 

3. Multistep synthesis. 

4.1.3. Literature survey: 

A summary of the literature on phenylacetylene hydrogenation is presented in Table 4.2.  

The hydrogenation of phenylacetylene to styrene has been mainly focused on the use of 

palladium based catalysts because the palladium is most selective catalyst due to its 

strong affinity towards alkynes [12-14]. For the hydrogenation of C≡C, large 

stoichiometric amount of hydrogen is necessary, which may lead to further hydrogenation 

of styrene to ethylbenzene, reducing the selectivity to styrene [15-17].  Mono Pd, Pt and 

bimetallic Pd-Pt catalysts with different ratios  dispersed on amorphous materials such as 

SiO2, Al2O3 were studied by Carturan et al. [18].  He found that the selectivity was  

affected by the metal dispersion in monometallic Pd catalyst. The palladium 

nanoparticles were stabilized by using anionic surfactant (sodium dodecyl sulfate) 

incorporated in hydrotalcite showed 100% selectivity towards the styrene at 87 % 

conversion studied by Mastalir et al. [19].  Effect of strong-metal support interaction 

(SMSI) on catalytic activity and selectivity of Pd catalyst supported on nano-TiO2 studied 

by Weerachwanasak et al. for hydrogenation of phenylacetylene to styrene [20]. The 

catalyst with SMSI effect showed high activity [TOF, 1.284 x 103 h-1] with 86-90% 

selectivities to styrene [20].   
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Effect of catalyst pretreatment on activity and selectivity for hydrogenation of 

phenylacetylene was studied by Chaudhari et al. [21].  They observed the change in 

catalyst activity and selectivity behavior due to the change in nature of active species of 

Pd metal.  This change occurs due to the initial catalyst pretreatment given to the catalyst 

and metal dispersion [21].  Wilhite et al. studied the hydrogenation of phenylacetylene to 

styrene and ethylbenzene at low temperature (348 K) and atmospheric pressure condition 

by using Pt/alumina in three phase catalytic packed bed reactors [22].  

Catalyst systems involving noble metals with various supports have also been reported 

for the hydrogenation of phenylacetylene to styrene such as nanoparticles of Rh [23], 

different compositions of Ni-Pd, Fe-Pd, Mg-Pd, Pd, Pt  [24],  polymer protected Ni-Pd 

bimetallic catalyst in colloid or supported form [25].  Role of acid-base and structural 

properties of Ni catalyst supported on AIPO4, SiO2, Al2O3, natural sepiolite, activated 

carbon and Ni-Cu alloy catalyst was studied [26].  Mandal et al. obtained very good 

activity using zeolite-immobilized Pd and Pt nanoparticles, but with low selectivity (35-

40%) to styrene [27].  Hydrogenation of phenylacetylene to styrene was influenced by 

various factors such as solvent, temperature, hydrogen pressure and amines with varying 

basic strength [28].  Armendia et al. found that adsorption of triple bond was more 

favored than that of double bond using cylcohexane as a solvent and in presence of 

quinoline, at low pressure and temperature using Pd catalyst [28].   

 

 

 

Table 4.2. Literature summary for hydrogenation of phenylacetylene to styrene 

Sr. 

No. 

Catalyst 

 

Conversion, 

% 

Reaction conditions Selectivity, % Ref. No. 

Sty EB 

1. Pt/γ-Al2O3 100 T=303-363 K; 

PH2=0.13-0.69 

65.6  14 
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MPa; 

Solvent= 

tetradecane 

2. 5% Pt/C 14-48 T=283-313 K; 

PH2=0.1-7.1 MPa; 

Solvent= ethanol 

78-54  15 

3. Nanocatalysts 

of Ni-Pd, Fe-

Pd, Mg-Pd, Pd, 

Pt 

100 T=323 K; 

PH2= 0.1 MPa; 

Solvent=MeOH 

97.3  24 

4. Pd-Complex 100 T= 303 K; 

PH2=0.1 MPa; 

Solvent= DMF, 

pyridine  

96 3 30 

5. Lindlar 

catalyst (Pd-

CaCO3-PbO),   

quinoline 

poisoning 

agent 

100 T= 295 K; 

Solvent= 

cyclohexane 

100  31 

6. 1% Pd/C 100 T=298-323 K; 

PH2=0.2 MPa; 

Solvent,=dodecane 

80 20 32 

7. Pd/Pumice 

supported 

100 T=288- 308 K 73 27 33 

8. Polymer 

supported Pd 

100 T=294 K; 95 5 34 
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complex PH2=0.1 MPa; 

Solvent= MeOH 

9. Pd/CNTs, Pd/C 100 T=323 K; 

PH2= 0.1 MPa H2 

flow 30 mL/min; 

Solvent=MeOH 

> 95  35 

10. Cu, Ni, Co, 

Mn, Ag. 

Cr/Al2O3, 

SiO2, C 

100 T=278-308 K; 

PH2= 0.069 MPa; 

Solvent=dodecane 

5 90 2 

11. 0.5 % Pt/Al2O3 100 T=333-363 K; 

PH2= 0.04 MPa; 

Solvent= 

tetradecane 

 60 22 

12. Pd   100 T=295 K; 

PH2= 0.04 MPa 

(atm); 

Solvent=THF 

> 99  36 

13. Pd supported 

on Sepiolite, 

SiO2-AlPO4 

86 T= 306-323 K; 

PH2= 0.276-0.483 

MPa; 

Solvent= MeOH, 

cyclohexane, THF, 

DMF, dioxane, n-

hexene 

> 95  28 

14. Pd, Pt, Pd-Pt 

supported  on 

100 T= 298K; > 91  18 
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Xerogel PH2=  0.1 MPa; 

Solvent=THF 

15. Pd-complexes 20 T= 313 K; 

PH2= 0.1 MPa; 

Solvent= THF, n-

hexane 

100  37 

16. Nano Rh 92 T= 333 K; 

PH2= 0.7 MPa;  

 100 23 

17. Cu-Pd/Pumice 95 T= 298 K; 

PH2=0.1 MPa; 

Solvent=THF 

> 90  38 

18. Nano 

Pd/hydrotalcite, 

Al2O3, C 

55-80 T= 298 K; 

PH2= 0.1 MPa; 

Solvent=THF, 

toluene, ethanol,  

hexane 

100  19 

19. Pd/SiO2 30-55 T= 303 K; 

PH2= 0.1 MPa; 

Solvent=THF 

> 95  39 

20. Pd/C, Na2O, 

SiO2, Al2O3 

90-100 T= 298K; 

PH2= 0.1MPa; 

Solvent=n-heptane 

100  40 

21. 5% Pt/C 100 T= 283-323 K; 

PH2= 1.01- 9.1 MPa 

Solvent= ethanol 

74 25 16 
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0.1N H2SO4 

22. Cu promoted 

Fe catalyst 

supported on 

SiO2, Fe/SiO2 

> 95 T= 333 K; 

PH2= 1.0 MPa; 

Solvent=ethanol 

 

> 99  41 

23. Pt, Pt-Sn  

supported on 

Nylon 66 

powder 

100 T= 283 K; 

PH2= atmospheric; 

Solvent=ethanol 

 75 24 17 

24. Au/α-Al2O3, 

Au/γ-Al2O3 

100 T=423 K; 

PH2= atmospheric; 

73 23 42 

25. Pt, Mo -Cluster 

ligand PEt3 or 

PPh3 

> 98 T=333 K; 

PH2= 1.38 MPa; 

Solvent=THF 

99 - 43 

26. Pt/TiO2 100 T=273-333 K; 

PH2= 1.38 MPa; 

Solvent=THF 

87 

 

13 44 

27. Ionic liquid 

1-Butyl-3-
methylimidazo
lium 

bis{(trifluorom
ethyl)sulfonyl}
imide 
([C4mim][NTf
2]) 

5% Pd/CaCO3 

100 T=273-333 K; 

PH2= 0.1-0.6 MPa; 

Solvent=heptane; 

RDR, STR reactor 

100 - 45 

28. Rhenium 

sulfide cluster 

3.3 T=523-673 K; 

 

86.7  46 
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catalyst 

29. Pd/γ-Al2O3, 

MCM-41, Al-

MCM-41, β-

Zeolite 

100 T=323 K; 

PH2= 0.1 MPa H2 

flow; 

Solvent=MeOH 

 

96  47 

30. 1%Pd/HMS, 

MCM-41, 

MSU-X,  

80% T=298 K; 

PH2= 0.1 MPa, H2 

flow; 

Solvent=THF 

96  48 

31. Pd/C  100 T=301-353 K; 

PH2= 5.5-9.6 MPa; 

Solvent= toluene 

70       21 

 

 

 

4.1.4. Objectives: 

The main objective of this work was to prepare and characterize the colloidal Pd nano as 

well as supported Pd nano catalysts for the selective hydrogenation of phenylacetylene to 

styrene.  The activity and selectivity behavior of the Pd nanocatalysts was also compared 

with the conventional Pd bulk catalyst.  The effect of various reaction parameters such as 

temperature, and hydrogen pressure on the activity and particularly on styrene selectivity 

was also studied. 
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4.2. Experimental: 

4.2.1. Catalyst preparation: 

Details of preparation of colloidal Pd nano, nano Pd/C and bulk Pd/C catalyst are  

described in chapter II, section 2.2.   

 

4.2.2 Catalyst activity testing: 

4.2.1.1. High pressure reaction set up: 

The details of high pressure hydrogenation reaction setup and experimental procedure are 

described in chapter II, section 2.4.2. 

4.2.1.2. Atmospheric pressure reaction setup: 

The experimental batch setup used for reactions under atmospheric pressure conditions 

and the experimental procedure are described in chapter II, section 2.4.3 

 

4.2.3. Catalyst characterization: 

The details of catalyst characterization are described in chapter II, sections 2.3. 

 

4.2.4. Analytical techniques: 

The quantitative analysis of liquid samples was carried out by gas chromatography 

method using FID detector, HP-5 capillary column and helium as a carrier gas. Other 

details of temperature programming method (333-463 K) etc. are described in chapter II, 

section 2.5. 

 

 

4.3. Results and discussion: 

4.3.1. Catalyst characterization: 

Since the catalyst sample was in the colloidal form, the preparation of sample for X-ray 

powder diffraction study was done as per the following procedure.  A layer of the 

prepared colloidal Pd nano solution was made on the glass plate, and sample was dried 

under IR lamp. This procedure was repeated three to four times to increase to 

concentration of Pd layer on XRD glass plate for diffraction analysis. The X-ray 
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diffractogram as shown in Figure 4.2 of the prepared colloidal catalyst displays the strong 

peak at 45.4o (I = 100%), which is associated with fcc phase.   The peak at 45.4o shows 

the presence Pd-X phase [49].  Particle size of Pd particles was calculated for the peak at 

45.4o , using Scherrer equation which showed the particle size of 4 nm.  
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Figure 4.2.  X-ray diffraction of colloidal Pd catalyst 

The external morphology of prepared colloidal Pd nanoparticle is shown in Figure 4.3.  

Colloidal Pd catalyst prepared by ethanol reduction, shows particles size in the range of 

3-5 nm and its average particle size was found to be 3.9 nm that matched closely with the 

XRD measurement.  
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Figure 4.3. TEM image of colloidal Pd nanoparticle 

 

4.3.2. Catalyst activity measurement: 

The catalytic performance studies using colloidal, carbon supported nano and bulk Pd 

catalyst for the phenylacetylene hydrogenation were performed at 313 K temperature ,  

0.34 MPa hydrogen pressure and using methanol as a solvent.  The activity of catalyst is 

expressed in TOF (Turn over frequency, h-1), and the results are shown in Table 4.3. The 

colloidal Pd catalyst showed higher activity than that for Pd/C nano and Pd/C bulk 

catalysts.  In terms of turn over frequency (TOF, h-1) colloidal Pd nano catalyst was 3.5 

times more active than bulk Pd catalyst as well as 1.5 times more active than supported 

Pd nano catalyst.  This is due to the enhancement in rate of hydrogenation as evident 

from the hydrogen absorption vs. time plot for phenylacetylene hydrogenation shown in 

Figure 4.4.  Increase in activity of Pd colloidal catalyst was due to more availability 

catalytic active sites for the hydrogenation.  
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Table 4.3. Comparision of activity results for hydrogenation reactions using bulk, 

nano Pd/C and colloidal Pd catalysts 

Sr. No. Catalyst TOF, h-1 

1 bulk catalyst 1.4 x 10-4 

2 Pd /C (nano) 3.4 x 01-4 

3 Pd, nano colloidal 5.0 x 10-4 

 

Reaction conditions: phenyl acetylene, 0.04908 mol; temperature, 313 K; hydrogen 

                                   pressure, 0.34 MPa; catalyst weight (bulk and nano Pd/C),  0.075 g; 

                                   colloidal Pd catalyst,  5 mL;  MeOH, 90 mL; agitation speed , 1000 

                                   rpm 
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Figure 4.4. Moles of hydrogen absorbed vs. time for colloidal, Pd/C nano and  

                       bulk catalysts 

Reaction conditions: phenyl acetylene, 0.04908 mol; temperature, 313 K; hydrogen 

                                   pressure, 0.34 MPa; catalyst weight (bulk and nano Pd/C), 0.075 g;  

                               colloidal Pd catalyst, 5 mL; MeOH, 90 mL; agitation speed, 1000 

                               rpm.  

 

4.3.3. Conversion and selectivity profile for colloidal Pd nano catalyst: 

Figure 4.5 shows a typical conversion, selectivity Vs time profile for the hydrogenation 

of phenylacetylene at 313 K temperature and 0.34 MPa pressure. Initial hydrogenation of 

phenylacetylene at 0.083 h gave 36% conversion with > 97 % selectivity towards styrene. 

Complete conversion of phenylacetylene was observed at 0.45 h along with 64 % 

selectivity towards the styrene and 34% ethylbenzene.  Further increase in reaction time 

caused decrease in selectivity to styrene due to excessive hydrogenation of styrene to 

ethylbenzene.  
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Figure 4.5. Conversion & selectivity vs. time profile for phenylacetylene 

                               hydrogenation 

Reaction conditions:  phenylacetylene, 0.04908 mol; temperature, 313K; hydrogen 

                                   pressure, 0.34 MPa; colloidal Pd catalyst, 5 mL;  MeOH, 90 mL; 

                                   agitation speed 1000 rpm. 

