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Executive Summary

Catalysts have enabled our present well-being by ensuring adequate food supplies, other necessities and energy. The achievements of catalysis are manifold, like NH3 for agricultural needs, monomers for plastics used in consumer goods, clothing and housing, fuels for transportation and air pollution control. The needs of the society always grow with time and we have to be prepared for the future requirements of society. Catalysis will again help us meet our future needs too. Advanced countries, like The Netherlands, USA and Germany consider catalysis a strategic technology for economic growth and a large amount of public and private funds are spent in this area.

NCCR was established by the Department of Science and Technology in 2006 with a mandate to i) build human resource and knowledge, ii) establish advanced R&D facilities, iii)  initiate  research programs  in frontier areas and iv) cultivate a vibrant partnership between academy and industry. NCCR has, as the report in Section IV will show, has met all its mandates and in the process has earned recognition at national and international level of science and technology for sustained contributions towards education, training and research in the area of Catalysis. 
NCCR is now well-set to expand its horizon and take up a lead role to enable Indian catalysis research to greater heights and emerge as a globally respected one. In this context, the organizational and functional features of similar Centres in Catalysis across the globe have been studied and a road map/ future strategy for NCCR in the Indian context has been laid out.

This report is a proposal for the strategic repositioning of NCCR and its human resource development, training and research activities in the future. The proposal begins with a summary list of global catalysis research centres, then discusses the need for continued growth of NCCR with a different organizational structure, and finally describes in detail the research areas of relevance in the next 20 years, wherein the focus of NCCR would be.  

The mandate for the centre will remain the same, with a much greater emphasis on quality manpower development, advanced research facilities and purposeful research in frontier areas.
Organizational structure

The organizational structure envisaged is a PPP (public private partnership) model wherein the Public (Govt.) and the Private (Industries) are stakeholders. While Public (Governmental) participation will take care of education, human resource development and fundamental research, Private participation will ensure the application or utilization of the research carried out at NCCR for societal benefits.
1. The Centre will mainly be funded and managed by the Public (DST) –for staff, part of the equipment and part of the expenses (mostly recurring) for education, training and fundamental research.

2. Infrastructure and support will be provided by IIT

3. Funds for the short and long-term applied research will be met by the industry. 

4. Industries will be Consortium members for a fixed fee and can participate directly in research in NCCR.

Future research activities


The two major impediments to the welfare of humanity in the future are global warming and depletion of raw materials (fossil). Ever-growing demand for energy is the other major concern. Catalysis is expected to play a major role in addressing the above issues. The specific topics of research proposed to be carried out at NCCR and presented in this document are directed towards reducing carbon emissions, greater sustainability through use of renewable raw materials and minimize the consumption of energy. The research topics are grouped under two headings, fundamental and applied. The results of the fundamental research will be used to design better catalysis for industrial applications. The topics under fundamental research are summarized below.
· New synthesis methods for catalysts with predetermined active sites
· Understanding selectivity through elucidation of reaction mechanisms 
· In-situ characterization of working catalysts to study the active centres
· Develop improved theoretical methods for designing catalysts
· Process intensification through new reactor systems
· Short contact time reactions
· Understanding deactivation of catalysts 
ii) Applied research

 In the case of applied research, the activities will be centered on three main areas, 
· reducing energy utilization in the energy and chemical industries, 
· utilizing solar energy for hydrogen production and carbon dioxide valorization, 
· alternate routes to bulk and fine chemicals from renewable biomass.
 The detailed lists of the topics in the above areas are presented in Section.V on ‘Future research directions of NCCR’. Though efforts will be made to investigate all the topics listed under fundamental research, the applied research activity will be based on specific industry rand is expected to be from the proposed list.


In summary, the proposal presents a case for strengthening of NCCR with a different organizational structure to take on the future challenges in the science and technology of Catalysis, and the need for DST to be the major funding agency.
I. Catalysis research - Global scenario
Catalysis is one of the applied areas of research, which has received considerable attention among the academic community and has opened up a direct window for industry-academy cooperation.   In addition, the science and practice of catalysis have evolved into a highly sophisticated scientific endeavor that has lead to the publication of more than 25 SCI journals (Annexure I) exclusively covering this area, indicating the level and quantum of research activity. Such a situation  demands  a high level of competence for even to interpret the results emanating from most of the surface analytical techniques like XPS,UPS, AES, and many other surface analytical tools which measure very low concentrations, possibly reaching single species identification and reactivity. In order to attain this level of analytical capability and to interpret the results obtained require special skills and knowledge domain and the academic institutions are finding it difficult to impart sufficient education.   To overcome some of these hurdles faced by both the academic community and their corresponding industry partners, they have evolved systems wherein collaboration and cooperation can be effectively implemented. These activities have resulted into the establishment of various Centres of Excellence in Catalysis (CEC) in different parts of the world with well- defined objectives.  In the field of catalysis, almost all the leading Universities and academic institutions have established their own CEC and a few hundred Centres are already in place in North America, Europe, Asia, Australia, Middle East and South Africa.   All the Centres (number runs in 100s) are essentially established in academic institutions though a few of them may be present for specific purposes in specific industries.
A brief summary of the leading Centres and their objectives are explicitly examined in the following pages. It may not be appropriate to examine all the Centres individually and hence these available institutions have been grouped under certain assumed classification even though these Centres may not have been originally formed under these categories.   Broadly, the CECs around the world can be grouped under the following categories and one example for each classification is given for reference.

1. Virtual Centres (Collaboration between universities, eg. NIOK, NRSC in The Netherlands).
2. University specific Centres  (Suncat at Stanford, Rutgers, Purdue, Princeton, Northwestern,
     Chalmers University, CRC KAUST, CRC, Hokkaido, ICST, Technion, LICAT, Rostock, 
     UNICAT, Berlin SKLC, Dalian, CCRI, University of Ottawa)
3. Industry sponsored Centres (Merck Catalysis Center at Princeton University)
4. Patronized by specific agencies (DOE, NSF) 
5. Consortium approach (Suncat, Stanford)
6. Non Profit Centres –Private Initiatives, a few of them are available in various countries
7. Industrial Research Centres (Shell, SABIC, P & G and others)
8. National Laboratories (CSIR laboratories in India, CSIRO in Australia, KIST in South Korea, 
    KISR in Kuwait, Institute of Catalysis in Russia)
In this presentation, the specific objectives of each category of institutions will be examined in general, though there may be slight variations in the objectives of each of these Centres.   However, it may be worthwhile to list of some of the CECs in various parts of the world, in order to understand the intensity of this scientific activity in this world.

USA

The Centres in North America are basically organized under the categories of Universities, National laboratories, industrial organizations and non-profit organizations.   The actual listing is too long and only a few typical ones are given below. Research groups, associates with university departments are not listed. In fact, nearly every university in USA has a group working on catalysis and related subjects. 

Delaware:

Catalysis Centre for Energy Innovation (CCEI) Univ. Delaware

Indiana:

Centre for Direct Catalytic Conversion of Biomass to Biofuels (C3Bio) Purdue

Materials Science of Actinides (MSA) Univ. Notre Dame
Massachusetts:

Integrated Mesoscale Architectures for Sustainable Catalysis (IMASC) Harvard Uinv.

Centre for Excitonics (CE) (MIT)

Minnesota:

Inorgano-metallic Catalyst Design Centre (ICDC) Univ. Minnesota 

Illinois:

Centre for Electrochemical Energy Science (CEES) (ANL)

Centre for Bio-inspired Energy Science (CBES) Northwestern Univ.

Argonne-Northwestern Solar Energy Research Centre (ANSER) Northwestern Univ.

Centre for Geologic Storage of CO2 (GSCO2) Univ. Illinois

Montana:

Centre for Biological Electron Transfer and Catalysis (BETCy) Montana State Univ.

New Mexico:

Centre for Advanced Solar Photo physics (CASP),  Los Alamos Natl.Lab
Maryland:

Nanostructures for Electrical Energy Storage (NEES) Univ. Maryland

North Carolina:

Centre for Solar Fuels (UNC) Univ. North Carolina

Pennsylvania:

Centre for Lignocellulose Structure and Formation (CLSF) Penn. State Univ.

EMS Energy Research Institute

Centre for the Computational Design of Functional Layered Materials (CCDM) Temple Univ.

Washington:

Centre for Molecular Electrocatalysis  (CNE), Northwest Natl. Lab
California:
Light Material Interactions in Energy Conversion (LMI) (CIT)
Centre for nanoscale controls on Geologic CO2 (NCGC) (LBNL)
Centre for Gas separations Relevant to Clean Energy Technologies (CGS) (UC)

Spins and Heat in Nanoscale Electronic Systems (SHINES) UC (Riverside)

Colarado:

Centre for Next generation of Materials by Design Incorporating Metastability (CNGMD) 

National Renewable Energy Laboratory (NREL)

Georgia:

Centre for Understanding and Control of Acid gas induced evolution of Materials for energy (UNCAGE-ME), Georgia Institute of Technology

Solid State Solar-Thermal Energy Conversion Centre (S3TEC) (MIT)

Missouri:

Photosynthetic Antenna Research Centre (PARC) (Washington Univ. St Louis)
New York:

North East  Centre for Chemical Energy Storage (NECCES) Binghamton Univ.