PH: phenylacetylene, EB: ethylbenzene, STy: Styrene 

4.3.4. Effect of temperature: 

The effect of temperature on conversion of phenylacetylene and selectivity to styrene was 

studied by varying the temperature from 313 K to 333 K at constant hydrogen pressure,  

substrate and catalyst loadings.  It was observed that as temperature increased from 313 

K to 333 K the selectivity towards styrene marginally decreased from 68 to 64% for 

complete conversion of phenylacetylene as shown in Figure 4.6.  313 K showed the 

higher selectivity to styrene i.e. 68% along with 32% selectivity to ethylbenzene. It was 

also observed that initially at 90% conversion the selectivity towards styrene was higher 
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i.e. 80- 90%, however with further increase in phenylacetylene conversion from 90 to 

100% the selectivity to styrene dropped down (Figure 4.7). 
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Figure 4.6. Effect of temperature on selectivity pattern at complete conversion of 

                      phenylacetylene 

Reaction conditions: phenyl acetylene, 0.04908 mol; hydrogen pressure, 0.34 MPa;  

                                  colloidal Pd catalyst, 5 mL; MeOH, 90 mL; agitation speed, 1000 

                                   rpm. 
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Figure 4.7. Effect of temperature on selectivity at 90% conversion of 

                                 phenylacetylene 

Reaction conditions: phenyl acetylene, 0.04908 mol; hydrogen pressure,0.34 MPa;  

                                  colloidal Pd catalyst, 5 mL; MeOH, 90 mL; agitation speed, 1000 

                                  rpm. 

 

The apparent activation energy of hydrogenation of phenylacetylene over colloidal Pd 

nanoparticle catalyst evaluated in our work (Figure 4.8) was found to be 32 kJ/mol.   
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Figure 4.8. Arrhenius plot 

Reaction conditions: phenyl acetylene, 0.04908 mol; hydrogen pressure, 0.34 MPa;  

                                  colloidal Pd catalyst, 5 mL; MeOH, 90 mL; agitation speed, 1000  

                                   rpm. 

 

4.3.5. Effect of hydrogen pressure: 

Effect of hydrogen pressure on the selectivity of styrene was studied for ambient to 1.72 

MPa, at 313 K and the results are shown in Figure 4.9.  The highest selectivity of 92  % 

to styrene was achieved at ambient pressure conditions while it decreased from 92 to 8% 

with increase in pressure upto 1.72 MPa. At the same time, the selectivity to  

ethylbenzene increased from 8 to 92% indicating higher concentration of hydrogen leads 

to further hydrogenation of styrene to ethylbenzene. Catalyst activity in terms of TOF 

increased from 0.34 to 8.36 x 104 h-1 
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Figure 4.9. Effect of pressure on activity and selectivity 

Reaction conditions: phenyl acetylene, 0.04908 mol; temperature, 313K; colloidal Pd  

                                   catalyst, 5 mL;  MeOH, 90 mL, agitation speed, 1000 rpm. 

 

4.3.6. Concentration vs. time profile: 

The effect of reaction time on the phenylacetylene and products concentration was also 

studied at 313 K and at ambient hydrogen pressure (flow rate, 30ml/min) and the results 

are presented in Figure 4.10. It was clearly observed from the Figure 4.10, upto 40% 

conversion at 3.5 h reaction time, only formation of styrene was observed.  Formation of 

ethylbenzene was observed with increase in styrene conversion beyond 40%, after 3.5 h.  

For complete conversion of phenylacetylene,  selectivities to styrene and ethylbezene 

obtained were 92 % and 8% respectively. 



Chapter IV                                          Semi-hydrogenation of phenylacetylene to styrene 

 
 

 

147 
 

0 1 2 3 4 5 6

0.00

0.01

0.02

0.03

0.04

0.05

H
2 2H

2

S
u
b
st
r
a
te
 C
o
n
ce
n
tr
a
ti
o
n
, 
m
o
le
s

Time, h

H
2

 

Figure 4.10. Concentration vs. time profile 

Reaction conditions: phenyl acetylene, 0.04908 mol; temperature, 313 K;  hydrogen 

                                    flow rate, 30 ml/min; colloidal Pd catalyst, 5 mL; MeOH, 90 mL. 

 

It is believed that α and β-Pd-hydride species are formed during the hydrogenation, where 

α site is selective for olefin formation and β sites promote the alkane formation [50].  

Chaudhari et al. observed that the catalyst pretreated with phenylacetylene leads to 

formation of stable allyl type complexes of Pd with phenylacetylene and it inhibits the 

formation of β-Pd-H species, which is responsible for formation of alkane by further 

hydrogenation of styrene [21].  Due to increase in residence time of the reaction 

formation of such allyl type complexes of Pd may be possible. Under ambient pressure 

conditions, higher selectivity towards styrene could be achieved due to inhibition of β-

hydride species. 
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4.4. Conclusion: 

Colloidal palladium nanoparticles were prepared using PVP as a stabilizer and evaluated  

for the hydrogenation of phenylacetylene. Under ambient pressure, the highest 92% 

selectivity to styrene was achieved while it decreased from 92 to 8% with increase in 

hydrogen pressure. It was found that the colloidal Pd nanoparticles catalyst showed 

higher (3.5 times) activity than bulk 0.25% Pd/C catalyst prepared by conventional 

method for hydrogenation of phenylacetylene reaction. At 90% conversion of 

phenylacetylene, selectivity to styrene was found to be 90% which decreased to 68% for 

complete conversion of phenylacetylene. The apparent activation energy of 

hydrogenation of phenylacetylene over colloidal Pd nanoparticle catalyst evaluated in our 

work found to be 32 kJ/mol.  
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5.1. Introduction: 
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                                             Hydrogenation of nitrobenzene to p

Aminophenol is one of the important intermediates used in the manufacture of products 

in various sectors, such as pharmaceuticals, dye indu

of which are shown in Figure 5.1. [1, 2].  More than 80% 
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p-Aminophenol (PAP) is mainly used in the production of paracetamol (acetaminophen, 

APAP), a mild and safest (declared by WHO) analgesic drug.  It is used both alone and in 

combination with many other drugs including codeine or antihistamines.  APAP 

dominates the global market for bulk analgesics.  The APAP segment of the bulk 

analgesics market is estimated to ~1,10,000 tpa with a global market value of $350 

million, out of which Europe and America accounting for nearly 40% of the total market.  

The world market for APAP is growing @ 5-6% per annum, primarily attributed to the 

growing third world market. 

Major producers of APAP globally are: 

• Mallinkrodt, USA 

• Hoechst Celanese Corp., USA 

• Rhone Polenc/Rhodia, USA 

• Sterling Organics, UK 

• RTZ Chemicals, UK 

Mallinkrodt is the world’s largest manufacturer of APAP, with production of about twice 

that of its nearest competitor.  The company’s largest APAP facility is a 30,000 tpa 

APAP production unit in Raleigh.  The first process for PAP via catalytic hydrogenation 

of NB was patented over 60 years ago.   

Apart from these manufacturers, China is also one of the producers and exporters of 

APAP.  Asia (including India), Africa, and Europe are the major export destinations of 

China’s APAP.   China’s production capacity of paracetamol has reached 62,000 tons at 

the end of 2008.  However, out-of date manufacturing process (conventional Bechamp 

reduction of p-nitrophenol), excessive production capacity and low product quality make 

it difficult for Chinese paracetamol manufacturers to expand into high-end markets 

outside China. 

Production cost has long been a critical factor for APAP, since it is price-intensive 

commodity type of market.  Although the current U.S. list price is over $ 8/kg, the 

estimated world market price could be lower.  Mallinkrodt has undertaken a variety of 

process improvements to remain competitive [3-5]. 
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p-Aminophenol can be prepared by various methods such as electrolytic reduction [6-8],  

chlorophenol amination [9], hydroquinone amination [10, 11], iron-acid reduction of p-

nitrophenol to p-aminophenol [1, 2 ], catalytic hydrogenation of nitrobenzene to p-

aminophenol [1, 2]. Conventionally reagent based processes have been commercially 

used for the manufacture of p-aminophenol. Some of these processes are summarized 

below  

 

5.1.1. Reduction of nitrophenol: 

Conventionally p-aminophenol synthesized from p-nitropheol as a starting material.   The 

reduction of p-nitrophenol carried out using Fe-HCl (Bechamp reduction) as a reducing 

agent (Scheme 5.2), which is having several drawbacks as discussed below in section 

5.1.1.1. 

 

 

 

 

Scheme 5.2. Reduction of p-nitrophenol 

p-Nitrophenol  in turn can be obtained by nitration of phenol (Scheme 5.3) in which  

nitronium ion, NO2
+ is condisered to be an active species.  Typically, the nitronium ion is 

generated by reacting a mixture of  20% nitric acid, 60% sulfuric acid, and 20% water.  

Generally, the nitration reaction is performed under mild reaction conditions at           

278- 283 K temperature to give the product p-nitrophenol along with formation of o-

nitrophenol and 2,4-dinitrophenol [9].  
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Scheme 5.3. Nitration of phenol [9] 

p-Nitrophenol can be also sythesized by hydrolysis of p-chlorobenzene, carried out using 

8.5 % NaOH solution and heating gradually to 443 K  in an autoclave (Scheme 5.4).  The 

resulting solution is cooled and acidified to give the product with 95% of yield. 

 

 

 

 

 

 

 

Scheme 5.4. Hydrolysis of p-nitrochlorobenzene 

Since, reduction of nitro group is a crucial step in PAP synthesis, various methods of 

reduction are also briefly described here [13]. 
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• Bechamp reduction 

• Sulfide reduction 

• Catalytic hydrogenation 

 

5.1.1.1.Bechamp reduction: 

Bechamp reduction is a simple reduction system used for the large scale production of 

variety of aromatic amines. This is a very commonly used method for reducing the 

aromatic nitro compound due to its lower cost. This involves the reaction of Fe with a 

mineral acid  e.g. HCl, commonly used in the industry to produce nascent hydrogen 

(Scheme 5.5) which then reacts with an aromatic nitro compound to give the 

corresponding amine (Scheme 5.6) [14]. As can be seen from Scheme 5.5, along with the 

formation of a hydrogen, several moles of iron salts/ oxides are formed. Salts of iron 

produced from this reaction, which get converted in to iron hydroxide sludge (Scheme 

5.6). Atom economy for producing hydrogen by reagent based iron/acid route can be 

calculated as follows. 

 

    56 � �2 � 36.2	 → 127 �  � �. ���%    ……….  5.1 

 �atom economy �  ��� !"�#$ % &'() �* + ,&$ + -$�+"!)
��� !"�#$ % &'() �* #�� $ #!)#.), � 100 �  0

12345 � 100 � 0.015%6                   

                    

 

   127 � �2 � 36.2	 → 198 �  � �. ��%   ….. 5.2 

 

Scheme 5.5. Atom economy for formation of hydrogen by Fe/HCl route 

Thus, atom economy for producing 1 mol of hydrogen by Bechamp route is 0.01- 

0.015%, which is 10000 times lower than the catalytic hydrogenation (atom economy = 

100%	 method. 
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Overall atom economy for producing the p-aminophenol by Fe/HCl reduction method is 

13.33%. 

 

Atom economy 

  139 � �3 � 56	  �  72 �  438 → ��: � 88 � 107 � 73 � �;. ;;%    …. 5.3 

Scheme 5.6. Atom economy for PAP synthesis by metal/acid reduction route 

This Bechamp reduction process suffers from several disadvantages: 

• Quantity of formation of Fe-FeO sludge is very large (1.2 kg/kg of product) and 

cannot be recycled, creating a serious effluent disposal problem. 

• Fe-FeO sludge always contains the adsorbed reaction product and is difficult to 

filter and having a serious dumping problem. 

• Erosion of reactor takes place due to Fe particles. 

• Formation of side products. 

• Rate of reaction varies from batch to batch. 

• Work up of reaction crude is cumbersome. 

• Difficult to separate the final product from the reaction mass. 

 

5.1.1.2. Sulfide Reduction: 

Depending on pH, different sulfide reducing agents can be employed such as hydrogen 

sulfide, NaHS, Na2S as shown below (Scheme 5.7) [13]. 
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pH ~ 7:  3H2S + ArNO2 → ArNH2 + 2H2O +3S0 

pH < 7: 6NaHS + 4ArNO2 + H2O → 4ArNH2 + 3Na2SO3 

pH > 7: 6Na2S + ArNO2 + H2O → 4ArNH2 + 6NaOH + 3Na2SO3 

Scheme 5.7. Sulfide reduction at various pH 

This sulfur reduction process also has major drawbacks:  

• Use of stoichiometric quantities of reagents generating large amount of inorganic 

wastes 

• Toxicity and odor due to sulfur  

• Formation of sulfur-containing organic side-products 

• Formation of elemental sulfur 

 

5.1.1.3. Catalytic Hydrogenation method: 

Due to the serious problem of effluent disposal of the above reagent based reduction 

processes, stringent regulatory laws have been implemented in various countries 

including India to ban such processes.  To overcome this problem, catalytic 

hydrogenation is the best alternative for the preparation of p-aminophenol from 

nitrobenzene. The catalytic route minimizes the effluent disposal problems to a great 

extent and is also expected to improve overall economics as well as the product quality.  

The catalytic route involves hydrogenation of nitrobenzene in a single step to p-

aminophenol using supported noble metal catalysts in the presence of acid like H2SO4.  

Initial reduction of nitrobenzene to give β-phenylhydroxylamine (PHA) as an 

intermediate (Scheme 5.8) which then rearranges in situ to p-aminophenol in the presence 

of an acid (Bamberger rearrangement).  Formation of aniline (AN) is the main competing 

side reaction in this process [15-20].  Atom economy for synthesizing p-aminophenol is 

48.5/ 86 %, which is 3.6/6.5 times more than Bechamp reduction method. 
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+

Nitrobenzene PAP Aniline

H
+

PHA
 

NB � �2H0	  �  sulfuric acid → PAP � AN 

Atom economy based on sulfuric acid used for rearrangement of PHA,  

                123 � �2 � 2	  �  98 → ��: � 93 � HI. H�%               …..5.4 

Atom economy based on only H+ which is the species responsible for rearrangement of 

PHA. 

     123 � �2 � 2	  → ��: � 93 � I�. I;%                …..5.5 

Scheme 5.8. Catalytic hydrogenation of nitrobenzene to p-aminophenol 

 

5.1.1.4. Comparison of Catalytic, Bechamp and Sulfide reduction methods: 

Catalytic hydrogenation process for PAP has several unique advantages over the reagent 

based Bechamp and sulfide reduction methods. A comparison of  three processes is 

shown in Table. 5.1 [13].  
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Table 5.1. Comparison of Catalytic hydrogenation, Bechamp and Sulfide reduction 

processes for p-aminophenol [13]. 

 Catalytic 

hydrogenation 

Bechamp 

reduction  

Sulfide reduction 

Selectivity Broad scope with 
special catalytic 
systems e.g. Pt 

Restricted scope Broad scope 

Synthetic potential Broad Broad Narrow 

Combination with 

other reactions 

Possible Not possible  Not possible 

Starting material Sensitive to catalyst 
poisons 

Robust Very Robust 

Reaction medium Organic solvents and 
aqueous media 

Aqueous media Aqueous media 

Reaction conditions 10-100 % v/v 

20-150oC 

10-25 % v/v 

80-100oC 

10-40% 

30-160oC 

Reaction 

characteristics 

Heat removal  

560 kJ mol-1  

catalyst separation 

Heat removal ca 
280 kJ mol-1  

Separation of large 
amounts of solid 

Separation of 
(Soluble) oxidized 
sulfur compounds 

Reactors High pressure 
reactors and 
equipment 

Standard stirred 
tank (acid resistant) 

Standard stirred 
tank 

Safety Handling of 
hydrogen and 
pyrophoric catalysts   

Accumulation of 
thermally unstable 
intermediates 

Formation of 
hydrogen possible 

Formation of H2S  

Ecology Environmentally 
friendly  

No critical wastes 

Disposal of Fe 
sludge  

Large amounts of  
waste water 

Large amounts of 
waste water 

 

As can be seen from the Table 5.1, the catalytic hydrogenation method is the most 

adaptable, effective, economical and ecological method for the reduction of aromatic 
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nitro compound for which several types of heterogeneous catalysts involving 

supported/bulk transition metals are being used.   

5.1.2. Literature survey: 

Synthesis of PAP was first reported by Bassford involving two steps,  (i) initial reduction 

of nitrobenzene using Zn metal in aqueous ammonium chloride solution under stirring by 

maintaining < 298 K.  After the reaction, zinc oxide was removed by filtration and 

washed with warm water.  Further the filtrate was placed in a saturated mixture of ice-salt 

mixture and cooled to 273 K. After an hour yellow crystals of phenylhydroxylamine were 

separated by filtration at inert atmosphere [21-23]. (ii) rearrangement to 

phenylhydroxylamine to PAP. Thereafter, the first catalytic hydrogenation route for PAP 

using PtO2 catalyst in presence of sulfuric acid was reported by Henke and Vaughen in 

1940 [24].  Benner has reported Pt/C catalyst for hydrogenation of nitrobenzene to p-

aminophenol where in interruption of the hydrogenation step before all nitrobenzene was 

consumed, helps in the suspension of the catalyst in the nitrobenzene layer [25].  

However in such case, conversion of nitrobenzene was always less than 75% and purity 

of recovered PAP was also affected to some extent. Caskey and Chapman has suggested 

the low temperature hydrogenation in presence of modified catalyst system containing 

sulfur compound and the rearrangement step in a separate vessel [4]. Greco reported the 

use of powdered molybdenum sulfide on carbon [26], while,  Dunn has reported platinum 

on γ-alumina catalyst for the hydrogenation of nitrobenzene to PAP [3].  Recently, Rode 

et al. reported nickel based supported mono or bimetallic Ni-Pt catalysts for 

hydrogenation of nitrobenzene to p-aminophenol in an acidic medium with 55 % 

selectivity towards the p-aminophenol [27].  Majority of the literature on catalytic 

hydrogenation reaction of nitrobenzene to p-aminophenol, report the use of Pt/C catalyst 

due to its highest activity and selectivity towards the p-aminophenol (Table 5.2). Some of 

the other catalysts reported are MoS [26], Rh [28, 29], WC [30], Ru [29, 31, 32], Ni [33-

36] etc.   

Acid rearrangement of intermediate phenylhydroxylamine to p- aminophenol is a key 

step, usually facilitated in presence of a mineral acid.  Bean observed that sulfuric acid is 

more effective than other acids to get higher yields of the corresponding aminophenol 
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[37].   Enhancement in activity and selectivity of p-aminophenol was studied by Lee et al. 

He observed that addition of the sulfuric acid with other organic acids for the acid 

rearrangement step helps to increase the selectivity to p-aminophenol [25]. Among 

various organic acid such as acetic , formic, trichloroacetic and methanesulfonic, he 

found that formic acid along with sulfuric acid gives the highest selectivity (83.3%) 

towards the p-aminophenol.  Rylander et al. disclosed a process of hydrogenation of 

nitrobenzene to p-aminophenol in an acidic medium and platinum oxide catalyst in 

presence of dimethyl sulfoxide [38].  A solid acid catalyst like ion exchange resin is also 

reported for hydrogenation of nitrobenzene to PAP by Rode et al. wherein, maximum 

selectivity to PAP obtained was 17% [39].  

Surfactants such as quaternary ammonium salts (dodecyltrimethyl ammonium chloride, 

octadecyl trimethyl ammonium chloride) and non quaternary ammonium compounds 

(triethylamine sulfate, tributylamine sulfate etc.) also play an important role in the 

hydrogenation of nitrobenzene to p-aminophenol, and to improve the yield of p-

aminophenol [40, 41].  Spiegler observed that the quaternary ammonium salts are better 

than non-quaternary compounds [40,41] . Brown et al.  used non-ionic surfactants such as  

polyethers, polyols [42].  Sathe reported the maximum yield (98%) of p-aminophenol 

using dimethyldodecylamine as a surfactant [5].  

Though, several variations in catalysts and processes for hydrogenation of nitrobenzene 

to PAP have been reported so far, there is still scope for an improved process for PAP 

with respect to enhanced selectivity and recovery of PAP.  

 

Table 5.2. Literature summary on nitrobenzene to p-aminophenol 

Sr. 

No. 
Catalyst Reaction conditions Conversion, 

% 
Selectivity, 

% 
Ref.  

1. Zn-NH4Cl T=323 K; PH2=0.1MPa; 

water, Rearrangement in 

separate vessel using H2SO4 

50 

 

64 21 

2. Al flakes T=353 K; PH2=0.1 MPa; 

water: H2SO4 

100 75 37 
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3. PtO2 T=373 K; PH2= 3.44 MPa; 

water: H2SO4 

90 57 30 

 PtO2 T=373 K; PH2= 3.44 MPa; 

water:HCl 

90 67  

 MoS T=423 K; PH2= 3.44 MPa; 

water: H2SO4 

70 53  

4. 0.3%Pt/C T=388 K; PH2= 3.44 MPa; 

water: H2SO4 Octadecyl 

trimethyl ammonium 

chloride (surfactant) 

100 

 

83 40 

5. 1% Pt/C, T=358 K; PH2= 0.1 MPa; 

water: H2SO4 

100 79 41 

6. MosS,  

 

Pt-S/C,  

T=428 K; PH2= 2.06 MPa; 

water:H2SO4. 

T=408 K; PH2= 1.41 MPa; 

water H2SO4 

100 78 26 

7. Pt/γ-Al2O3, T=360 K; PH2= 0.1 MPa; 

water: H2SO4; Dodecyl 

trimethyl ammonium 

chloride (surfactant) 

80 

 

85 3 

8. 1%Pt/C T=353 K; water: H2SO4; 

RSo3H, R=alkyl, alkylphenyl 

acids added 

41 

 

82 43 

9. 1% Pt/C,  T=353 K; PH2=0.1 MPa; 

water :H2SO4 

Dimethylalkylamine sulfate 

80 73 5 

10. 3%Pt/C,  T=358 K; PH2= 0.1 MPa; 

water:H2SO4 ; 

dimethylalkylamine oxide 

(surfactant) 

57.1 80 44 

11. PtO2/ T=298 K; PH2=0.1 MPa; 

water:H2SO4; DMSO added 

100 56 38 

12. 5%Rh/C 

+RhCl3 , 

T=363 K; PH2=2.04 MPa; 

water:H2SO4 

88 85 45 

13. 3%Pt/C,  T=358K; PH2=0.1 MPa; 88 73 25 
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water:H2SO4 

14. 3%Pt/C,  T=358 K; PH2=0.1 MPa; 

methanol: H2SO4 ;diethyl 

sulphide added 

75 79 4 

15. 1%Pd/Pt/C

, γ-alumina 

T=333 K; PH2=0.344 MPa; 

water :different acids are 

used like formic acid, acetic 

acid etc. 

99 83 46 

16. 2%Pt-

Ru/C 

(Pt/Ru=5),  

T=368 K; PH2=0.202 MPa; 

water:H2SO4 ; 

dodecyltrimethyl ammonium 

bromide 

100 86 32 

17. Pt.Pd.Rh 

and Ru 

T=353 K; PH2=0.303-0.709 

MPa; water 

100 Pt=70 

Pd=20, 

47 

18. WC 

(Tungstate 

carbide) 

PH2=0.202 MPa; Ethanol 99 

 

80, without 

EtOH sel: 

58.5 

30 

19. 5% Pt/C,  T=373 K; PH2=0.1 MPa; 

water:H2SO4 

80 83 48 

20. Pt/CMK-1 T= 353 K; PH2= 0.1 MPa 67 84 in 4 hrs 49 

21. 1 to 5% 

Pt/CMK-1  

T= 353 K; PH2= 0.1 MPa; 

H2SO4; DMSO (N,N-

dimethyl-n-dodecylamine) 

53 88 50 

22. Solid acid 

catalyst 

T= 353 K (PHA) = 100 PHA to 

PAP, 100 

51 

23. Pt-PSZ T= 423 K; PH2= 0.405 MPa (PHA)= 100 PHA to 

PAP, 43.4 

52 

24. Pt/C, PTA T= 363 K; PH2=0.1 MPa 70-75 88 53 

25. Pt/C T= 353 K; PH2= 2.73 MPa 100 75 54 

26. Pt/C T= 353 K; PH2=2.73 MPa 100 88 55 

27. 1%Pt-S/C,  T= 353 K; PH2= 3.74  MPa 97 14 56 
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ion exchange resin 

28. 10% Ni/C T= 393 K; PH2= 2.73 MPa 14 14 27 

 10% 

Ni/SiO2 

T= 393 K; PH2= 2.7 MPa 30 11  

 10%Ni/ZS

M-5 

T= 393 K; PH2= 2.7 MPa 45 45  

 10%Ni-

1%Pt/ZSM

-5 

T= 393 K; PH2= 2.7 MPa 93 63  

29. Polymer 
supported 
Pd mono 
and Pd- Fe,  
Co, Ni, 
Cu, Ru, 
Zr-HCl, Ti, 
Yb, La, V, 
Sn  

T= 357 K; PH2= 0.1MPa; 
H2SO4;DMSO 

Thiomaleic acid 

Ethyl sulfide 

2-Mercaptopyrimidine 

 

32.9 

33.6 

40.6 

90.7 

 

66.8 

36.9 

49.1 

64.6 

57 

30. Acid ionic 
liquid 
(N,N,N-
trimethyl-
N-
sulfobutyl 
ammonium 
hydrogen 
sulfate 

 100 92 58 

31. Pt/HZSM-

5 

T = 523 K  40 45 59 

32. Pt/C T= 353 K; PH2= 0.069 MPa; 
H2SO4; Ethomeen TM C/12 
& docecyldimethyl   

78 75 34 
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5.1.3. Objectives: 

The process of p-aminophenol from nitrobenzene involves two-step reaction carried out 

in a single reactor. Initial reduction of nitrobenzene gives phenylhydroxylamine (PHA) as 

an intermediate, which undergoes a Bamberger rearrangement in presence of an aqueous 

acid to give PAP. (Scheme 5.8).  Formation of aniline via further hydrogenation to PHA 

is a major competing reaction affecting the selectivity to PAP. In order to achieve the 

highest selectivity to PAP, the suppression of the competing hydrogenation of PHA to 

aniline is highly desirable.  The main objectives of the present work was to study these 

two reaction steps separately viz. (i) partial hydrogenation of NB to PHA, and (ii) 

rearrangement of PHA to PAP.  For this purpose, hydrogenation of NB to PHA was 

carried out under very mild temperature (303 K) and pressure (pH2, 0.68-4.1 MPa) 

conditions and its acid rearrangement to PAP was observed at elevated temperature (353 

K), both in presence of hydrogen and in an inert atmosphere ( argon ) under atmospheric 

pressure conditions.  Another aim of this work was also to improve the process for a 

single step preparation of p-aminophenol from nitrobenzene and device a strategy for 

workup of the reaction crude in order to recover practically all the p-aminophenol from 

the reaction crude.  

5.2. Experimental details: 

5.2.1. Catalyst preparation: 

Details of preparation of Pt/C catalyst are described in chapter II section 2.2.2.   

 

5.2.2. Catalyst activity testing: 

The experimental batch setup used for the hydrogenation reaction and the experimental 

procedure is described in section 2.4.2. 

 

5.2.3. Catalyst Characterization: 

The details of catalyst characterization are described in section 2.3. 
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5.2.4. Analytical technique

The quantitative analysis of liquid samples was

of which are described in section 2.5.

separation of reactants and products in the hydrogenation of nitrobenzene to PAP is 

shown in Figure 5.2. 

Figure 5.2.  