Centre for Emergent Superconductivity (CES) Brookhaven Natl. Lab

Centre for Mesoscale Transport Properties (m2m) Stony Brook Univ. 

Tennessee:

Fluid Interface Reactions, Structures and Transport Centre (FIRST) Oak Ridge Natl. Lab

Energy Dissipation to Defect Evolution (EDDE) Oak Ridge Natl. Lab

Texas:

Centre for Frontiers of Subsurface Energy Security (CFSES) Univ. Texas at Austin

In essence there are over 100 institutions with 1000 senior investigators (Faculty) and a few thousand research scholars and PDFs are directly working in this area in USA. Each of these Centres is funded to the extent of 2- 5 million US dollars per year.
EUROPE

1. UNICAT
2. Leibniz Institute for Catalysis
3. Catalysis Research Laboratory (CaRLa)
4. CAT Catalytic Center
5. TU Munich Catalysis Research Center

6. Catalysis Controlled by Chemical Design

7. Netherlands Institute for Catalysis Research (NIOK)

8. Institut  Catalad' Investigacio Quimica (ICIQ)

9. Wolfson Materials and Catalysis Centre

10. Edinburgh and St. Andrews Research School of Chemistry (EaSTChEM)

 11. CPE Lyon: Institut de Recherches sur la Catalyse and the Laboratoired'Application de la 
       Chimieal'Environnement (IRCELYON)
12. Laboratoire de Reactivite de Surface, Paris
13. Laboratoire de Chemie de Coordination

14. Laboratoire des Materiaux, Surfaces etProcedes pour la Catalyse

15. European Laboratory for Catalysis and Surface Science (ELCASS) 
[AND MANY MORE]
RUSSIA: 

1. Boreskov Institute of Catalysis (Novosibirsk)
2. L. Ya. Karpov Physical Chemistry Research Institute (Moscow)
3. N. D. Zelinsky Institute of Organic Chemistry (Moscow)
4. M. V. Lomonosov State University (Moscow)
5. A. N. Nesmeyanov Institute of Organoelement Compounds (Moscow)
6. N. N. Semenov Institute of Chemical Physics (Moscow)
7. A. V. Topchiev Institute of Petrochemical Synthesis (Moscow)
8. M. V. Lomonosov Moscow State Academy of Fine Chemical Technology (Moscow)
9. D. I. Mendeleev University of Chemical Technology (Moscow)
10. Institute of Physical Chemistry (Moscow)
11. N. S. Kurnakov Institute of General and Inorganic Chemistry (Moscow)
12. N. M. Emanuel Institute of Biochemical Physics (Moscow)
13. I. M. Gubkin State Academy of Petroleum and Gas (Moscow)
14. Institute of Chemical Physics Research (Chernogolovka, Moscow)
15. Institute of Structural Macrokinetics and Material Science Problems (Chernogolovka, Moscow)
16. Research Centre "Applied Chemistry" (St. Peterburg)
17. Russian University of People's Friendship (Moscow)
Similarly, many other countries/regions in the world like China, Japan, Korea, Middle East, South-East Asia and Australia have founded a number catalysis research centres.

The various Centres of research in catalysis provide unique opportunities for industries, companies and institutions to perform research and development in the area of catalysis, since these Centres, with their organizational structure allow feasibility to address complex problems which require multidisciplinary competences, from theory and modeling to surface science, synthesis, and mastering of advanced nanomaterials, multi-tool characterization, catalysts testing and kinetics, catalyst and reactor engineering, and scale-up.  These Centres can offer a flexible and tailored involvement of different scientific and engineering competences, through a single entry point. For companies, and particularly for SMEs, they can also give additional services, including assistance in process developments and Intellectual Property Rights protection, personal training, as well as in the preparation of R&D projects at national, and international levels. By joining a formed Business Club, companies may have access to the network of knowledge and service, as well as lobbying activities.  Some virtual Centres like the European Research Institute of Catalysis (ERIC) have formed an Association, with the objective to strengthen  collaboration in the field of catalysis and to foster the excellence of the members, by facilitating their integration at the research, training and educational levels. Specific targets of ERIC are to:
· promote, coordinate and perform multidisciplinary research, education, technological advancement in the area of catalysis in Europe, optimizing the efforts and the utilization of resources of its members.
· promote the development of the European level facilities needed to perform research at internationally competitive level.
· provide a single reference point for international partnerships and collaborations, offering the full spectrum of the best European research and facilities in the catalysis area.
offer a single reference point to industry for expert advice and problem solving.
·  promote the public understanding of catalysis and an awareness of its implications especially in the areas of energy, sustainable chemical production, advanced materials, environment protection, safety and security devices.
Let us examine the motivation and also the objectives of some typical Catalysis research Centres in the world.  

NIOK

The virtual Centre concept has certain specific advantages since the main power organization can be broad based and resource sharing will be a facile process.  Two of the success stories of virtual centres are the European Research in Catalysis (ERIC) and The Netherlands Institute for Catalysis (NIOK). 
NIOK researchers (about 35 professors and more than 200 Ph.D. students, originating from eight Dutch Universities) cover the whole range of catalysis: heterogeneous and homogeneous catalysis, and bio-catalysis. Each research group has chosen its own focus and has its own strengths. As research problems tend to become increasingly complex, multidisciplinary approaches are more and more required. In NIOK, academic catalysis researchers convene, and cooperation between two or more groups is promoted.

A unique aspect of cooperation within the Netherlands is the open communication, not only between universities, but also between academia and industry. NIOK has an industrial advisory board (VIRAN) in which companies are represented such as Albemarle Catalysts, ARKEMA Vlissingen BV, Avantium Technologies BV, BASF Nederland BV, Dow Benelux BV, DSM, ExxonMobil Chemical Europe, Johnson Matthey, Cabot Norit Nederland BV, SABIC Euro Petrochemicals, Sasol  and Shell International Chemicals BV. Being the platform for the catalyst-producing and/or catalyst-using industry, VIRAN not only advises NIOK on possible research subjects and strategy, but also cooperates actively on educational developments, such as catalysis master courses.

In the past years, NIOK was one of the initiators of the nation’s top institute, National Research School Combination - Catalysis (NRSC-C), a research program on innovative research funded by Government for a period of ten years. 
ACTS
Another recent example of working on innovations for a sustainable society is ACTS (Advanced Chemical Technologies for Sustainability), a joint initiative of Government, academia and industry funding tens of millions of euros for pre-competitive and industrially relevant research, with an aim to anticipate the needs of the future society. NIOK members, amongst others, played an important part in the processes that led to the formulation of the Technology Roadmap - Catalysis, Key to Sustainability (2001) and the subsequent creation of ACTS and its research programs
IDEACAT:
The area of operation for IDECAT is to develop conceptually-innovative high-performance catalytic nanomaterials for industry. Its aim is to overcome fragmentation of research by achieving a lasting integration between the main European institutions operating in the various fields of catalysis. This will create a critical mass and assemble the multidisciplinary competences necessary to design the next generation of catalysts and sustainable catalytic processes and technologies.

SUNCAT:
A typical example a standalone academic centre is the SUNCAT in Stanford University.The SUNCAT Centre for Interface Science and Catalysis is a partnership between SLAC National Accelerator Laboratory and the Department of Chemical Engineering at Stanford University. The Centre explores challenges associated with the atomic-scale design of catalysts for chemical transformations of interest for energy conversion and storage. By combining experimental and theoretical methods, the aim is to develop a quantitative description of chemical processes at the solid-gas and solid-liquid interface. The goal is to identify the factors controlling the catalytic properties of solid surfaces and use these to tailor new catalysts. The approach is to integrate electronic structure, theory and kinetic modelling with operando and in-situ characterization techniques, synthesis of alloys, compounds, and functional nanostructures, and finally testing under realistic process conditions. They have conducted two summer schools in 2013 and 2015 with great success.   
Merck Catalysis Center:
A typical industry sponsored research centre is the Merck Catalysis Center (Princeton University). This centre collaborates with Andliner Centre, Princeton institute for the science and technology of Materials, Princeton institute for computational science and Engineering, Princeton centre for theoretical Science.  They mainly focus on areas like Synthesis, Biology, inorganic chemistry, materials, spectroscopy and theoretical Chemistry. 
CENTC:
NSF supported Center for Enabling New Technologies Through Catalysis (CENTC) is a typical example of a centre patronized by a specific agency.  CENTC is a National Science Foundation Phase II Center for Chemical Innovation. CENTC brings together researchers from across North America to collaboratively address the economic, environmental and national security needs for more efficient, inexpensive and environmentally friendly methods of producing chemicals and fuels from a variety of feedstocks. This centre coordinates laboratories in 18 Locations spread across the US and Canada.
To summarize, it is amply clear that Catalysis research centres round the globe have adopted different working models that are specific to their defined objectives. In a similar manner, an attempt has been made to formulate appropriate organizational and functional features for NCCR, so that the future challenges in Catalysis in India could be addressed effectively.   