The results of the work done on nitrobenzene 

two parts: (i) studies on role of process parameters on enhancement of selectivity to PHA, 

which is an intermediate of first step hydrogenation of NB. (ii) studies on role of process 

parameters on conversion of NB a

process for PAP. First, the catalyst characterization re

common for both NB to PHA and direct PAP synthesis form NB

 

 

 

 

 

                                             Hydrogenation of nitrobenzene to p

. Analytical technique: 

analysis of liquid samples was carried out by HPLC method

are described in section 2.5. A typical HPLC chromatogram showing the 

separation of reactants and products in the hydrogenation of nitrobenzene to PAP is 

  HPLC chromatograph for reactant and product

The results of the work done on nitrobenzene hydrogenation to PAP process consists of 

two parts: (i) studies on role of process parameters on enhancement of selectivity to PHA, 

which is an intermediate of first step hydrogenation of NB. (ii) studies on role of process 

parameters on conversion of NB and PAP selectivity in a single step hydrogenation 

the catalyst characterization results are discussed, since these

common for both NB to PHA and direct PAP synthesis form NB. 
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method, the details 

A typical HPLC chromatogram showing the 

separation of reactants and products in the hydrogenation of nitrobenzene to PAP is 

 

chromatograph for reactant and product 

hydrogenation to PAP process consists of 

two parts: (i) studies on role of process parameters on enhancement of selectivity to PHA, 

which is an intermediate of first step hydrogenation of NB. (ii) studies on role of process 

nd PAP selectivity in a single step hydrogenation 

sults are discussed, since these are 
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5.3. Results and discussion: 

Various samples of Pt/C catalysts were prepared by varying Pt loading from 1 to 5 %. 

The characterization details are discussed below. 

5.3.1. Catalyst Characterization: 

5.3.1.1. BET surface area:  

The BET surface area of activated carbon and Pt/C with Pt loading varying from 1 to 5% 

was evaluated from nitrogen adsorption isotherm recorded at 77K. As can be seen from 

Table 5.3, the surface area of carbon was found to be 1100 m2/g, which decreased 

consistently from 1100 to 482 m2/g with increase in Pt loading from 1 to 5% Pt metal 

loading on the surface of the carbon.   The decrease in SBET values suggests that Pt 

species were dispersed on the support [60].   

 

Table.5.3. BET surface area of 1 to 5% Pt/C catalysts 

Pt Metal Loading, % Surface area, m
2
/g 

0 1100 

1 703 

2 656 

3 620 

5 482 

 

5.3.1.2. XRD study: 

The Powder XRD patterns of Pt/C with 1-5% metal loadings are shown in Figure 5.3. 

The reflection peaks 2θ at 39o, 46o and 68o are based on 111, 200, 220 reflection peaks 

for metallic platinum, represent the typical character of crystalline Pt Face centered cubic 

(fcc) lattice structure [61].  The X-ray diffraction (Figure 5.3) study clearly showed that 

as metal loading increased, the crystallanity of platinum metal also increased [62].  The 

diffraction peaks for 1 and 2% Pt/C catalysts are much broader than those for the 3 and 

5% Pt/C catalysts, which indicates that the 1% and 2% Pt/C catalyst samples have 

smaller particle sizes.  The peak broadening increases as the particle size decreases, 
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which is predicted by Scherrer’s equation [63].   Based on Scherrer formula, the particle 

sizes of the catalysts having Pt loading from 1 to 5% Pt were found to be 8.6, 8.9, 10.5 

and 13.06 nm respectively. The diffraction peaks at 2θ of 43o is observed in XRD 

patterns for the Pt/C catalyst because the graphitic carbon is the supporting material. 

.
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Figure 5.3. XRD pattern of 1 to 5% Pt/C catalysts 

5.3.1.3. TPR studies: 

Extent of reducibility of different Pt/C catalyst was obtained by temperature programmed 

reduction method, which  also gives the information about unreduced Pt species present 

in the catalyst.  TPR profiles of Pt/C catalyst with Pt loading varying from 1 to 5 % , 

obtained in a range of 303 K to 773 K are shown in Figure 5.4.   The TPR profiles of Pt/C 

catalysts showed a broad reduction profile extending from 363 K to 673 K.  Except 1% 

Pt/C sample, the TPR profiles of all other samples showed two major peaks, (i) at 363 K 

and (ii) a broad   peak at 513-523 K.  The broadening suggests the presence of several Pt 

species.  The TPR peak appeared at 363 K was due to the reduction of a surface species   
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PtO [64-65].  The peak appeared at 523 K was attributed to the reduction of Pt+4 species 

[66].  For 5% Pt/C sample two additional peaks were observed near 403 and 445 K 

indicating presence of some other superficial platinum species. Among all these samples, 

only 3% Pt/C showed maximum reduction (14.5 % of Pt+2 and 85.5 % of Pt+4) which was 

also in accordance with its activity results (70% selectivity to PHA). Hence, further 

characterization of only 3% Pt/C sample was carried out. 
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Figure 5.4. TPR profile of 1 to 5% Pt/C catalysts 

5.3.1.4. SEM and EDX study for 3% Pt/C catalyst: 

Figure 5.5 shows the SEM of 3% Pt/C catalyst in which Pt metal particles being  

uniformly dispersed onto the carbon surface.  The external morphology of the Pt metal 

particles was found to irregular.  Figure 5.6 shows the EDX spectrum of a 3% Pt/C 

catalyst confirming the presence of Pt, oxygen and carbon without any impurity.  
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Figure 5.5. SEM image for the 3% Pt/C catalyst 
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5.3.1.5. XPS study for 3% Pt/C catalyst

Figure 5.7 presents the XPS 

shows Pt is in different states. The most intense doublet for Pt4f

74.7 eV) is due to metallic Pt. The second set of doublets for Pt4f

76.7 eV) could be assigned to the Pt (II) chemical state as PtO 

doublet of Pt is the weakest in intensity, and

and Pt4f5/2 (75.5 and 78.8 eV) 

of the Pt/C catalyst is fitted with two pairs of overlapping Gaussian curves. The 

percentage of the Pt metal species are 

and XPS data suggest that 49.7% of the Pt 4f

present as divalent Pt-oxide (PtO) and remaining 18.8% of the Pt is also present in a 

higher oxidation state, expected as

catalyst did not show the presence of Cl

chloroplatinic acid during the catalyst preparation.

                                             Hydrogenation of nitrobenzene to p

Figure 5.6. EDX of 3% Pt/C catalyst 

for 3% Pt/C catalyst: 

XPS  of  3% Pt/C catalyst in which Pt4f spectrum of the catalyst 

shows Pt is in different states. The most intense doublet for Pt4f7/2 and Pt4f

74.7 eV) is due to metallic Pt. The second set of doublets for Pt4f7/2 and Pt4f

76.7 eV) could be assigned to the Pt (II) chemical state as PtO or Pt(OH)

doublet of Pt is the weakest in intensity, and occurred due to binding energies 

(75.5 and 78.8 eV) which could be assigned to the Pt (IV). The Pt4

is fitted with two pairs of overlapping Gaussian curves. The 

percentage of the Pt metal species are calculated from the relative areas of these peaks 

and XPS data suggest that 49.7% of the Pt 4f7/2 is present as Pt metal, and 31.5% is 

oxide (PtO) and remaining 18.8% of the Pt is also present in a 

higher oxidation state, expected as platinum-dioxide (PtO2) [69].  XPS 

did not show the presence of Cl- peak, which ensured the complete 

chloroplatinic acid during the catalyst preparation. 
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spectrum of the catalyst 

and Pt4f5/2 (71.4 and 

and Pt4f5/2 (73.4 and 

r Pt(OH)2 [67-68].  Third 

occurred due to binding energies of  Pt4f7/2 

could be assigned to the Pt (IV). The Pt4f spectrum 

is fitted with two pairs of overlapping Gaussian curves. The 

calculated from the relative areas of these peaks 

is present as Pt metal, and 31.5% is 

oxide (PtO) and remaining 18.8% of the Pt is also present in a 

].  XPS of our 3% Pt/C 

the complete conversion of 
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Figure 5.7. XPS spectra for 3% Pt/C catalyst 

5.3.2. Nitrobenzene hydrogenation to PHA followed by its rearrangement to PAP: 

Since, PHA is an intermediate, which undergoes an acid catalyzed rearrangement to give 

PAP, systematic study of effect of various reaction parameters on the first step of 

hydrogenation of nitrobenzene to PHA, was carried out.  For this purpose, % conversion 

of nitrobenzene, selectivity to various products vs. time data was obtained.  A summery 

of these results is discussed below. 

 

Catalytic hydrogenation of NB to PAP involves a four phase system: an organic phase of 

nitrobenzene, an aqueous phase of dilute sulfuric acid, a solid catalyst and hydrogen as a 

gas phase as shown in Figure 5.10.  It was observed that the Pt/C catalyst remained 

within the nitrobenzene (organic layer) interface in the form of droplets.  When reaction 

proceeds, the phenylhydroxylamine migrates out into the aqueous sulfuric acid phase and 

Bamberger rearrangement takesplace to get the p-aminophenol.  As nitrobenzene 
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conversion increases, the size of the nitrobenzene layer which is in the form of globule  

decreases; however catalyst concentration remains same in the organic layer. The catalyst 

rich environment was observed after increase in nitrobenzene conversion.  PHA formed 

in this catalyst rich environment immediately undergoes further hydrogenation to gives 

aniline.  This may be one of the reasons for decrease in the PAP selectivity with increase 

in the conversion of nitrobenzene.  

 

 

Figure 5.8. PAP four phase system 

5.3.2.1. Effect of temperature: 

Figure 5.9 shows a typical conversion, selectivity vs. time profile for the partial 

hydrogenation of nitrobenzene to PHA at 303 K and 0.68 MPa H2 pressure in a biphasic 

mixture consisting of nitrobenzene and aqueous sulfuric acid. The analysis of samples 

taken from time to time, showed that only PAP, PHA, and aniline were formed during the 

course of hydrogenation reaction.  As can be seen from this Figure, at the end of first 
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hour of the reaction,  PHA selectivity as high as 95% was obtained with nitrobenzene 

conversion of >35% after first hour reaction.  As the reaction proceeded, almost complete 

conversion of nitrobenzene was obtained after ~3 h however, appreciable amount of 

aniline started forming while PAP formation was < 1%.  As nitrobenzene conversion was 

> 97% after 6 h, for acid rearrangement reaction temperature was increased to 353 K.  

Before increasing the temperature hydrogen pressure was released in order to prevent 

aniline formation and to promote the higher PAP selectivity.  As soon as reaction 

temperature increased, PHA selectivity dropped down abruptly to give PAP indicating 

that the Bamberger rearrangement is facilitated at higher temperature.  
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Figure 5.9. Conversion, selectivity vs. time profile 

Reaction conditions: nitrobenzene,0.0813 mol; temperature, 303K; hydrogen pressure,  

                                0.69MPa; acid,10 g; water,84 g; 3%Pt/C, 0.035g; agitation 

                                speed, 1000 rpm 
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Figure 5.10 shows the nitrobenzene conversion and PHA/Aniline ratio vs. time profile at 

303 K.  During first hour of the reaction and up to 40% conversion of nitrobenzene, 

PHA/AN ratio was as high as 22 however, as nitrobenzene conversion was > 95% after 2 

h. PHA/AN ratio dropped down to ~3 and remained almost constant at this value.  Thus, 

over the period of time, further hydrogenation of PHA to aniline was much more 

dominant reaction than the rearrangement of PHA to PAP. 
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Figure 5.10. Effect on PHA/AN ratio 

Reaction conditions: nitrobenzene,0.0813 mol; temperature, 303 K; hydrogen pressure,  

                               0.69MPa; 3%Pt/C, 0.035g; acid,10 g; water,84 g; agitation speed, 

                               1000 rpm. 
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5.3.2.2. Effect of hydrogen pressure

Since, the first step involves hydrogenation of nitrobenzene to PHA, the effect of 

hydrogenation pressure on catalyst activity and selectivity to both PHA and aniline was 

also studied at 303 K and the results are shown in 

from 0.69 to 4.1 MPa (six fold),

103 h-1, while the selectivity to PHA decreased 

increase in hydrogen pressure, higher concentration of surface hydrogen becomes 

available on the platinum 

hydrogenation to aniline  

 

Figure

Reaction conditions:  nitrobenzene,0.0813

                                 3%Pt/C, 0.035

                                 TOF, 10
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Effect of hydrogen pressure: 

first step involves hydrogenation of nitrobenzene to PHA, the effect of 

hydrogenation pressure on catalyst activity and selectivity to both PHA and aniline was 

also studied at 303 K and the results are shown in Figure 5.11.  As H2 pressure increased 

from 0.69 to 4.1 MPa (six fold), TOF also increased linearly from 2.4 x 10

electivity to PHA decreased marginally from 70 to

pressure, higher concentration of surface hydrogen becomes 

platinum surface leading to higher TOF as well as accelerating PHA 

hydrogenation to aniline   hence, selectivity to aniline increased from 27 to 29

Figure 5.11. Effect of pressure on PHA selectivity 

itrobenzene,0.0813 mol;  temperature, 303 K;  acid,10 g;

3%Pt/C, 0.035g; water,84 g; agitation speed, 1000 rpm; 

TOF, 103 hr-1 
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first step involves hydrogenation of nitrobenzene to PHA, the effect of 

hydrogenation pressure on catalyst activity and selectivity to both PHA and aniline was 

pressure increased 

TOF also increased linearly from 2.4 x 103 to 12.25 x 

to 63%.  Due to 

pressure, higher concentration of surface hydrogen becomes 

leading to higher TOF as well as accelerating PHA 

ased from 27 to 29%.  