II.  HYPERLINK "http://omicsonline.org/physical-chemistry-biophysics.php"  NCCR & its Future Structure
NCCR and the Future
It is predicted that by the year 2050, India will rank as the third largest economy (by GDP) in the world nearly similar to that of the US economy in size [1]. The Chinese economy is expected to be about 1.8 times larger than the Indian economy. It is also reckoned that by the year 2050, the world population will reach 9 billion with the Indian population being around 1.6 billion, more than the Chinese population of 1.45 billion, and approximately four times the US population of 400 million [2]. Essentially, an average Indian will be half as rich as the Chinese and about one fourth as rich as the American (US). This growth of the economy will be mainly the result of advances in and growth of technology. It is important that much of this growth and advances are a result of our own research and developmental efforts in various fields. An important reason for the success of Chinese economy during the last three decades has been due to indigenous or indigenized technologies by their own scientists and engineers. Looking at catalytic technology, as of today, nearly all the catalysts and catalytic processes operating in India in the various sectors have been obtained from suppliers (or their agents) belonging to the developed nations, while the Chinese utilize a number of technologies on their own in this area. In fact, Chinese catalysts and technologies are available in the global market in the key areas of energy and chemicals [3]. Given the fact that catalysis and catalytic processes contribute to nearly 25 % of a developed economy, some of the economic progress achieved by the Chinese during the past three decades is certainly due to their progress in catalysis research, especially in the area of catalytic process technologies.  


Though many research organizations have been engaged in catalysis research in India for the past five decades, we are still far away from the level of developments that have happened in other countries. The main reasons are the lack of focus, shifting interests (lack of continuity) and the absence of a minimum size (critical mass) of the research teams. In this connection the continuance of NCCR, in a different model is necessary so that research on specific topics are continued till substantial contributions are made. The new model of NCCR includes a large participation from the industry, which will decide some of its activity. The future structure of NCCR is discussed below.
Future structure of NCCR

Based on the structure of the research centres and institutes and the practices followed globally, NCCR will evolve into a new organizational frame work for its future activities.

The new framework proposed for NCCR is a PPP model, wherein the Public and the Private (industries) are stakeholders. While Public (Governmental) participation will take care of education, human resource development and fundamental research, Private participation will ensure the application or utilization of the research carried out at NCCR for societal benefits.
1. The Centre will mainly be funded and managed by Public (DST) – funding will be for staff and some research expenses (recurring expense) and for equipment (on time payment)

2. Infrastructure and support will be provided by IIT

3. Industries will be consortium members for a fixed fee. The consortium members and NCCR faculty will meet periodically to discuss industrial problems and to find solutions. 

4. Industries can sponsor time bound projects
5. Industries can hire NCCR faculty as consultants 

6. Industries can involve NCCR in their long-term projects/research programs through sponsorship and direct participation in research by deputing their staff to NCCR. 
The revenue for running NCCR will be generated as shown below:

1. Annual grant from government
2.  Grants from user industry (Consortium fee, sponsored project fee or grants for specific activity like man power training etc.)

3. Consultancy and Service fee   (This may be pooled separately as fund for running the Centre,  possibly maintained  in a separate account as the Centre fund)


It is hoped that the fees (revenue) collected from the industry will equal the grants (non-salary) received from the Govt. after the first two years. From the third year on wards, the total grant (non-salary including equipment) paid by DST can be equal to that earned by the Centre in the previous year. A preliminary budget proposal along with justification and phase-wise expenditure is presented in Section III 
During the period 2006 -15, NCCR had faced many constraints, like, inadequate man-power (faculty), inadequacy of space, poor support structure and low student strength. Efforts will be made to overcome the above problems and solve the issues in the near future. Many solutions are already within reach.

In spite of the many constraints faced, the Centre has fulfilled its mandates in the areas of research, education and human resource development since its inception in 2006.  A report on the performance of NCCR during the above period is presented in Section IV. It will be noticed NCCR has published 289 journal articles and 27 books, filed about 20 patents besides creating a large trained manpower (in excess of 500 persons) during the last 9 years, besides assisting industries and educational institutions, thus justifying its creation. A road-map for catalysis research in NCCR follows in Section V.
	1.
	Vision 2050, The World Business Council for Sustainable Development, Feb. 2010.

	2.
	http://www.census.gov/population/international/

	3.
	Progress in catalysis in China during 1982–2012: Theory and technological innovations, XIN Qin, LIN Liwu, Chinese Journal of Catalysis 34 (2013) 401–435.


III. Financial aspects
It is hoped to transform NCCR into a PPP unit with part of the funds from DST and another part from the industries (private and public) and sponsoring agencies.  DST will support the staff requirements fully for 5 years and beyond. The research and equipment budget for the first two years will also be met by DST. From year 3 onwards, DST will provide a matching grant to the Centre based on industry / sponsorship earnings of the previous year. 
Total Budget for 5 years

	Item. No.
	Head of expense
	Expense per year

(Rs lakhs) 
	Amount 
(Rs lakhs)



	I.
	Salaries
	110
	475

	II.
	Research expenses (for two years)

(Matching grant after 2 years)
	55
	110

	III.
	Equipment
	             360   (I year)
	730

	
	
	            370  (II year)
	

	
	
	(Matching grant after 2 years)
	

	
	Total 
	                                                  1315 

Plus matching grant from 3rdyr for expenses and equipment


Break-up of budget

I. Staff 

	S. No.
	Expenses 
	Amount per year Rs Lakhs

	
	Project Staff
	No.
	Expenses/ year

/ person Rs lakhs
	

	 1.  
	Assistant Professors (fulltime  faculty)
	3
	15
	45

	 2.
	Supporting Staff 
	5
	4
	20

	 3.
	Research fellowships (including M Tech)
	12
	3.75
	45

	TOTAL for one year
	110

	II: Research Expenses  
	
	

	S. No.
	Head of expense
	Amount (Rs lakhs)

	2.
	Contingencies
	10 

	3.
	Consumables 
	10

	4.
	Minor equipment & utilities
	5

	5.
	Travel
	5

	6.
	Special courses for Research scholars /students &faculty
	10

	7.
	Institute overheads
	5

	TOTAL for one year
	45


III. Equipments 

	S. No.


	Equipments
	No. of units
	Cost/ unit

(Rs lakhs)


	Total cost 
	Budget period

	1.
	Laser Raman Spectrometer
	1
	80
	80
	I year

	2.
	Powder X-ray Diffractometer  (for high temperature studies)
	1
	100
	100
	I year

	3.
	Surface area pore size analyzer
	1
	50
	50
	I year

	4.
	Chemisorption/TPD unit
	1
	50
	50
	I year

	5
	Gas Chromatographs (general)
	4
	20
	80
	I year

	6.
	GC-MS 
	1
	50
	70
	II year

	7.
	Gas Chromatograph for S, N

(Special analyzer)
	1
	30
	30
	II year

	8.
	Upgrading XPS / HRELS unit
	1
	200
	200
	II year

	9.
	Infra-red spectrometer for in-situ studies
	1
	70
	70
	II year

	
	From matching grant (for items 10 onwards)
	
	
	
	

	10.
	High pressure reactors (batch)
	2
	50
	100
	III Yr

	11.
	High pressure reactors (fixed-bed)
	2
	50
	100
	III Yr

	12.
	New equipment depending  on industry requirements
	
	
	
	IV Yr

	13.
	New equipment depending  on industry requirements
	
	
	
	V Yr


 Justification for permanent Faculty and other Staff

The core fulltime faculty will be of Asst. Professor’s rank of the Institute. They and some of the faculty from the departments will be the persons around whom the Centre’s research activities will be built up. The other faculty from the departments (chemistry and chemical engineering) who wish to join the centre will be adjunct researchers in the Centre. The fulltime faculty and some of the faculty from the department will also take care of conducting the courses for Ph.D. and M.Tech. The fulltime faculty of the Centre will have to possess a broad base in fundamentals and also possess some knowledge/experience in the applied research topics in Catalysis, proposed to be conducted in the Centre. The faculty chosen will not be only possess high academic standards, but also be able to understand and be innovative in industrial application of catalysis. They need to be good and possibly be solid consultants to a vibrant industry.