 

acid,10 g; 

agitation speed, 1000 rpm;  

Aniline Selectivity, %

PHA selectivity, %
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5.3.2.3. Effect of acid concentration: 

Although, the first step involves hydrogenation of nitrobenzene to PHA, this 

hydrogenation has to be carried out in presence of an aqueous acid otherwise, only 

aniline formation was observed in absence of acid even at 303 K.  Hence, it was 

necessary to study the effect of acid concentration on the selectivity to PHA.  This study 

was carried out by varying the acid concentration in a range of 5-15% w/w, keeping other 

reaction conditions constant, and the results are shown in Figure 5.12.  The conversion of 

nitrobenzene remained almost constant ( > 99%) while the selectivity to PHA increased 

from 30 to 70% with increase in acid concentration from 5-10%.  At higher acid 

concentration of 15%, rearrangement of PHA to PAP was initiated even at lower 

temperature of 303 K hence lowering the PHA selectivity from 72 to 66%.  Thus, acid 

concentration of 10% w/w was found to be the optimum for the highest selectivity of 

PHA. 
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Figure 5.12. Effect of acid concentration on PHA selectivity 

Reaction conditions:  nitrobenzene,0.0813 mol; temperature, 303 K; hydrogen pressure, 

                                 0.69 MPa; 3% Pt/C, 0.035 g; water,84 g; agitation speed, 

                                1000 rpm 

 

5.3.2.4. Effect of nitrobenzene concentration: 

Typical results of the effect of initial concentration of nitrobenzene in the range of 0.04 to 

0.12 mol on conversion and selectivity pattern are shown in Figure 5.13.  Marginal 

lowering in nitrobenzene conversion from (99 to 97%) was observed with increased in 

nitrobenzene concentration 0.04 to 0.12 mol.  Selectivity to PHA remained almost 

constant at ~ 72% up to nitrobenzene concentration of 0.08 moles while it decreased to 

50% with further increase in nitrobenzene concentration to 0.12 mol.  
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Figure 5.13. Effect of substrate concentration 

Reaction conditions:  temperature, 303 K; hydrogen  pressure, 0.69 MPa; 3% Pt/C, 

                                 0.035 g;  acid, 10 g;water,84 g; agitation speed, 1000 rpm 

 

Once PHA is formed as a result of first step hydrogenation of nitrobenzene, its further 

rearrangement to give PAP doesn’t require hydrogen hence, it was thought appropriate to 

compare the PAP selectivity under an inert atmosphere with that under H2 atmosphere. 

5.3.2.5. PHA to PAP rearrangement under inert atmosphere: 

It was found that under inert atmosphere, PAP selectivity achieved was 77% (Figure 

5.14) along with formation of  23% aniline while under H2 atmosphere, selectivity to 

PAP lowered to 74% (Figure 5.15) due to higher amount of aniline formed.  Since, the 

first step essentially involves hydrogenation of nitrobenzene to PHA, further 
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hydrogenation of PHA to aniline also gets initiated which could only be controlled by 

keeping the lower temperature of 303 K. 
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Figure 5.14. Bamberger rearrangement facilitated under inert atmosphere 

Reaction conditions:  nitrobenzene,0.0813 mol;  acid,10 g;water,84 g; 3% Pt/C, 0.035  

                                   g; temperature, 303K; hydrogen pressure, 0.69MPa; agitation 

                                   speed, 1000 rpm. 

 

5.3.2.6. Effect of hydrogen pressure on PAP selectivity: 

Figure 5.15 shows the effect of H2 pressure on the PAP selectivity during the 

rearrangement of PHA at 353 K.  PAP selectivity decreased from 74 to 57% with 

increase in H2 pressure from 0.69 to 4.1 MPa, due to a competitive hydrogenation of 

PHA to aniline reaction at 353 K.  This clearly shows that the selectivity to PAP as high 

as 74% can be achieved if the reactor is depressurized after the first hydrogenation step 

carried out at 303 k and the next step Bamberger rearrangement is continued under H2 

atmosphere by enhancing the temperature to 353 K.  
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Figure 5.15

Reaction conditions: nitrobenzene,0.0813

                                acid, 

 

5.3.2.7. Effect of metal loading:

Effect of platinum loading on 

Pt metal loading on carbon support 

Figure 5.16.  For all the metal loading

> 99% while the selectivity to PHA increased from 55 to 70% wi

loading from 1 to 3%, with further increase in metal loading upto 

dropped down to 65% .  O

also increased from 0.27 to 5.8 x 10

70% selectivity to PHA.  
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5. Effect of hydrogen pressure on PAP selectivity

itrobenzene,0.0813 mol;  temperature, 353 K; 3%Pt/C, 0.035

 10 g; water, 84 g; agitation speed, 1000 rpm. 

Effect of metal loading: 

ffect of platinum loading on activity and selectivity pattern was studied

on carbon support in a range of 1 to 5% and the results are shown in 

.  For all the metal loadings, conversion of nitrobenzene remained constant

while the selectivity to PHA increased from 55 to 70% with increase in metal 

with further increase in metal loading upto  5%, selectivity 

On other hand, it was found that as metal loading increased

0.27 to 5.8 x 103 h-1.  Here 3% Pt/C showed the optimum results
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pressure on PAP selectivity 

3%Pt/C, 0.035 g; 

activity and selectivity pattern was studied by varying the 

the results are shown in 

conversion of nitrobenzene remained constant i.e. 

th increase in metal 

selectivity to PHA 

it was found that as metal loading increased, TOF 

showed the optimum results i.e. 

Aniline
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Figure 5.16. Effect of metal loading on PHA selectivity, dispersion and TOF 

Reaction conditions:  nitrobenzene,0.0813 mol; temperature,  303 K; hydrogen pressure,   

                                    0.69 MPa; Pt/C, 0.035 g; acid,10 g; water, 84 g; agitation  

                                   speed, 1000 rpm. 

 

Metal loading influences the metal dispersion on the support (carbon in this case), hence 

the catalysts with varying Pt loading in this work, were characterized by pulse titration 

method. This method involves the  adsorption of the H2 gas (used as titrate gas) on the 

surface of metal atom. As can be seen from Figure 5.16, the highest (74%) metal 

dispersion was obtained for 1% Pt loading which started decreasing gradually to 69% 

with increase in metal loading from 1 to 3%, further metal dispersion substantially 

decreased to 51% for the higher Pt loading, 5%.  X-ray diffraction study for 1 to 5% Pt/C 

catalyst showed particle size increases from 8.6 to 13 nm with increasing metal loading.  
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The reason for decrease in dispersion is due to increase in particle size of Pt with increase 

in metal loading.   

5.3.2.8. Effect of catalyst loading: 

Effect of catalyst loading on selectivity to PHA was studied in the rage of  0.02 g to   

0.105 g by keeping other reaction parameters constant for 3% Pt/C catalyst and the 

results are shown in Figure 5.17.  It was found that at lower catalyst loading (0.02 g) the 

selectivity towards the PHA was 72% and as catalyst loading increased from 0.035 to 

0.105 the selectivity towards PHA decreased from 70 to 60%.  
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Figure 5.17. Effect of catalyst loading on PHA selectivity 

Reaction conditions:  nitrobenzene,0.0813 mol;  temperature,  303 K; catalyst.3% 

                                   Pt/C; hydrogen pressure,  0.69 MPa; acid,10 g;water,84 g; 

                                   agitation speed, 1000 rpm;   
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5.3.3. Single step synthesis of p-aminophenol from nitrobenzene: 

This is a commercially practiced process for PAP, in which insitu rearrangement of PHA 

takesplace since the hydrogenation is carried out in presence of a mineral acid at an 

uniform temperature of 358 K. 

Some initial experiments on single step preparation of p-aminophenol via hydrogenation 

of nitrobenzene showed that the material balance of reactants (H2 and nitrobenzene) 

consumed and product (PAP [2 mol of H2] + aniline [3 mol of H2]) formed agreed to the 

extent of 97-98% as per the stoichiometry shown in Scheme 5.8.  It was also observed 

that the reaction in absence of acid gives only aniline as a major product.  Further work 

on the effect of various process parameters were studied over 3% Pt/C catalyst in the 

presence of aqueous sulfuric acid at 353 K and 2.41 MPa hydrogen pressure.  In each 

experiment, almost complete conversion of nitrobenzene was observed.  After completion 

of reaction, the product was recovered by the following work procedure. 

• The resultant reaction crude product was removed from the autoclave and the 

solid catalyst was separated by filtration in hot condition  

• The pH of the filtrate was adjusted to 4 by addition of aqueous ammonia to 

remove the aniline from the reaction crude. 

• After attaining the pH 4, the filtrate was extracted with toluene (30mL) two to 

three times to remove the byproduct aniline and traces of any unconverted 

nitrobenzene.  

• The pH of the aqueous layer after extraction was adjusted to 8 by the addition of 

aqueous ammonia leading to the complete precipitation of solid PAP.   

• The solid PAP was filtered under vacuum and washed with toluene and distilled 

water twice, vacuum-dried and weighed.   

This process was developed at NCL and the effect of some of the process parameters as 

well as kinetics was well studied in our group previously.  These results have been 

already published [26, 54-56]. However, in continuation of our efforts to improve this 
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process further, the study of some parameters, critical from scale up point of view was 

under taken and these results are summarized below. 

5.3.3.1. Effect of metal loading:  

Effect of metal loading on TOF and isolated yields of PAP and aniline was carried out by 

varying the metal loading in a range of 1 to 5% and by keeping other conditions constant 

: nitrobenzene concentration of  0.1951 mol; acid  13 g; hydrogen pressure of 2.41 MPa, 

and temperature of 353 K and the results are shown in Figure 5.18.  For all metal 

loadings almost complete conversion of nitrobenzene was observed.  While isolated yield 

of PAP increased from 37 to 56% with increase in metal loading from 1 to 3%, at higher 

metal loading of  5%,  isolated yield of PAP showed a marginal increase to 57%.  It was 

also observed that as metal loading was increased from 1 to 5%,  the catalyst activity 

(TOF) also increased linearly from  0.4141 to 13.93 x 104  h-1 upto  3% metal loading 

beyond which it remained almost constant.  

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Effect of metal loading on PAP selectivity 

Reaction conditions:  nitrobenzene,0.1950 mol;  temperature, 353 K; hydrogen pressure;  

                                   2.41 MPa; acid,13 g; water,71 g; agitation speed, 1000 rpm. 
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 5.3.3.2. Effect of acid concentration:  

Effect of acid concentration on isolated yield of PAP and aniline was carried out by 

varying the acid concentration from 12 to 22 g while keeping the other reaction 

conditions constant and the results are shown in Figure 5.19.  Increase in acid 

concentration from 12 to 22 g leads to substantial increase in PAP isolated yield from 51 

to 63%, with simultaneous decrease in aniline yield. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. Effect of acid concentration 

Reaction conditions:  nitrobenzene, 0.1950 mol; temperature, 353 K; hydrogen pressure;  

                                   2.41 MPa water, 71 g; 3% Pt/C: 0.035 g; agitation speed, 1000 rpm.  

                                     

5.3.3.3. Improved modified procedure for recovery of PAP: 

In order to improve the recovery of PAP in hand, the work up procedure was modified 

which involved a single step neutralization procedure. The modified work up procedure 

is given below (Figure 5.20). 
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Figure 5.20

• After separation of the solid catalyst

filtrate (A) was kept in 

neutralized by slow addition of ammonia up to pH 8 by maintaining

temperature of 5-

neutralization.  

• The solid cake of 

toluene (3 x 30 mL) to remove aniline adhering to the solid PAP 

solid PAP was vacuum dried and weighed. 

The lower temperature and single step neutralizing procedure favors the 

precipitation and decrease the solubility of PAP in 

increase the isolated yield

In all the experiments carried out to study the effect of process parameters, the modified 

single step neutralization work up p

below. 

 

                                             Hydrogenation of nitrobenzene to p

Figure 5.20. Imporved process for PAP 

After separation of the solid catalyst by filtration under vacuum,

was kept in an ice bath and allowed to cool to 5-8 oC

neutralized by slow addition of ammonia up to pH 8 by maintaining

-8oC (B).  Formation of the solid PAP was observed during the 

 crude PAP was filtered (C) under vacuum and washed with cold 

toluene (3 x 30 mL) to remove aniline adhering to the solid PAP (D)

PAP was vacuum dried and weighed.  

The lower temperature and single step neutralizing procedure favors the 

precipitation and decrease the solubility of PAP in the aqueous layer

increase the isolated yield.  

In all the experiments carried out to study the effect of process parameters, the modified 

single step neutralization work up procedure was followed and the results are discussed 
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under vacuum, the resultant 

C, which was then 

neutralized by slow addition of ammonia up to pH 8 by maintaining the 

was observed during the 

and washed with cold 

(D), further the 

The lower temperature and single step neutralizing procedure favors the formation of 

aqueous layer, which leads to 

In all the experiments carried out to study the effect of process parameters, the modified 

rocedure was followed and the results are discussed 
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5.3.3.4. Effect of catalyst loading: 

The effect of catalyst loading of 3% Pt/C on nitrobenzene conversion and PAP isolated 

yield is shown in Figure 5.21 by keeping other conditions constant: acid concentration, 

substrate concentration, temperature and hydrogen pressure.  It was observed that with 

increase in catalyst loading from 0.035 g to 0.048 g, the isolated yield of PAP also 

increased from 68.5 to 73.5%.  However with further increase in catalyst loading to  

0.052 g, the isolated yield of PAP decreased to 72.5%.  This was because an increase in 

metal concentration led to further hydrogenation of PHA to aniline. 
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Figure 5.21. Effect of catalyst loading 

Reaction conditions:  nitrobenzene, 0.1950 mol; temperature, 353 K; hydrogen 

           pressure; 2.41 MPa; acid, 22 g; water,60 g; catalyst, 3% Pt/C;  

                                   agitation speed, 1000 rpm;  
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5.3.3.5. Effect of acid concentration: 

The effect of acid concentration on isolated yield of PAP was studied using 3% Pt/C 

catalyst at constant catalyst loading, substrate concentration, temperature and pressure 

conditions and the results are shown in Figure 5.22.  The increase in acid concentration 

from 13 % to 22% leads to increase in isolated yield of PAP from 68.5 to 73.5%.  The 

results on the effect of acid concentration on PAP yield using the two step neutralization 

procedure (section 5.3.3.2, Figure 5.19) is also shown in Figure 5.22. This comparison 

showed that new modified procedure gave 5-10% enhancement in the isolated yield of 

PAP.   
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Figure 5.22. Effect of acid concentration 

Reaction conditions:  nitrobenzene, 0.1950 mol; temperature, 353 K; hydrogen pressure, 

                                   2.41 MPa; water, 60 g; 3% Pt/C: 0.048 g; agitation speed, 1000  

                                   rpm. 
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5.3.3.6. Aqueous layer recycle: 

In another attempt to increase the recovery of PAP in hand, several runs were conducted 

where the aqueous layer obtained after the work up of reaction crude was recycled back 

to the hydrogenation reactor and fresh make up acid was added to maintain the initial pH  

= 2.   These results are presented in Table 5.4.  This strategy was found to enhance the 

PAP recovery from 73 to 77% (Table 5.4), since PAP remaining in the dissolved form in 

aqueous reaction crude gets recovered in the subsequent recycle of the aqueous layer.   

 

Table 5.4. Effect of aqueous layer recycle 

 

Sr. No. 
Charge in gm Conversion, 

% 

Isolated yield, % 

Acid water PAP Aniline 

1 22 60 100 73.5 25.5 

2 22 60 [aq.1] 100 76.2 23 

3 22 60 [aq.2] 100 77.2 22.7 

Reaction conditions: nitrobenzene, 0.1950 mol; temperature, 353 k; hydrogen  

                                    pressure, 2.41 MPa; 3% Pt/C- 0.048 g; agitation speed,  

                                    1000 rpm.  

 

5.3.3.7. Purification of p-aminophenol : 

The crude PAP obtained after precipitation was almost black in color hence, the 

purification of PAP was carried out by using activated charcoal treatment.  For this  

purpose, 5 g solid PAP was heated at 358-363 K in 50 ml of distilled water until it 

dissolved completely .  Then 0.250 g activated charcoal was added slowly under stirring 

kept it for 10 min and this hot solution was immediately filtered under vacuum.  The faint 

brown colored PAP crystallized out from the clear filtrate kept at room temperature. The 

changes in color of crude and crystallize PAP are shown in Figure 5.23.  
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Figure 5.23. (a) solid crude PAP; (b) crude PAP and charcoal treated PAP; (c) &   

(d ) purified PAP. 

5.3.3.8: Path forward: 

The laboratory scale demonstration runs were given to the client by utilizing new 

improved modified process, based on which the pilot plant (approximately 100 kg of PAP 

per day)  has been commissioned at the clients site. These demonstration runs 

reconfirmed the performance of our bench scale process and the material balance of 

reactants consumed and the products formed. The photographs of the PAP pilot plant are 
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shown below. Based on pilot plant trials, a commercial plant of 30,000 tpa PAP is being 

planned by the client. 

PAP pilot plant photo: 
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Based on pilot plant trials, a commercial plant of 30,000 tpa PAP is being 
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5.4. Conclusion: 

p-Aminophenol via catalytic hydrogenation of nitrobenzene was studied involving first 

the hydrogenation of nitrobenzene to an intermediate PHA at 303 K followed by its 

rearrangement at elevated temperature of 353 K.  Aqueous acid medium is essential for 

the first hydrogenation step however; increase in temperature from 303 K to 353 K 

initiates the rearrangement of PHA to PAP.  Initially, selectivity to PHA was as high as 

95% at 36% conversion of nitrobenzene, which then decreased to 75% for complete 

conversion of nitrobenzene due to aniline formation.  Increase in H2 pressure also had a 

dramatic effect in lowering the PHA selectivity due to availability of higher concentration 

of surface hydrogen causing the further hydrogenation of PHA to aniline.  Rearrangement 

of PHA in an inert atmosphere (argon) gave a higher selectivity (77%) to PAP as 

compared to the rearrangement carried out under hydrogen atmosphere. TOF was 

increase from 0.27 to 5.8 x 103 h-1 and dispersion of Pt decreased from 74 to 51% with 

increase in metal loading 1 to 5%. The selectivity to PHA decreased from 72 to 60% with 

increase in catalyst loading from 0.02 to 0.105 g.   

In case of direct hydrogenation of nitrobenzene to PAP, with new improved work up 

procedure, we found that the following process variations have considerably increased 

the selectivity and yield of PAP. i) increase in catalyst loading gives higher 

hydrogenation rate and higher selectivity to p-aminophenol. ii) the appropriate 

concentration of acid (~ 10%) has increased the selectivity to PAP.  iii) One  step 

neutralization process at lower temperature and iv) recycle of the aqueous layer enhances 

the PAP recovery in hand.  The new strategy developed for workup of the reaction crude 

showed > 90% recovery of all the reaction products from the reaction crude.  Based on 

NCL process, commercialization of the PAP process (30,000 tpa) in envisaged by end 

2012. 
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6.1. Introduction: 

Selective hydrogenation of chloronitroaromatics give the corresponding haloanilines 

having wide range applications in dye industries, for the manufacture of substituted 

phenyl carbamates [1], drugs, herbicides, pesticides, polyanilines [2, 3], and other 

specialty chemicals [4-6]. Traditionally, haloanilines were synthesized by the reduction 

of corresponding chlronitroaromatics using Fe/HCl (Bechamp Process) or sulfide 

reduction method.  These processes are no longer feasible due to formation of large 

amounts of toxic wastes, posing serious disposal problems [7].  Details of Bechamp 

process is discussed in chapter V, under section 5.3.  Haloamines are now synthesized by 

liquid phase catalytic hydrogenation of corresponding chlronitroaromatics [8-19]. Major 

drawback of this process is formation of acid due to the dehalogenation reaction.  Hence, 

selective hydrogenation of nitro- to amine without dehalogenation is a challenging task in 

the hydrogenation of halonitroaromatics.  Since, this is a seminal process from both 

fundamental as well as industrial point of view, we have studied the liquid phase catalytic 

hydrogenation of m-chloronitrobenzene in detail.  

 

Hydrogenation of m-chloronitrobenzene (m-CNB) to m-chloroaniline (m-CAN) involves 

two main reaction path ways giving rise to formation of several by products as shown in 

Scheme 6.1.  According to the pathway A (Scheme 6.1), the hydrogenation of m-CNB 

proceeds via intermediates, m-nitrosochlorobenzene and m-(chlorophenyl)-

hydroxylamine to give the desired product m-CAN.  However, nitroso, and 

hydroxylamine being very reactive intermediates, can give rise to the formation of side 

products such as 3,3’-dichloroazobenzene (DAB) and 3,3’-dichlorohydrazobenzene 

(DHAB), which also subsequently undergo hydrogenation to give m-CAN, normally 

formed in basic medium.  The competing pathway B, involves first the dehalogenation 

step to give nitrobenzene (NB) and then aniline via a nitrosobenzene intermediates.  The 

formation of acid during dehalogenation steps either via pathway A or B, is detrimental 

since it deactivates the catalysts as well as produces undesired side product to a 

substantial extent.  Further hydrogenation of m-CAN leads to formation of aniline and 

chlorobenzene along with formation of acids, (shown in red in Scheme 6.1), causing 

lowering yields of the desired product (m-CAN). 
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Scheme 6.1. Reaction pathway for hydrogenation of m-CNB to m-CAN [20-22] 

Azoxy- and azo- benzene are highly toxic, hence their formation must be avoided or at 

least minimized by a suitable choice of catalyst and reaction conditions. The desired 

pathway is shown in green, which contributes to the highest productivity of m-CAN. 
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6.1.1. Literature survey: 

A summary of literature on hydrogenation of m-CNB to m-CAN is shown in Table 6.1. 

Several catalyst systems involving monometallic Ni catalyst [8, 23-27], Pd [27-29], Pt 

and modified Pt [12-14, 19, 27, 30, 31], and bimetallic catalysts have been reported for 

the hydrogenation of m-CNB to m-CAN [8, 14, 32-35].   Polymer (PVP) protected PdCl2, 

FeCl3, Co(Ac)2, NiCl2, RhCl3 and RuCl3 and their bimetallic catalyst systems were 

reported by Yu et al. in which the formation of aniline was also observed due to the 

competing dechlorination reaction[32].  It was found that the bimetallic PVP-PdCl2-

2RuCl3 catalyst showed 97% conversion with 95% selectivity to CAN [32].  

Interestingly, the addition of sodium acetate to this system increased the catalytic activity 

by 40 times [32].  Palladium metal supported on anionic polymer (D) and carbon has 

been studied by Kratky et al.  He found that the Pd/D catalyst showed more activity and 

selectivity (93%) towards m-CAN then Pd/C catalyst[36].   

 

During the course of reaction, the support might be attacked by hydrochloric acid  formed 

in the reaction, causing surface modification and/or structural deformation of the catalyst.  

Among these metals, Pt is the first choice for hydrogenation of C-Cl due to its better 

activity, selectivity and stability than other metals [37].  To minimize the deactivation of 

catalyst, various types of supports also have been investigated for hydrogenation of m-

CNB.  Ma et al. prepared the novel supports for this hydrogenation reaction i.e. platinum 

supported on HCl-acidified attapulgite catalyst which showed very high activity and 

selectivity (> 99%) [38].  Han et al. studied Pt supported on series of oxides (Al2O3, 

TiO2, ZrO2), in which Pt/TiO2 showed the higher activity and selectivity towards CAN 

due to strong metal/support interactions [31]. A comparative study of various supports 

such as TiO2, SiO2 and carbon showed that Pt/C gave the highest conversion (99%) and 

selectivity (96%) to CAN [30].   Nomura reported the selective catalytic reduction of 

nitro compounds using ruthenuim-carbonyl complexes under supercritical CO2/H2O 

conditions.  He achieved high activity and > 99 % yield towards the haloanilines as a 

product [39].  Greenfield and Dovell prepared a series of selectively sulfur poisoned 

carbon supported catalyst systems such as Pt, Pd, Co, Rh and Ru for minimizing the 
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reductive dehalogenation.  In this work, complete selectivity to the haloamines was 

achieved using Pt-S/C catalyst [40].  The kinetic studies of the selective hydrogenation of 

CNB to CAN in a stirred reactor over temperature range of 313-363 K, using sulfided 1% 

Pt/C catalyst has been studied by Rode et al. [19].   

 

Kosak studied the effect of  various inhibitors as listed in Table 1.1 for the selective 

hydrogenation of halonitrobenzene to haloamines [27].  It can be seen from this Table 

that  Pt-morpholine catalyst system showed the best results because morpholine acts as an 

inorganic acid acceptor to control the amount of carbon-halogen cleavage [27].  In this 

hydrogenation reaction morpholine acts (i) as a true suppressor to inhibit the 

dehalogenation reaction and (ii) as an acid acceptor when some dehalogenation occurs.  

He also studied various metal oxide systems, among which  magnesium oxide acts only 

as acid acceptor, neutralizing the hydrohalide after dehydrohalogenation [27].  

 

It is clear from the literature that obtaining the highest selectivity to chloroaniline is 

difficult mainly due to (i) the competing dehydrohalogenation reaction and (ii) catalyst 

deactivation due to carboneous deposition on the catalyst.\ 
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Table 6.1. Summary literature on hydrogenation of m-chloronitrobenzene to m-

chloroaniline 

Sr. 

No. 

Catalyst 

 

Conversion, 

% 

Reaction conditions Selectivity, % Ref. No. 

m-

CAN 

AN 

1. NanoPd/MCM

-41  

100 T=300 K;  

PH2=3 MPa 

91 9 41 

2. Pt/CNT, 

PtM/CNT 

M=La, Ce, Pr, 

Nd and Sm 

99.7 T=303 K;  

PH2=0.1 MPa 

98 0.3 42 

3 Pt/C, PtM/C 

M=La, Ce, Pr, 

Nd and Sm 

99.4 T=303K;  

PH2=0.1 MPa 

95.8 2.2 43 

4 Ni/CNFs-EG-

160 

99 T=413 K; 

PH2=2MPa 

98 - 36 

5 Pt/HCl-

acidified 

attapulgite- 

100 T=323 K;  

PH2=2 MPa 

100 - 38 

6. Pd (II) chelates  100 T=318 K;  

PH2=0.1 MPa  

90  45 

7. PVP-M- Pt 

catalyst 

M=La, Ce, Pr, 

Nd and Sm 

100 T=303 k;  

PH2=0.1 MPa; 

NaOH 

97.2 2.1 46 

8. Ionic liquid 

Trans PtCl2; 

[BMIM] [BF4] 

100 T=383 K;  

PH2=2 MPa 

 0.5 8 

9. Ni/Al2O3 100 T=393 K; 

PH2=0.1 MPa   

(gas phase 

hydrogenation) 

100  47 

10 Pd/D, Pd/C 100 T=298 K;  

PH2=0.5 MPa 

100  36 

11. Pt/C 100 T=363K;  

PH2=3.45 MPa; 

Morpholine and 

95  35 
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other inhibitor 

 Pd/C 100   30  

 Ni/Kieselguhr 100   25  

13. PVP-Pt 99 T=303;  

PH2=0.1 MPa 

99  48 

14. Pt/ZrO2, 

PtM/ZrO2,  

(Sm, Pr, Ce, 

Nd, and La) 

100 T=303;  

PH2=0.1 MPa 

95  49 

15 Ni-M-P 

(M = Cu, Ca, 

Zn, Sn, Co) 

99  99  50 

16. PtM/TiO2 

M=La, Ce, Pr, 

Nd and Sm 

99 T=303K;  

PH2= 

96  51 

18. 1 % Pt-S/C 100 T=363 K;  

PH2=0.1 MPa 

99  19 

19. Co/C 97 T=413 K; 

PH2=2.0MPa 

99  52 
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Table 6.2. Inhibitors for selective hydrogenation of CNB to CAN [32]. 

Inhibitors, catalyst Dechlorination, % 

Morpholine, Pt/C 0.5 

5% Morpholine Pd/C ~30 

25% Morpholine, Pd/C ~30 

1% Morpholine 

Ni/Kieselguhr 

>25 

N-Methylmorpholine 

Pt/C 

1 

N-Ethylmorpholine Pt/C 1.5 

3,5-Dimethylmorpholine 

Pt/C 

2.5 

Piperazine Pt/C 1 

Dimethylformamide, Pt/C >5.0 

Piperidine Pt/C 2 

 Pt-S2/C 0.1 

Triphenyl phosphite Pt/C <0.01 

Pd-S/C 96 

Morpholine Pt/C+Ni(II) + 

Cr (III) 

0.19 

Ca(OH)2, Rh/Al2O3 ? 

Ca(OH)2, Raney Ni ? 