The Centre is conducting a M Tech programme in Catalysis Technology. The current intake is six maximum.   This upper limit in intake was decided in the formative years in 2009-2010 to see the viability and also the potential of this new course.  In the last 5-6 years it has been observed that all our M Tech candidates could find placement and some of them even proceeded to carry out Ph D degree and this has encouraged us to consider other options to expand this programme. One proposal is to increase the number with internally generated (NCCR’s) funds to support the M Tech programme.   

Next, the faculty has to be supported with Ph D research scholars and the Centre has been till now mainly dependent on sponsored projects with a few candidates supported by industries. To supplement this intake we propose to have some Ph D fellowships built in the programme so that the Centre has some flexibility in generating Ph D scholars on its own.

The administrative setup, namely one office staff, one purchase staff and two Technical  Assistants ( for running and maintaining instruments) is the minimum requirement. The Centre in the last 10 years has managed without these additional staff and it has been found that documentation and records are difficult to maintain and many a time the transactions have become complicated due to poor documentation.   It is essential that a proper office is put in place at least to answer the calls and demands from various stakeholders of NCCR.   
II. Research expenses

Running a centre like NCCR requires some items like gases, water supply (Drinking water and also distilled water) office records, stationary and other items especially to conduct the orientation programme, to conduct various meetings with stakeholders and also for a proper functioning of the centre.   A nominal contingency grant is absolutely necessary and this is also projected in the proposed budget.

III. Equipment

The Centre has put in place a host of sophisticated equipments and these have to be maintained and a few others have to be acquired.   The proposal has a built in class that from third year onwards any new additional equipment has to be procured from support from industry with a matching grant from central agency.   However, the Centre has to acquire some special facilities. The Centre will come up with specific proposal on the basis of essentiality and also urgency of the equipment and this may be supported by the central agency and also the centre will seek assistance from other sources to the extent possible.

The Centre will prioritize based on the demands and necessities of the stake holders.   An overall list is provided and this will be carefully scanned and pruned.

IV. NCCR- 2006-2015- A Perspective
A. NCCR- The vision, mandate and milestones
The National Centre for Catalysis Research was established by the Department of Science and Technology in July 2006 at the Indian Institute of Technology-Madras, Chennai, with a clear vision to emerge as the premier national centre for catalysis, focusing on:

· Building human resource and knowledge capital  

· Establishing advanced R&D facilities

· Initiating  research programs  in frontier areas 

· Cultivating vibrant partnership among the trinity of academy-research-industry.

In order to transform this vision into reality, NCCR set forth an ambitious mandate in the following lines:
· Actively build human capacities and expertise manpower in the area of catalysis

through structured educational programsat various levels

· Undertake advanced research in frontier areas of basic sciences relating to catalysis, especially on
- New materials
-Energy conversion processes
-Surface science
-Theoretical science

· Solicit support from industries for applied research in cutting-edge technology areas

· Emerge as a knowledge center & store house of relevant information to user industries towards  reliable problem solving, testing & training 

· Initiate collaborative research programs with universities, national  and international institutes & laboratories 

NCCR has fulfilled the mandate during the formative years, from 2006-2011, and has earned recognition at national and international forum of science for sustained contributions towards education, training and research in the area of Catalysis. 
From then on, the Centre has been consolidating its base through:
· a number of educational and training courses
· advanced research programmes in  frontier areas in catalysis, as exemplified by publications in international journals and presentations in national and international conferences
· Sponsored research programmes on synthesis and characterization of new materials and energy conversion processes in collaboration with industry partners 
· MOU for collaborative research programmes with public as well as private academic research institutions/universities/national laboratories leading to joint registration of Ph D scholars  with NCCR
· MOU with international research laboratories, in Australia, Germany, Ireland & USA, Russia, Netherlands, Japan and Korea etc., with the exchange of research scholars and faculty
· Conducting special courses for the industry and summer and winter coursesfor researchers / university students on contemporary topics in catalysis
· Organizing on-line courses/lectures/discussions  for researchers in catalysis across the globe 

· Spearheading the activities of the Catalysis Society of India as its head quarters, organizing symposia/workshops on regular basis
B.   Contributions from NCCR- Highlights
A gist of NCCR’s contributions in different spheres of activity is given in the following pages.

1. Educational and training programmes
i. M Tech degree course in Catalysis Technology

NCCR introduced an MTech Degree course in Chemical Engineering with specialization in Catalysis Technology, which is designed to cover all aspects science and technology of catalysis and relevant topics from Chemical Engineering. The course has been highly successful since it caters to the human resource requirements of the chemical industry and is also suitable for those who would like to pursue research/academic career in catalysis. Starting from the first batch of students who passed out in 2011, five batches have completed the course. All of them have been placed in industrial R&D Centres or pursuing academic career. 
Some of the courses included for the Catalysis Technology Degree, like, Homogeneous Catalysis, Green Chemistry, Petroleum Technology, Surface analysis, Solids and Surfaces, Nanomaterials in Catalysis and Photo-catalysis have also been selected by students from other departments of IIT-M as well, like the Departments of Aerospace Engineering, Chemistry, Chemical Engineering, Computer Science, Metallurgy and Materials Engineering Departments.
As a part of the M Tech Degree course, 18 projects related to catalysts for fuel cell applications, energy conversion processes, bio-mass conversion processes, selective hydrogenation and photo catalytic reduction of CO2 have been completed.
ii. Ph D programme
So far 25 scholars from NCCR have been awarded Ph D Degree in Chemistry/Catalysis.  Besides the research scholars from Chemistry & Chemical Engineering Departments, IIT Madras, a number of research scholars registered at different universities (Anna, Bharathidasan, Bharathiar, Madurai Kamaraj Universities) and colleges (Loyola & Madras Christian Colleges) have been working at NCCR under the guidance of NCCR faculty.  Currently 30 scholars are pursuing research at NCCR.
iii.  Orientation course for research scholars

Orientation course in Catalysis for research scholars drawn from Universities /Institutes spread across the country has been one of the most significant contributions from NCCR. The course has attracted students from other countries too. Feedback from the students who have undergone this course has been highly positive and it is gratifying to note that many of them are pursuing research in Catalysis in reputed laboratories around the world, winning recognition for their work. So far 15 Orientation courses have been conducted and the 16th is planned in Nov-Dec.2015.

iv. Capsule courses for the industry & academia
Courses in Catalysis, which are specific to the needs of the industries like, GM, NFCL & SABIC, Sud Chemie have been conducted by NCCR. Such interactive courses with the industries have helped in understanding their academic needs and work with themon challenging problemsand sharing knowledge.
Capsule Courses in Experiments in Chemistry and Biology and Spectroscopic Methods for Staff and Students of Madurai Thiagarajar College were also conducted during 2010. NCCR faculty have also conducted post graduate level courses in Catalysis/Industrial catalysis in Tezpur University and Anna University (full semester) during 2007-2010.
v. Special courses

Summer/winter Courses for UG/PG /research Students from IIT-Madras and otherInstitutes were conducted on a range of topics like, Analytical methods, Interpretation of Spectral data, Photo-catalysis and Photo-electrochemical processes and Fuel cells & Hydrogen storage were conducted periodically.

In addition regular stream of students (and teachers) sponsored by Indian Academy of Sciences (twelve) and UGC (four) for summer fellowships.

A summary of NCCR contributions in education and man power training programmes is given below:

	Sr.No
	Level
	No

	1
	M.Tech  & PG students
	100+

	2
	Ph. D-completed
	25

	3
	Ph. D- in progress
	30

	4
	PDF on rolls & trained
	3+7

	5
	Research Associates 
	10

	6
	Orientation Course- in 9 years
	400+

	7
	Summer course – in 9 year
	150+

	8
	Capsule Course for    Industry  
	5

	
	
	


2.  Research programmes

A.  Basic research projects

 i)   Synthesis and characterization of novel materials-ordered mesoporous materials- for fuel cell electrode and hydrogen storage applications
NCCR has developed a series of ordered/disordered nano-porous materials including silica (IITM-56), alumina (HSAI-100), carbons (NCCR-1& NCCR-56), and transition metal oxides (TMON-75) for use as catalysts or catalyst support for a variety ofapplications.

a. Ordered mesoporous carbon
Porous carbon materials have extensively been employed in variety of applications including gas separation, water purification, catalyst supports, hydrogen storage, and electrodes for batteries and fuel cells.   However, the controlled fabrication of ordered nanoporous carbon arrays remains a synthetic challenge to scientists.
The commonly used electro-catalyst, both for cathode and anode, is platinum supported on a variety of carbons. To achieve a more effective electro catalyst, both in catalytic performance and electronic conductivity, platinum has to be well dispersed on the support thereby a reduction is achieved in active metal content; in addition sintering problems can also be avoided.  Nanoporous carbons, designated as CMK-3 or NCCR-1, are excellent candidates for such purpose as these catalyst systems (Pt/CMK-3; Pt/NCCR-1) give promising electro-catalytic activity for methanol oxidation.