MgO, Pt/C 0.3 

 

6.1.2. Objectives: 

The main objectives of this work were (i)  to develop supported mono and bimetallic 

catalyst systems for selective hydrogenation for m-chloronitrobenzene (ii) study of effect 

of reaction parameters such as effect of substrate concentration, temperature, hydrogen 

pressure, catalyst loading on conversion of m-chloronitrobenzene and selectivity to m-

chloroaniline.  The stability of the catalyst was also studied by catalyst recycle 

experiments. 
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6.2. Experimental: 

6.2.1. Catalyst preparation: 

Details of preparation of 1% Pt/C, 10% Ni supported on carbon and Al2O3,  and 10% Ni-

1% Pt/C catalyst are described in chapter II, section 2.2.   

6.2.2.Catalyst Characterization: 

The details of catalyst characterization are described in chapter II, section 2.3. 

6.2.3. Catalyst activity testing: 

The experimental batch setup used for the hydrogenation reaction and experimental 

procedure is described in chapter II, section 2.4.2. 

6.2.4. Analytical methods: 

The quantitative analysis of liquid samples was performed by Hewlett-Packard GC model 

6890 gas chromatograph equipped with FID.   Other details of temperature programming 

method �80�C → 5 min
��� ���⁄
�������� 300�C → 5 min � etc. are described in chapter II, 

section 2.5.  Product identification was carried out by using GC and GCMS spectra as 

shown in Figures 6.1 and 6.2 respectively. 
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Figure 6.1. Standard gas chromatograph 

Figure 6.2. (a) GCMS spectra of Aniline

                                                           Hydrogenation of m-chloronitrobenzene

 

gas chromatograph of the reaction crude of hydrogenation 

m-CNB   

 

Figure 6.2. (a) GCMS spectra of Aniline 
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hydrogenation of 
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Figure 6.2. (

 

 

Figure 6.2. (
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Figure 6.2. (b) GCMS spectra for nitrosochlrobenzene 

Figure 6.2. (c) GCMS spectra for m-chloronitrobenzene

chloronitrobenzene
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chloronitrobenzene 
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Figure 6.2. (d) GCMS spectra of 

Figure 6.2. (e) GCMS spectra of 3,3’

                                                           Hydrogenation of m-chloronitrobenzene

Figure 6.2. (d) GCMS spectra of m-chloroaniline 

 

Figure 6.2. (e) GCMS spectra of 3,3’-dichloroazobenzene

chloronitrobenzene
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dichloroazobenzene 
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Figure 6.2. (

Figure 6.2. 

                                       hydrogenation of 

 

6.3. Results and discussion:

6.3.1. Catalyst characterization

6.3.1.1. XPS study: 

Surface composition of 1% 

used in presence of sodium carbonate

composition of various species

and atomic sensitivity factor 

comparision of fresh and used 

nitrogen were absent in case of a fresh 

showed the presence of chlorine and nitro

than that observed for fresh catalyst

to nitro compound.  The 

composition of chlorine and nitrogen respectively

                                                           Hydrogenation of m-chloronitrobenzene

Figure 6.2. (f) GCMS spectra of 3,3’-dichlrohydrazobenzene

 GCMS of reactant and products formed during 

hydrogenation of m-CNB 

iscussion: 

Catalyst characterization: 

1% Pt/C fresh (PtF), 1% Pt/C used (PtU) and 

sodium carbonate (PtUS) were characterized 

various species was calculated using the intensity of an appropriate line 

atomic sensitivity factor (as given by Sconfiled) [53].  Table 6.

fresh and used catalysts samples. It was observed that chlorine and 

nitrogen were absent in case of a fresh 1% Pt/C catalyst while, PtU and

the presence of chlorine and nitrogen along with oxide species formation higher 

than that observed for fresh catalyst indicating oxidation of Pt species to some extent due 

.  The used catalyst (PtU) also showed 1.65 and 3.5 times higher 

of chlorine and nitrogen respectively, than the fresh catalyst. The higher 

chloronitrobenzene
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dichlrohydrazobenzene 

formed during  

and 1% Pt/C catalyst 

 by XPS.  The 

was calculated using the intensity of an appropriate line 

Table 6.3 shows the 

that chlorine and 

PtU and PtUS catalysts 

gen along with oxide species formation higher 

oxidation of Pt species to some extent due 

showed 1.65 and 3.5 times higher 

than the fresh catalyst. The higher 
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surface concentration of chlorine species in PtU could be due to HCl formed during 

hydrodechlorination reaction. For the PtUS catalyst, surface concentration of chlorine has 

reduced substantially as compared to the PtU catalyst since the extent of 

dehydrohalogenation was reduced due to sodium carbonate addition. 

 

Table 6.3. Surface compositions of catalyst (atom%) estimated by XPS for PtF , PtU 

used and PtUS catalysts 

 

 Platinum Oxygen Chlorine Carbon Nitrogen 

PtF 0.40 7.70 0.180 91.72 - 

PtU 0.38 12.94 2.07 78.28 5.95 

PtUS 0. 39 10.31 1.247 86.36 1.68 

 

PtF :  1% Pt/C fresh catalyst 

PtU:  1% Pt/C used catalyst 

PtUS:  1% Pt/C catalyst used in presence of sodium carbonate 

 

Figure 6.3  presents XPS spectra of PtF, PtU and PtUS catalysts in which Pt4f spectrum 

shows Pt in different oxidation states.  For PtF and PtUS catalysts  (Figure 6.3 (a) and 

(b)) the most intense doublet for Pt 4f7/2 and Pt 4f5/2 (71.8 and 75.1 eV) is due to metallic 

Pt.  The second set of doublets for Pt 4f7/2 and Pt 4f5/2 (73.6 and 76.9 eV) could be 

assigned to the Pt (II) due to PtO or Pt(OH). The third doublet of Pt is the weakest in 

intensity, and was observed due to the binding energies for Pt 4f7/2 and Pt 4f5/2 (75.8 and 

79.1 eV) assigned to Pt (IV) due to PtO2[54-56].  The XPS spectra of PtU catalyst (Figure 

6.3 (c)) showed binding energies of  72.5 and 75.8 eV for Pt 4f7/2 and Pt 4f5/2 assigned to  

Pt (II) species  in (NH4)2 Pt(II) Cl4  [57].  This was consistent with the activity studies in 

which the deactivation of the catalyst was observed hence, the formation of (NH4)2 Pt(II) 

Cl4 species could be due to interaction of the catalyst with the amine formed in the 

reaction. The second set of doublets for Pt 4f7/2 and Pt 4f5/2 (73.6 and 76.9 eV) 

corresponds to PtO, which could be due to mild oxidation of Pt in presence of nitro 

compound [55].  It was interesting to note that the peak corresponding to metallic Pt was 
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not observed for PtU catalyst (Table 6.4), which was also consistent with the fact that this 

catalyst deactivated during the 1
st
 use.     

 

Table 6.4. Percentage of the Pt metal species. 

 

 Binding energy, eV 

71.8, Pt
0
 72.5, Pt (II) 73.6, Pt (II)  75.8, Pt (IV) 

PtF, % 40.5 - 27 32.5 

PtUS, %  37.21 - 32.3 30.47 

PtU, % - 74.3 25.7 - 
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             Figure 6.3. (a) XPS of PtF catalyst 
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  Figure 6.3. (b) XPS  of PtUS catalyst 
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Figure 6.3. (c) XPS  of PtU catalyst 

Figure 6.3. XPS spectra of PtF, PtU and PtUS catalysts 
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The XPS spectrum of N 1s was also studied for PtU and PtUS catalysts.  In both PtU and 

PtUS catalysts, peak at 400.5 eV corresponding to nitrogen of amine was observed.  In 

addition to this, in case of  PtU (Figure 6.4) catalyst, a peak at 404 eV was also observed 

which could be due to the N-O species [58].   
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Figure 6.4. XPS of nitrogen spectra for PtU catalyst. 

 

The deposition of carbonaceous material on the catalyst surface was studied by 

comparing the intensity area ratio of carbon peaks of the PtF, PtU, and PtUS samples.  

The XPS study of carbon spectra for PtF, PtU, and PtUS catalysts showed marginal 

deposition of carbonaceous material in PtU catalyst as compared with the PtUS catalyst. 

The intensity area ratio of IPtU/IPtF and IPtUS/IPtF was found 1.07 and 1.01 respectively.  

 

6.3.1.2. X-ray diffraction study: 

X-ray diffraction patterns for the monometallic 10% Ni/C and bimetallic 10%Ni-1%Pt/C 

catalysts are presented in Figure 6.5.  It could be seen that Ni/C and Ni-Pt/C catalysts 

exhibited the comparable diffraction patterns.  For the Ni/C catalyst, typical diffraction 

peaks centered at 2θ = 43.5 (NiO), 44.5
o
(Ni

0
) were observed, which agrees well with the 
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face-centered cubic nickel phase [59]  however, no diffraction peaks corresponding to 

platinum were observed due to its low concentration in the bimetallic system. By addition 

of Pt as a co-metal in monometallic Ni/C catalyst, the peak at 43.5
o
 corresponding to NiO 

disappeared and a peak at 40
o
 appeared indicating the stabilization of completely  

reduced Ni
o
 as was observed by Telkar et al. [63].    It also indicated that the catalyst Ni-

Pt/C combined the crystals features of Ni and Pt, indicating the co-existence of both of 

them [61, 62].   
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Figure 6.5. X-ray spectra of 10% Ni/C and 10%Ni-1%Pt/C catalysts 

 

6.3.1.3. BET surface area measurement: 

The specific surface areas of the PtF, PtU and PtUS (after recycling tests) catalysts were 

determined by BET method and the results are shown in Table 6.5.  A decrease in surface 

area of PtU and PtUS catalysts was observed as compared with PtF catalyst.  A 

substantial decrease in surface area of the used catalyst samples could be  attributed to the 

agglomeration and/or deposition of carbonecious species on the catalyst surface. 
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Table 6.5. BET surface area of PtF, PtU and PtUS catalyst 

 

Catalyst PtF PtU PtUS 

Surface area, m
2
/g 1087 513.11 802.13 

 

6.3.2. Preliminary hydrogenation experiments: 

Some initial experiments on hydrogenation of m-CNB without any additives gave several 

by products along with the desired product m-CAN, as per the Scheme 6.1.  In these 

experiments, the hydrogenation reaction was monitored by hydrogen absorption as well 

as liquid-phase analysis as a function of time, and the various intermediates and products 

formed were identified as  I. 3,3’-dichloroazoxybenzene, II. 3,3’-dichlorobenzene, III. 

3,3’-dichlorohydrazobenzene IV. aniline and, V. m-chloroaniline.  In each experiment, 

the final sample was analyzed by GC to calculate the conversion of m-CNB and 

selectivity to m-CAN. In order to achieve the highest selectivity to m-CAN, role of an 

additive, sodium carbonate was studied and the results are discussed below. 

 

6.3.2.1. Catalyst performance study: 

Initially the catalyst activity and stability was studied by repeated use of 1% Pt/C catalyst 

without using any additive, at 358 K temperature and 1.03 MPa hydrogen pressure and 

results are presented in Figure 6.6.   As it can be seen from Figure 6.6, initially at 0.25 h 

of the reaction, m-CAN selectivity was found to be 42% and DAB was the major 

competiting side product (35%), along with formation of DHAB and aniline with 45% 

conversion of m-CNB. As reaction proceeded, DAB undergoes further hydrogenation and 

selectivity to m-CAN increased 74%.  Almost complete conversion of m-CNB was 

obtained after 0.9 h with 74% selectivity towards m-CAN. After complete conversion of 

m-CNB the reaction was kept for 5-10 min for complete conversion of the intermediates 

DAB and DHAB which showed 84% selectivity towards the m-CAN. During the recycle 

study, loss of catalyst activity was observed.  XPS study (section 6.2.2.1) clearly showed 

the presence of amine, N-O and chloride species on the surface of the PtU catalyst.  N-O 

species have higher affinity towards the metal surface [47] and it may remain on the 

active sites of Pt metal surface due to which catalyst activity was retarded.  Another 
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possibility of catalyst deactivation is change in Pt
0
 active species (71.8 eV) to Pt (II) 

(72.5 eV) for PtU, which may be due to the formation of (NH4)Pt(II)Cl4 species during 

the reaction.   
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Figure. 6.6. Hydrogenation of m-CNB to m-CAN 

Reaction conditions: m-CNB, 0.0317 mol; temperature, 358 K; hydrogen pressure, 1.03 

                                  MPa; 1% Pt/C catalyst, 0.050 g; MeOH, 95 mL; agitation speed,  

                                  1000 rpm. 

 

The liquid phase hydrogenation of m-CNB was then carried out using Pt/C catalyst in 

presence of sodium carbonate as an additive by keeping the reaction conditions same as 

in case of Pt/C without additive.  Figure 6.7 clearly shows the increase in selectivity from 

84 to 93% as compared to the hydrogenation carried out in absence of an additive. The 

catalyst activity and stability was studied by repeated use of 1% Pt/C catalyst at 358 K 

and 1.03 MPa hydrogen pressure and the results are presented in Figure 6.8.  After 
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completion of the reaction, reactor was cooled down to room temperature and stirring 

was stopped for 10 min to settle down the catalyst.   Reaction crude from upper layer was 

taken out from liquid sampling valve by ensuring the catalyst remained in the reactor and 

then fresh charge was added to continue to the next reaction. The catalyst activity was 

found to be consistent even after third recycle.   
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Figure 6.7. Hydrogenation of m-CNB to m-CAN in presence of sodium carbonate 

 Reaction conditions: m-CNB, 0.0317 mol; temperature,358 K; hydrogen pressure, 1.03 

                                MPa; 1%Pt/C catalyst, 0.050 g; water, 0.5 mL; sodium carbonate, 

                                0.02%;  MeOH, 95mL; agitation speed- 1000 rpm. 
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Figure. 6.8. Catalyst recycle study in hydrogenation of m-CNB to m-CAN 

 

Reaction conditions: m-CNB, 0.0317 mol; temperature, 358 K; hydrogen pressure, 1.03 

                                MPa; 1%Pt/C catalyst, 0.050 g; MeOH, 95 mL; sodium carbonate, 

                               0.02%;  water, 0.5 mL; agitation speed- 1000 rpm. 