It can be seen from Table 1 that Pt/NCCR-1 exhibits higher activity than that of the catalyst prepared using commercial carbon (Pt/CDX-975) or commercial Pt/E-TEK catalyst.  Enhanced activity is due to the better dispersion and utilization of the Pt catalyst, which originate, respectively, from a higher surface area, large pore volume and oxy-functional groups present in the carbon materials.  The study also demonstrates that optimized carbon supports not only exhibit higher current density and low activity loss but also can offer significant cost savings by lowering the extent of catalyst loading.
[image: image2.emf]
b. Mesoporous carbon for hydrogen storage
The ordered nanoporous carbons obtained via the template carbonization method, viz., CMK-3, NCCR-1, FDU-17, etc. are useful for hydrogen storage. These carbon materials exhibit enhanced and reversible hydrogen storage capacities.  For example, a hydrogen uptake capacity of 2.7 wt% for CMK-3 at 77 K and 45 bar pressure and 1.9 wt% for NCCR-1 at 77 K and 25 bar pressure was achieved.  
Carbon nano materials are substituted with nitrogen and phosphorus and these materials have been shown to store hydrogen at room temperature and 80 bar up to approximately 2-3 weight percent
c. Ordered Nano-porous Silica

Two most common types ordered nano porous silica involve SBA-15 and MCM-41 that have ordered structures consisting of uniform nanopores.  The former possesses larger pores, thicker walls and higher thermal stability as compared to the latter.  Therefore, it is of interest to make materials with a combination of moderate pore size and thicker wall structure.  The desired characteristics were made possible with the advent of oligomeric alkyl poly ethylene oxide (Brij-56) surfactant template, resulting in a novel silicate material, designated as IITM-56, with a (moderate) pore size of 35 Å and a wall thickness of 24 Å.  
[image: image3.emf]
d. Ordered Nano-porous Titania

High surface area nanoporous titanium dioxides (TMON-75) have been synthesized using non-ioninc surfactant by hydrothermal treatment.  The calcined catalyst possessed mesoporous framework with anatase structure and showed photo-catalytic activity about 60% higher than that of commercial TiO2 (Degussa P25).
e. High Surface Area Alumina

High surface area alumina, (γ-alumina (HSAI-100) the range 300-400 m2/g were successfully prepared and characterized.  Silico tungstic acid supported on γ-alumina showed 99 % glycerol conversion with a maximum acrolein selectivity of 54 % for more than 20 h.  On the other hand, Cu/ZnO supported on γ-alumina exhibited a 55% glycerol conversion with maximum 1, 2-propane diol selectivity of 88%.

 ii)   Bio-mass conversion processes

Transesterification of vegetable oils into FAME over solid catalysts
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The transesterification of vegetable oils (sunflower, waste cooking oil and jatropha oil) over various spinels was carried out in both batch and continuous fixed-bed reactors. FeAl2O4 CoAl2O4  and ZnAl2O4 calcined at 873 K are good catalysts and suitable for commercial use.
Conversion of glycerol to value added products- NMITLI project

Dehydration of glycerol in the presence of catalysts, such as silicotungstic acid supportedon ordered porous silicas, shows complete glycerol conversion (100 %) with maximum acrolein selectivity (81 %). On the other hand, copper oxide supported on zinc oxide shows a maximum selectivity (90 %) of the intermediate hydroxyl acetone with a glycerol conversion of 45%. Hydrogenolysis of glycerol over reduced copper oxide-zinc oxide supported on a-alumina (HSAI-25) catalyst leas to 88 % 1,2-propane diol selectivity with a 55 % conversion of glycerol  
In the case of the conversion to glyceric acid, the oxidation of glycerol was performed using nano-gold supported carbon. A maximum selectivity of >90% glyceric acid was achieved with a glycerol conversion of >70%.
Bio-mass to petrochemicals 

The transformation of sorbitol [a platform chemical derivable from cellulose] into propylene and ethylene glycols was investigated over supported Ni, Pt and Ru. Ni is an excellent catalyst for when supported on Na-Y; the yield of glycols was ( 60wt%.  
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iii)  Mitigation of CO2 by photo chemical and electrochemical processes

Perovskite based catalysts for visible light driven reduction of CO2 with water

Three new series of catalysts based on layered perovskite type oxides, namely, 
- La modified Sodium tantalate (NaTaO3) with co-catalysts-Ag, Au,CuO, NiO, Pt & RuO2
- Layered type Strontium  titanates – SrTiO3, Sr3Ti2 O7& Sr4 Ti2 O10
- Layered type Strontium  titanate- Sr3Ti2 O7  doped/co-doped with N,S & Fe2 O3
Co-catalysts like NiO & CuO act as coupled semi-conductors for NaTaO3 for facile electron transfer from NaTaO3. La modified NaTaO3 with NiO&CuO as co-catalysts display the best performance. Amongst the three strontium titanates, modified Sr3Ti2 O7 catalysts display the best performance for CO2 photo reduction. Dopants improve light absorption in the visible range by creation of new energy levels within the band gap and also increase the life time of the excitons 
 by effective charge separation,  by trapping photo generated electrons and holes. Catalysts co-doped with Fe2O3 display higher selectivity towards C1&C2 hydrocarbons Vs alcohols
[image: image10.jpg]



Catalysis Today,DOI.10.1016/j.cattod.2015.09.004;RSC Adv.,2015,5, 5958-5966
Electro chemical reduction of carbon dioxide on copper and zinc based electrodes in aqueous electrolytes (Catalysis Today, 245, 68, 2015)
The product distribution of electrochemical reduction of CO2 can be altered by modifying the surface of pure copper by deposition. Chronoamperometric deposition of Cu on Cu (Cu/Cu) was carried out at two different CuSO4 bath concentrations, 0.25 M (high) and 0.025 M (low), termed as Cu/Cu-H and Cu/Cu-L respectively. These deposits were characterized by X-ray diffraction and they vary in their crystal orientation. Pure Cu and Cu/Cu were aligned towards (1 1 1) and (2 2 0) planes with a texture coefficient of 1.2 and 1.7, respectively. Electrodeposited electrodes were tested for the electrochemical reduction of CO2 in KCl electrolyte and the results were compared with that of pure Cu electrode. Electrochemical reduction of CO2 showed methane and ethane, with hydrogen as the byproduct. The product distribution varied with the crystal orientation of Cu electrodes. The maximum Faradaic efficiency of methane was 26% obtained on pure Cu electrode with (1 1 1) and (2 0 0) orientation, whereas Cu/Cu-L with dominating (2 2 0) orientation, showed a maximum formation of ethane with Faradaic efficiency of 43%.
[image: image11.png]Visible light driven photo catalysts for CO, reduction*

1. La-NaTaO3 with co-catalysts “With HPCL

<

o ]
p
TENLaNIONaTaO,  Matching of energy levels 7 2 5'5;5//';/

2.STiOswith dopants 0, reduction activity
DR spectra Photoluminescence spectra i

X, e, Eis
S |
| o

B s < o





Application of size and shape controlled metal clusters

Size and morphology of metal nanoparticles are two important factors affecting the amount and nature of the active sites. Nano particles with different sizes and shapes have different degrees of dispersion, exposed facets and fractions of atoms located at different corners, 
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edges, and defects (resulting from the loss of atoms at these locations). Thus, for a given reaction, the catalytic activity of particles with different morphology can vary quite dramatically. In NCCR studies have been initiated on the preparation of shape controlled Pd particles. It is proposed to extend such studies on other metals like Pt, Au, Ag, Co & Ni that have applications in different hydrocarbon conversion reactions.
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iv)Energy conversion processes

Hydrotreating (HT) of diesel range fuels

Novel supported Ni-Mo-catalysts were prepared using composites of mesoporus silica and alumina. These catalysts were evaluated in the HDS, HDN, HDM, HDO and HYD of different model compounds, in order to under-stand the inter-relationship between catalyst properties and performance in the above reactions.
Hydroisomerization of n-Hexadecane on Pt/ZSM-12 composite
The crystallization of molecular sieve ZSM-12 (SAR-90) has been investigated by employing benzyl tri-methyl ammonium chloride (BTMACl), tetra-ethyl ammonium bromide (TEABr) and methyl tri-ethyl ammonium bromide (MTEABr) as templates. The pure ZSM-12 samples were characterized by XRD, SEM (morphology, crystal size) and total acidity to understand the role of template during crystallization. Interestingly, crystallization of ZSM-12 phase with rice, cubic and elongated cubic shaped morphology was favored in the presence of BTMACl, TEABr, and MTEABr, respectively. Effect of zeolite crystal size and morphology on hydroisomerization reaction was investigated by employing ZSM-12 (Si/Al = 90) based catalysts. Morphological features and crystal size profoundly influence the activity for long chain n-paraffins.
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Selective hydrogenation of cinnamaldehyde over Ni/TiO2 catalysts-Effect of preparation methods

                                                                                   Mode of adsorption of cinnamaldehyde
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Nickel (15% wt/wt) supported on TiO2-P-25 catalysts have been prepared by conventional high temperature hydrogen reduction (IM &DP) and low temperature chemical reduction (HH & GL) methods. HH and GL methods yield relatively smaller Ni crystallites with weaker metal support interactions. All four catalysts exhibit good conversion of CAL and significant selectivity to COL in the initial stages of the reaction. Catalysts prepared by HH & GL methods display higher CAL conversion and selectivity to COL.  Relatively stronger adsorption of HCAL and the presence of small amounts of Ni2  along with Ni0 favour adsorption of  CAL through C=O, leading to the formation of COL, which gets hydrogenated further to HCOLwith the increase in time.   (Catal. Sci. & Technol. 2015, 5, 3313-3321)          
Studies on Ni-M (M=Cu, Ag, Au) bimetallic catalysts for selective hydrogenation of cinnamaldehyde
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Bimetallic catalysts of the type Ni-M with M= Cu, Ag & Au, and supported by TiO2 (P-25) have been prepared by chemical reduction using glucose as the reducing agent. TPR, DRS and TEM studies indicate the formation of Ni-Cu alloys and Ni-Ag & Ni-Au bimetallic nano particles. HRTEM studies reveal that bimetallic particles are in close contact, forming heterojunctions. Ni crystallite sizes measured by XRD, H2 pulse chemisorption and TEM techniques are in the range 8-12 nm. XPS studies reveal charge transfer from Cu/Ag/Auto Ni.  Increase in electron density on Ni does not favour CAL adsorption via C=C bond and Ni-H bond turns weaker compared to monometallic Ni catalyst. H2-TPD measurements also reveal weakening of Ni-H bond. Bimetallic catalysts display higher CAL conversion and selectivity to COL when compared to the corresponding monometallic catalysts at lower temperatures, 60-80°C.But, selectivity to COL decreases at higher temperatures, 100-120°C. Mode of adsorption 
of CAL and the nature of adsorbed hydrogen on bimetallic catalysts play crucial roles in controlling activity and selectivity for the hydrogenation of cinnamaldehyde.
v)  Theoretical studies for catalyst development - employing DFT and other modern theories for condensed matter applications.

Methanol formation by catalytic hydrogenation of CO2 on a nitrogen doped zinc oxide surface: an evaluative study on the mechanistic pathway by density functional theory
An investigation of the nature of adsorption of H2O and CO2 on a nitrogen doped zinc oxide cluster surface and the resultant reaction between them has been performed using hybrid density functional theory (DFT) calculations at the B3LYP level of theory in a vacuum. The stable chemisorption modes of CO2 and H2O on metal, oxygen and nitrogen sites were examined. The calculated adsorption energies reveal that the formation of CO2 attached to N is the most favorable process for CO2 on the Zn18O17:N cluster surface, with a binding energy of -1.86 eV. The water molecule spontaneously dissociates on the same surface to produce chemisorbed H* and *OH with an interaction energy of -0.77 eV. The modelcalculations rationalize the hydrogenation of CO2 by H2 generated from H2O on the cluster surface.  Thermodynamically favorable reaction pathways for the formation of methanol on the catalytic surface in a vacuum were proposed. Among the three pathways, methanol formation follows the carbamate route. The carbamate formed undergoes hydrogenation to generate COOH* units, followed by its exothermic decomposition to *CO attached to N and *OH. Further hydrogenation of CO ultimately yields methanol. All of the above steps were computationally evaluated.
DFT studies on tetra ammine platinum (II) complex encapsulated in various zeolites 

Platinum clusters in basic LTL zeolite were used as selective catalysts for the dehydrocyclization of straight-chain alkanes to give aromatics (1). High selectivities have been observed with platinum clusters supported in LTL zeolite (2). There is an agreement that the support must be non-acidic and that the catalyst is monofunctional, with platinum providing the catalytic sites. The reasons for the high selectivity of platinum supported LTL zeolite are still not fully resolved. Hence, in the present work the theoretical interpretation of tera-ammine
[image: image17.png]s

g 3

8
[9%] Aouanbasy





[Structure of Pt(II) complex]
Platinum (II) complex encapsulated in various zeolite such as Zeolite Y, MCM-41 and LTL has been compared and their catalytic activities were reasoned using density functional theory studies.
All the calculations were carried out using Gaussian 09 program package. The geometry optimizations of the complexes were performed using the Density Functional Theory (DFT) with hybrid exchange correlation B3LYP functional with lanl2dz basis set.The gas phase optimized Pt complexes were encapsulated inside the zeolites and are optimized. Nature of the structural and electronic changes that occur in the complexes under the inﬂuence of the zeolite framework were analyzed. The global hardness, η = 1/2(ELUMO−EHOMO) using Koopmans’ theorem and global softness (S = 1/2η) as the inverse of the global hardness, for the neat and zeolite encapsulated complexes also calculated. While encapsulating the complex within the voids of the zeolite matrix, the HOMO and LUMO energy gap of the complex is found to decrease due to the steric constraints of the zeolite matrix resulting in better reactivity (Fig.1).  
According to the maximum hardness principle and the minimum polarizability principle, encapsulated complexes will show higher reactivity with minimum hardness andmaximum softness (Table 1). Better activity was found in zeolite Y than the other systems, this may be due to the presence of large void space in zeolite Y which sufficiently minimizes the energy gap of the system. A DFT calculation of all systems predicts that encapsulation reduces the HOMO and LUMO energy gap, global hardness and increases the softness resulting in higher catalytic ability of the encapsulated complexes.
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Figure 1.Schematic representation of the HOMO and LUMO level of the neat and the encapsulated platinum complexes 

Table 1: Global hardness andsoftness of neat and encapsulated platinum complex
	Complex
	Global Hardness 

(η) eV
	Softness 

(s) eV

	Pt[(NH3)4]
	1.89
	0.26

	Pt[(NH3)4] - LTL
	2.23
	0.22

	Pt[(NH3)4] – MCM 41
	1.88
	0.27

	Pt[(NH3)4] - Y
	1.46
	0.34


References:
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B. Industry sponsored research programmes


Indian as well as multinational chemical industries have evinced keen interest in collaboration with NCCR on development / study of various catalytic processes & materials. A brief summary of industry sponsored projects is given in the table below.
From 2006-2011

	S

No
	Industry
	Topic
	Project tenure & Cost (Rs )
	Output          
	Status

	1
	CPCL
	i.Adsorptive de-sulphurization of diesel fraction 

ii.End point reduction of diesel .
	2007-2009

36 Lakhs
	Carbon based materials developed

5ºC redn. achieved
	Completed

	2
	IOC
	i.Development of alumina with defined textural  properties

ii.IOC fellowships
	2009-2012

45  Lakhs
	i. Alumina development
ii.One Ph D  Degree
awarded
	Completed

One patent filed

	3
	SHELL
	Metal grids as supports for catalysts
	2008-2011

30 Lakhs
	Anchoring & adherence of metal-TiO2 coating on
SS surface 
	Completed

	4
	NISSAN
	Development of hydrocarbon trap materials
	2010-2012

30 Lakhs
	Zeolite based trap materials

developed
	Completed

	5
	HPCL
	Chemical mitigation of carbon dioxide to fuels & chemicals
	2010-2014
34 Lakhs
	Perovskite based photo-catalysts developed
	Completed
4 patents filed

	6
	P&G
	Terminal oxidation of hydrocarbon molecules
	2007-2008

15 Lakhs
	Oxidation of long chain hydrocarbons
	Completed

	7.
	GM
	De NOx chemistry
	June 2010
5 lakhs
	Studies on SCR catalysts
	Completed

	8
	TATA
	PEC of water
	2009-2011
10.00
	
	Completed

	9
	Granules

India
	Catalysts for hydrogenation
	2011- 2013

10 Lakhs
	Catalysts for specific hydrogenation
	Completed


From 2011 onwards
	SrNo
	Industry
	Topic
	Project tenure & cost. (Rs) 
	Status
	Duration

	1.
	SHELL 
	Anchoring of stabilized cobalt nano particles on metal-oxide supports 
	April-2012-
March 2015
11.86 Lakhs
	Preparation methods for anchoring
established
	Completed

	2.
	NFCL
	Synthesis of higher carbon number alcohols from ethanol& methanol 
	July,2012-
Sep.2016

57.6 Lakhs
	One active catalyst composite established
	One provisional patent to be filed

	3
	NFCL
	Improving nitrogen use efficiency of urea
	Oct.2012-
Sept.2015

28.67 Lakhs
	Micro nutrients and clay based slow release formulations developed
	Completed

	4
	HPCL
	Solar fuels by photo-electro catalytic reduction of CO2 to hydrocarbons
	April 2015-March-2017
46 Lakhs
	Photo electrochemical cell is under fabrication
	In progress