 

6.3.3. Effect of reaction parameters: 

Further work on effects of various reaction parameters on conversion of m-CNB and 

selectivity to m-CAN was studied over 1% Pt/C catalyst.  Table 6.6 shows the range of 

various process parameters studied in the present work.  
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Table 6.6. Range of operating conditions 

1 Partial pressure of hydrogen 1.03-2.06 MPa 

2 Temperature effect 338 – 378 K 

3. Substrate concentration 0.317- 0.952 mol 

4. Catalyst loading 0.025-0.100 g 

5. sodium carbonate concentration 0.02 -0.08 % 

6. Total reaction volume 1.0 x 10
-4

 m
3
 

7. Agitation speed 1000 rpm 

 

 

6.3.3.1. Effect of substrate concentration: 

Effect of concentration of m-CNB was studied in the range of 0.317 to 0.952 mol by 

keeping constant hydrogen pressure, temperature and catalyst loading and the results are 

shown in Figure 6.9.  With increase in concentration of m-CNB from 0.317 to 0.952 mol, 

the catalytic activity expressed in TOF, decreased from 1.4 to 1.1 x 10
6
 h

-1
, while 

selectivity to m-CAN remained almost the same at 94-93% with 6% formation of aniline.  

The linear decrease in TOF with increase in substrate concentration indicates a negative 

order dependence with respect to the substrate. 
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Figure 6.9. Effect of substrate concentration 

 

Reaction conditions: temperature, 358 K; hydrogen pressure, 1.03 MPa; 1%Pt/C catalyst, 

                                 0.050 g; MeOH, 85 mL; sodium carbonate, 0.02 %; water, 0.5 mL; 

                                 agitation speed, 1000 rpm. 

 

6.3.3.2. Effect of temperature: 

Effect of temperature on the selectivity to m-CAN was studied by varying the 

temperature  from 338 to 378 K by keeping constant hydrogen pressure and catalyst 

loading and the results are shown in Figure 6.10.  It was observed that increase in 

temperature  from 338 K to 378 K led to the increase in formation of aniline from 6 to 8 

% along with decrease in selectivity to m-CAN from 94 to 90 %. It was also observed 

that as temperature increased, catalytic activity also increased from 0.573 to                  

1.77 x 10
6
 h

-1
.  
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Figure 6.10. Effect of temperature 

 

Reaction conditions: m-CNB, 0.0317 mol; hydrogen  pressure, 1.03 MPa; 1%Pt/C 

                                   catalyst, 0.050 g;  MeOH, 95mL, sodium carbonate, 0.02 %; water,   

                               0.5 mL; agitation speed, 1000 rpm.  

 

6.3.3.3. Effect of pressure: 

The effect of hydrogen pressure on activity and selectivity in hydrogenation of m-CNB 

was studied by varying the hydrogen pressure from 1.03 to 2.03 MPa, keeping constant 

temperature, substrate, catalyst loading and the results are presented in Figure 6.11. It 

was observed that m-CAN selectivity decreased from 94 to 90 % with increase in 

hydrogen  pressure from 1.03 to 2.06 MPa, with simultaneous increase in the formation 

of aniline from 5 to 8%.   It was also found that as pressure increased from 1.03 to 2.06 

MPa, the catalytic activity also increased by almost two folds i.e. from 1.4 to 2.66 x 10
6
 

h
-1

. 
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Figure 6.11. Effect of pressure 

 

Reaction conditions: m-CNB, 0.0317 mol; temperature, 358 K; 1%Pt/C catalyst, 0.050 g;   

                                  water, 0.5 mL; MeOH, 95mL; sodium carbonate, 0.02 %; 

                                  agitation speed, 1000 rpm. 

 

6.3.3.4. Effect of catalyst loading: 

Effect of catalyst loading on selectivity to m-CAN was studied by varying the catalyst 

loading in a range of 0.025 g to 0.1 g at 358 K and 1.03 MPa hydrogen pressure and the 

results are shown in Figure 6.12.  It was found that at lower catalyst loading (0.025 g) the 

selectivity towards the m-CAN was 96 % and as the catalyst loading increased from 

0.050 to 0.100 g, the selectivity towards m-CAN decreased from 94 to 88% with increase 

in AN selectivity.  TOF also increased from 0.38 to 7.5 x 10
6
 h

-1
 with  increase in catalyst 

loading.   
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Figure 6.12. Effect of catalyst loading 

 

Reaction conditions: m-CNB, 0.0317 mol; temperature, 358 K; hydrogen pressure, 1.03 

                                  MPa, water, 0.5 mL; sodium carbonate, 0.02 %; MeOH, 95 mL;  

                                  agitation speed, 1000 rpm. 

 

6.3.3.5. Effect of concentration of sodium carbonate: 

To minimize the dehalogenation and to increase the selectivity towards the m-CAN the 

effect of concentration of sodium carbonate in hydrogenation of m-CNB was studied by 

varying the concentration of sodium carbonate in a range of 0.02 to 0.08% (w/w) while 

keeping other reaction parameters constant.  As can be seen from Figure 6.13, with 

increase in concentration of sodium carbonate from 0.02 to 0.06%, selectivity to m-CAN 

also increased from 93 to ~96% while it remained same with further increase in sodium 

carbonate concentration upto 0.08% . 
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Figure 6.13. Effect of concentration of sodium carbonate 

 

Reaction conditions: m-CNB, 0.0317 mol; temperature, 358 K; hydrogen pressure, 1.03  

                                  MPa; 1% Pt/C catalyst, 0.050 g; water, 0.5 mL; MeOH, 95 mL; 

                                  agitation speed, 1000 rpm. 

 

Role addition of a co-metal (Pt) to monometallic Ni/C catalyst in increasing the 

selectivity by minimizing the dechlorination was also studied and the results are 

discussed below.   

6.3.4. Supported nickel mono and bimetallic catalysts: 

Effect of supported mono- and bimetallic nickel catalysts on the selectivity to m-CAN 

was studied at 358 K temperature and 1.03 MPa hydrogen pressure and the results are 

presented in Figure 6.14.  A dramatically different activity and selectivity trends were 

observed for mono- and bimetallic supported nickel based catalysts for the hydrogenation 

of m-CNB.   Monometallic Ni supported on alumina and carbon catalysts showed 50 and 

70% conversion with 78 to 82% selectivity respectively towards the m-CAN.  While, for 

a bimetallic 10% Ni-1% Pt/C catalyst more than 99% selectivity to m-CAN was achieved 
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with complete conversion of m-CNB.  Based on XRD results (section 6.2.2.2 ) it was 

concluded that the catalytic activity was affected by the change in electronic structure of 

the nickel metal by addition of co-metal i.e. Pt.  The addition of Pt to Ni/C catalyst 

caused the stabilization of completely reduced Ni
o
 which is mainly responsible for the 

hydrogenation reaction.  It is important to note that nitro compounds are known to be 

good oxidants hence, stabilization of Ni
o
 phase is critical in the catalytic hydrogenation 

nitro compounds.   
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Figure 6.14. Activity, selectivity performance of nickel based mono and bimetallic 

catalysts 

Reaction conditions: m-CNB, 0.0317 mol; hydrogen pressure, 1.03 MPa; temperature,  

                                 358 K; catalyst loading, 0.050 g; MeOH, 95 mL; agitation speed, 

                                 1000 rpm; water, 0.5 mL. 

                                  .  

6.3.5. Hydrogenation of substituted chloronitrobenzene: 

Hydrogenation of substituted chloronitrobenzene like o-, p-, m-CNB were also studied 

using 10%Ni-1%Pt/C catalyst at 358 K and 1.03 MPa hydrogen pressure and the results 

are shown in Figure 6.15.   It can be seen from Figure 6.15 that the selectivity to CAN of 
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all substrates was found to be >99%  but as the substrate varied from o-, p-, m-CNB the 

catalytic activity also varied i.e. from 7.5 to 3.5 x 10
-1

 h
-1 

due to the induction effect of    

–Cl at various positions of nitrobenzene.  
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Figure 6.15. Effect of substituted chloronitrobenzene 

Reaction conditions: CNB, 0.0317 mol; temperature, 358 K; hydrogen pressure, 1.03  

                                  MPa;10%Ni-1%Pt/C catalyst,  0.050 g; MeOH, 95 mL; water, 0.5 

                                  mL; agitation speed, 1000 rpm; 

 

 

6.4. Conclusion: 

The liquid phase hydrogenation of m-CNB to m-CAN carried at 358K and 1.03 MPa 

pressure using 1% Pt/C catalyst without any additive gave 84% selectivity to m-CAN due 

to the dehydrohalogenation reaction.  During the catalyst recycle study, activity was lost 

due to the formation of (NH4)Pt(II)Cl4, amine and N-O species on the surface of catalyst 

which was observed by XPS study. The improvement in selectivity m-CAN from 84 to 

94% was observed by addition of sodium carbonate in Pt/C catalyst. Bimetallic 10%Ni-

1% Pt/C catalyst also showed the two fold enhancement in the activity and gave 99% 
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selectivity to m-CAN. This was due to the stabilization of Ni
o
 state by incorporation of 

co-metal, platinum.  The order of hydrogenation rate of substituted CNB is m- < p- < o- 

with >99% selectivity towards the CAN. 
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In this thesis, a detailed study on preparation and characterization of mono, bi-metallic 

and nano catalysts of nickel, palladium and platinum metals has been carried out.  These 

catalysts were evaluated for the industrially important hydrogenation reactions viz. (i) 

selective hydrogenation of 2-butyne-1,4-diol to 2-butene-1,4-diol and butane-1,4-diol, (ii) 

phenylacetylene to styrene, (iii) nitrobenzene to p-aminophenol  via 

phenylhydroxylamine and (iv) m-chlronitrobenzene to m-chloronitroaniline. The main 

conclusions of this work are summarized below.  

1. Continuous catalytic hydrogenation of 2-butyne-1,4-diol (B3D) was carried out in a 

fixed-bed reactor over 1% Pt/CaCO3 catalyst to give 2-butene-1,4-diol (B2D) and 1,4-

butanediol (B1D) without formation of any other side products.  In case of continuous 

hydrogenation, higher selectivity to B2D (66%) could be obtained and the selectivity 

pattern was completely different from that found in case of batch slurry operation in 

which B1D selectivity was very much higher (83%) than  the B2D selectivity (17%).  

Another interesting feature was that by varying the contact time, selectivity to both 

B2D as well as B1D could be varied over a wide range which is an attractive option to 

obtain the desired products mixture of B2D and B1D.  Further, a mathematical model 

for a continuous reactor performance was also developed on the basis of the kinetic 

data obtained previously in a batch slurry reactor.  The predicted values of 

conversion, selectivity, and rate of hydrogenation were found to agree well with the 

experimental data over a wide range of conditions.  

2. Pd nanoparticles supported on carbon and calcium carbonate were also evaluated for 

the hydrogenation of B3D. Pd/C catalyst prepared in the presence of polyvinyl 

pyrrolidone (PVP) as a stabilizer gave Pd particle size in a narrow range of 3-5 nm. 

This catalysts showed the higher activity (9-21 times) and selectivity > 99% to B2D 

as compared to the bulk Pd catalysts. A proper choice of stabilizer (PVP) gave the 

smallest particle size responsible  for such a dramatic enhancement in activity.   

3. Multiwalled carbon nanotubes were prepared by thermal decomposition method 

followed by acid treatment and Pd-functionalized carbon nanotubes with PdCl2 by 

wet impregnation method. The Pd-functionalized carbon nanotubes catalyst was 

characterized by BET, FTIR, Raman, XRD, EDX, ICP-OES, SEM and TEM and  
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was evaluated for its activity for hydrogenation of 2-butyen-1,4-diol.  It showed 

higher selectivity (93%) to 2-butene-1,4-diol than Pd supported on commercial 

carbon (70% selectivity to 2-butene-1,4-diol) for complete conversion of 2-butyne-

1,4-diol.  The catalyst also exhibited excellent stability as evidenced by the three 

catalyst recycle experiments.  

4. Colloidal Pd nanoparticles prepared in presence of polyvinyl pyrrolidone (PVP) as a 

stabilizer gave Pd particle size of 4 nm.  This catalyst showed 3.5 times higher 

reaction rate than the bulk catalyst for hydrogenation of phenylacetylene under mild 

reaction conditions.  At 90% conversion of phenylacetylene, selectivity to styrene 

was found to be 90% which decreased to 68 % for complete conversion of 

phenylacetylene. This was due to formation of ethylbenzene by further hydrogenation 

of styrene.   

5. Catalytic liquid phase hydrogenation of nitrobenzene in acid medium to phenyl 

hydroxylamine (PHA) and its rearrangement to give p-aminophenol (PAP) were 

studied separately in a batch reactor. First step of  hydrogenation of  nitrobenzene to 

PHA  was carried out over Pt/C catalyst at 303K and 0.69 MPa  hydrogen pressure 

with complete conversion of nitrobenzene while, selectivity to PHA achieved was     

>90% with some formation aniline even at lower temperature. PHA rearrangement 

could be achieved under hydrogen atmosphere at elevated temperature of 353K to 

give maximum 74% selectivity to PAP. Prepared Pt/C catalyst was characterized by 

BET, TPR, SEM, EDX, and XPS.   

6. Direct synthesis of p-aminophenol involving insitu rearrangement of PHA was also 

studied. In this study, the modified workup strategy for reaction crude involving 

single step neutralization at low temperature (5-8
o
C) showed 5 to 10% enhancement 

in the isolated yield of PAP.  The other parameters such as acid concentration, 

catalyst loading, and recycle of aqueous layer also played an important role to 

increase the isolated yield to PAP.  

7. Supported mono (Ni, Pt) and bi-metallic (Ni-Pt) catalysts were prepared for the 

selective liquid phase hydrogenation of m-nitrochlrobenzene to m-chloroaniline.  It 

was found that the use of sodium carbonate as an additive, substantially reduced the 
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extent of dehydrohalogenation to give the highest selectivity of 94% to m-CAN.  Ni-

Pt bimetallic catalyst showed  high activity and almost complete selectivity (>99%) to 

m-chloroaniline compared with Ni monometallic catalyst. The increase in activity and 

selectivity was found to be due to the stabilization of Ni
o
 state by incorporation of the 

co-metal, platinum.  
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