	5
	CPCL
	Development of Isomerization catalyst
	Feb.2014-
Feb.2017

15.0 Lakhs
	Non-chloride catalysts under
development
	In progress

	6
	HPCL
	Tri-reforming of methane
	April 2015-April 2017

32.8 Lakhs
	To develop catalysts and process  for tri-reforming of methane.
	In progress


C.  Research programmes funded by Govt. organizations
In the following projects funded by DST, NCCR has been a member in the Consortium
1. Generation of solar hydrogen (2012-2014)
2. Studies on hydrogen storage in carbon materials (2010-2015)

C. International collaboration projects
1. Synthesis, characterization and testing of photo catalytic adsorbents for water
Indo-Ireland project (2012-2014)

2. A nano composite material for high power lithium battery cathodes

Indo-Australian project (2012-2015)
3. Iron containing nano structured catalysts for environmental protection

Indo-Russian project (2013-2015)

4. University of Nevada project-Exchange of Students 
5. Indo-Hungary project Exchange of Research scholars from NCCR
6. Indo-Netherland project-Exchange of students from NCCR
3.  Seminars / Workshops Organized
· Three-day Indo-Hungarian Workshop on “Future frontiers in Catalysis” during 16-18 February 2010. 

· Four-day 20th National Symposium on “Catalysis for Energy Conversion and Conservation of Environment” during 19-22   December 2010. 
· The 15thNational Workshop on Catalysis on “Role of Materials in Catalysis” was organized by NCCR during the period December 11-13, 2011.
· Indo-Soviet Experts Meeting on Nano materials , December 13-15,2011
4. Research output from NCCR
	 
	2006-2011
	2011-2013
	2013-2014
	2014-2015
	Total

	Papers published in journals
	136
	50
	40
	63
	289

	Presentations in Conferences
	178
	50
	20
	19
	267

	Patents
	11
	4
	3
	2
	20

	Books
	17
	4
	4
	2
	27


	
	5.NCCR revenue through Industry sponsored projects
	

	
	
	
	
	
	
	
	

	
	Sr. No
	Organisation
	Project  Details
	 
	Cost(Rs Lakhs)
	 
	

	
	2006-2011
	 
	 
	 
	 
	 
	

	
	1
	CPCL
	2 projects
	36.00
	 
	

	
	2
	IOCL
	Project+Fellowship
	 
	45.00 
	 
	

	
	3
	Shell
	Titania coating
	 
	30.00 
	 
	

	
	4
	P&G
	 Terminal Oxidation
	 
	15.00 
	 
	

	
	5
	GM
	 De NOx
	 
	5.00
	 
	

	
	6
	TATA
	 PEC of Water
	 
	10.00 
	 
	

	
	7
	HPCL
	CO2 PCR
	 
	34.00
	 
	

	
	8
	Granules
	Hydrogenation cat.
	 
	10.00 
	 
	

	
	9
	NISSAN
	Hydrocarbon trap
	 
	30.00
	 
	

	
	 
	 
	 
	 
	 
	 
	

	
	2011-2015
	 
	 
	 
	 
	 
	

	
	1
	Shell
	Co nano on support
	 
	11.86
	 
	

	
	2
	NFCL
	Higher alcohols
	 
	57.60
	 
	

	
	3
	NFCL
	NUE improvement
	 
	28.67
	 
	

	
	4
	HPCL
	Solar fuels
	 
	46.00
	 
	

	
	5
	HPCL
	Tri-reforming
	 
	32.80
	 
	

	
	6
	IOC
	Isomerization
	 
	15.00
	 
	

	
	 
	 
	 
	 
	 
	 
	

	
	 
	TOTAL
	 
	 
	406.93
	 
	


6. Catalysis Society of India
NCCR is the head-quarters of the Catalysis Society of India. Under this the following activities have been carried out during this period. 

1. The Bulletin of the Catalysis Society of India is being published regularly and it has received the ISBN Number, Volume 13 has been completed. 

3.  On behalf of the Society various on line courses were conducted during 2006-2015. Online course on CO2 reduction and various one to one and one to group on line discussion meetings (more than 100) were organized so far.   This facility has provided opportunities to disseminate knowledge in unconventional areas.
Other activities of NCCR related to Catalysis Society of India include:

i. Running the society, enrollment of members and also maintaining the day to day activity of the Society.

ii. The Centre has brought out the Bulletin of the Catalysis Society of India both in hard copy format and soft copy format for all these five years.

iii. The Centre has helped in the conduct of the National symposia, and workshops all these five years and in 2010, the centre conducted the 20th National Symposium on catalysis in Chennai during December 19-22, 2010.

iv. The Centre has been responsible for the conduct of the preschools of the society in Bhubaneswar, Pune, Gauhati and Chennai prior to the national symposia or workshop.

v. The faculty members of the Centre were members of the National Organizing Committee of all the symposia held by the catalysis society of India and a host of other symposia and conferences organized by various other institutes.

vi. Maintaining and updating the Catalysis Data base which is the store house of all necessary documents of relevance to catalysis.   ( Nearly 1650 documents are already freely available including e-books and other documents of relevance)

vii. The Centre also takes care of all the administrative work of the Society as well as the awards, announcements, nominations, and getting them evaluated by a panel of Judges.
7. CATALYSIS DATA CENTRE
The Centre has been maintaining a data base since 2006. There are more than 1650 documents that have been already uploaded in this data base. The types of documents available include articles, book sections, Monographs, conference or work shop items, Books, Thesis, Patent, data sets, experiment, reaching resource and others which include power point presentation on various topics.   This data base is unique in many respects since it serves not only the research community, but also a variety of people starting from students, teachers, common man and also experts.   This data base has been regularly visited by a number of people both from India and abroad.   In addition the centre maintains many other discussion sites for education and knowledge dissemination.

.   
VI. Future research directions for NCCR
Background

The results of catalysis research are associated with great economic benefits. Advanced countries, like The Netherlands, USA and Germany consider catalysis a strategic technology for economic growth [1-8]. Products manufactured directly and indirectly from catalysis have permeated the modern society so deeply that it is not possible to identify a single industrial product that has not had its roots in catalysis. In fact, catalysis is believed to contribute directly and indirectly to approximately 25% of global GDP. It is important, therefore, to strengthen catalysis research in India and to derive its benefits in the near and long term. Catalysis research itself is a multidisciplinary area involving the need for collaboration between chemists, physicists, chemical engineers, theoreticians etc. Besides, catalysis research is expensive and time consuming involving the need for a large skilled manpower. Though the time required to bring about incremental improvements in existing catalytic processes may only be a few years, the design and commercialization of a new catalyst/process is often in the order of a decade. It is therefore necessary to make research plans for both short-term (5 - 10 years) and long duration (10 - 20 years) benefits.  Such a planning (the roadmap) enables the prioritization of topics and research activity for greater cost effectiveness and to maximize benefits.  The roadmap has the main objective of preparing for the growing societal demands in the next 10 to 20 years. The main demands are increasing consumption of products and energy, and a cleaner earth with lower pollution levels.

The present roadmap has been prepared to identify the future research activities of NCCR. It will examine ways for greater research collaboration with the industry and strengthening the Indian catalysis network through joint projects, knowledge sharing and interactions. The research projects proposed to be carried out in NCCR during the next two decades are listed under two categories:
 A. Fundamental research  
 B. Applied research 
As pointed out in a SusChem report  [9], “Research is about turning money into knowledge and ideas, whereas innovation is about turning knowledge and ideas into money”.  Therefore,it is hoped that the fundamental research will be fostered and funded by the Department of Science and Technology (DST) and will ultimately be put to good use for society through innovation, which is an important component of applied research. 

Applied research will be of two types,
i) industry’s need based short term sponsored projects
ii)  long duration projects with a larger gestation period, which will be funded mainly by the industry and governmental funding agencies. 
While the fundamental research is expected to lead to an understanding of the working of the catalysts and result in publications, the findings will be of immense use in the design of industrial catalysts. The short-term industrial research will focus on specific catalyst systems/processes based on requirements by the industry and are expected to result in patents. The long-term applied research will be to develop new catalytic processes and are expected to bring broader benefits to the stake-holders, the society as a whole and the industrial partners. This research will lead to patents, publications and new processes that are environmentally more benign than the present ones. 

A. Fundamental research
1.  Develop novel preparation routes to design catalytic materials with desired properties.


The present methods used in the preparation of catalysts involve mainly techniques like precipitation, impregnation and calcination. Though the steps are relative simple, relating the preparation parameters to actual performance of the catalysts is not generally easy. According to Somorjai and McCrea,“Wet chemical synthesis typically involves nucleation, growth and precipitation processes all of which occur in a complex medium whereby the synthesis outcome is quite sensitive to small changes in pH, temperature, composition, mixing, solution and even synthesis recipe. Many of these processes are kinetically controlled with little understanding of how they proceed at an elementary level. This, in part, is due to fact that they involve collective interactions in a multicomponent system”[10]. On the one hand, while it is necessary to develop better techniques including theoretical methods to understand the wet-chemical preparation methods, it is also important to find alternate routes for the preparation of catalysts. Examples of such preparations/catalysts are:   
i. Core-shell nanostructures in which the nano-sized metal particle is encapsulated in a protective layer of a porous oxide support; this could include encapsulation of nanoparticles of metals inside zeolite cages. Other structures are core-shell bi- and multi-metallic nanoparticles with special characteristics [11]. 

ii. Preparation of supported metal catalysts in which the desired metal crystal planes are preferentially exposed (Fig. 1)[12]. The metal particles may be pre-synthesized and then deposited on the supports or precipitated on the support. The optimization of the surface planes can be achieved through additives and choice of reducing agents. The additives themselves can be designed based on theoretical studies of their adsorption energies on different crystal planes. 
iii. Preparation of catalysts through self-assembly reactions. Preparation and study of dendrimer catalysts containing designed active sites. Dendrimers combine the advantages of homogeneous and heterogeneous catalysis. It is possible to tune the structure, size, shape, and solubility of dendrimers and metallo-dendrimers at will and to place catalytic sites at the desired locations [13]. These catalysts can also be very attractive in enantioselective reactions (Fig. 2) [13]. One main advantage of these catalysts is that they are often easier separate from the reaction mixture than enzymes and metal complexes. Enantioselective catalysts can also be prepared by tethering metal complexes to the walls of porous supports.
iv. Developing of transition metal oxides with tailored 3D nano-architecture with control of the exposed crystalline faces and spatial arrangement of active sites is also necessary to design new catalysts and supports [8].
v. Preparation of supports including zeolites with ordered hierarchical pores; metal organic frameworks with embedded organic and metal components for use as adsorbents, catalysts and supports. 
2.  Understanding selectivity – understanding mechanism & active sites


An important challenge for the future is to design catalysts with 100% selectivity for the desired product. Different reasons are attributed for the selectivity exhibited by different catalysts.  For example, in the case of selective oxidation catalysts, which operate by the Mars-van Krevelen mechanism, site isolation and phase co-operation are considered to be important [14] and in the case metal catalysts, the surface structure of the metal is important [10, 12, 15]. Many practical examples are known where blocking of specific metal sites leads to greater selectivity for the products. One such case is the pre-sulfidation of certain reforming catalysts. Catalytic selectivity often arises from mechanistic reasons and the nature of the active sites. 
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Fig. 1 The influence of surface structure of Pt particles on reaction selectivity [11].

Fig. 2.Use of dendrimer catalysts in enantioselective hydrogenation [13].

It is important to understand the overall mechanism by which the catalyst works and the specific sites responsible for selective-activity. Detailed kinetic studies and an understanding of the nature of the active sites is necessary for understanding the mechanism of the reactions. 

3.  Understanding active sites: in-situ characterization

Active sites are the most important in a catalyst composition. They not only determine the activity of the catalysts, they also are responsible for its selectivity. Understanding the active sites has always been an important aspect of catalysis research. Though the active sites could be easily characterized on clean surfaces at ambient conditions and at low pressures, it was not easy for a long time to characterize them in the presence of reactants and products under operating conditions of temperature and pressure which are often be in the range of 300 – 500 (C and 10 – 100 bars. As a result, much of the characterization studies could not lead to the design of new industrial catalysts. During the last decade or so, numerous characterization facilities have become available for in-situ characterization under operating conditions (Operando methods). These include spectroscopic techniques, XRD, electron microscopy and XPS methods [16-19]. Facilities for such characterization will need to be set up in NCCR and active research carried out in this area. This research will be complementary to the applied research that will be undertaken and is expected to assist in designing industrial catalysts.   

4.  Design of new catalysts based on theoretical ideas

Understanding and controlling the relationship between catalyst structure and catalytic chemistry has always been a challenge for catalysis researchers. A fundamental atomic-scale and nanoscale understanding of catalysis is necessary to design new catalysts and new catalytic technology. Though theoretical methods have been used in catalysis for a long time to investigate the interaction of molecules with the surface, the results have not always been accurate. For example, in the case of the widely used DFT methods, adsorption and other energy values obtained possess error margins of 3-4 kcal/mole, whereas accuracies of a fraction of a kcal/moleare necessary for practical or predictive purposes. As a result, most theoretical studies have been of greater use in explaining observed results than in predicting catalyst selectivity or activity. “Further development of new theoretical methods, algorithms, and software for high performance computers (soon with sustained performance in the hundreds of teraflops) promises to enable new understanding of the fundamental behaviour of chemicals and materials at the atomic scale and the nanoscale.  Effectively combining these developments with recent advances in computational molecular and materials science should make it possible to use computational chemistry and physics for the design of new and improved catalysts and to accelerate the speed of this design process by several orders of magnitude. The outcome of this process will be to turn the “art” of catalysis creation into the “ science” of catalyst design”[quoted from: ref. 7].


An example of the success of computational methods is the predicting of a new catalyst, Co-Mo alloy, for NH3 synthesis (Fig. 3) [20, 21]; experimental studies have confirmed the predicted activity of the Co-Mo catalyst relative to that of other known catalysts.The study points out a route to the rational design of new catalysts based on combining different metals to obtain the desired binding energy values for the reactant molecules. 
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Fig. 3.Theoretical binding energy values of N2 and calculated TOF values (20).
5.  Newer reactors & process intensification

It is now increasingly realized that newer reactors which can pack more activity in a smaller volume and which are less susceptible to mass and heat transfer effects are necessary to improve economics and decrease energy consumption [22]. Some such reactor systems are monolith reactors, multi-channel reactors, distillation reactors, spinning disc reactors etc. Besides, extraneous energy, like ultrasound and microwaves have also been used for process intensification.  Research in these areas will be carried out investigating some of the major commercial reactions over novel reactor systems. For example, it will be interesting to study the highly diffusion controlled multi-phase hydrocracking and hydro-treating reactions and Fischer-Tropsch (FT) synthesis over monolith reactors. 


Process intensification is expected to greatly benefit photocatalytic reactions also [23]. The use of optical fibre reactors and nanoscale illumination reactors have been proposed for improving photon transfer, while microchannel, spinning disk and slurry reactors have been recommended for improving mass transfer in photocatalytic reactions.    
6.  Newer processes – short-contact time reactions

Over the years, catalytic processes have been mainly guided by kinetics and thermodynamics.  It should be possible to bring in fast kinetics to achieve rapid equilibrium at elevated temperatures at short contact times or by using novel catalysts that are selective for the reaction only at short contact times [24]. At higher contact times, these catalysts tend to yield other products. At higher temperatures, the catalysts may operate by a mechanism different from the one at lower temperatures [10]. Though dehydrogenation, cracking and oxidation reactions are expected to benefit from this approach, many organic reactions are also possible. Typical commercially important reactions are ethane and propane dehydrogenation and oxy dehydrogenation, partial oxidation and oxidative coupling of methane. Short contact time reactions have been suggested to promising for onboard hydrogen generation for fuel cell vehicles from light hydrocarbons, like propane [25]. 

7.   Understand the elementary processes that lead to catalyst deactivation and influence 
       catalyst life


Industrial catalysts have different life-spans (cycle lengths); for example, while a typical FCC catalyst may deactivate in a few seconds, an NH3 synthesis catalyst may have a life of 10 years. The causes for the deactivation of industrial catalysts are generally known and are attributed to one or more of the typical ones, like poisoning, coking and sintering (thermal effects). Even so, in many cases the elementary processes that lead to coking or sintering are not clear. For example, a number of questions such as: what are the precursors to coke in the given process? What is the mechanism of sintering, is it crystallite migration or Ostwald ripening [26]? could arise. These will need to be understood to find ways to prolong catalyst life. Again, in supported metal catalysts, any structural changes of the metal or the support during the operation of the catalyst brought about by extraneous factors will need to be understood. For example, surface restructuring of the active metal surface into a less active (or non-active) one by adsorption of poisons or by-products could shorten the life of a catalyst.      
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Fig. 4. Ostwald ripening of Pt particles of Pt/Al2O3 in 10 mbar air at 650 (C seen by time-lapsed TEM images recorded in situ (26)
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B. Applied research

Applied research work will be centered mainly on the development of new catalysts and processes for commercial use. This research can be subdivided into two categories. Short-term research contracted by the industry to carry out specific projects of immediate use to them and which may be of  2 – 5 years duration. The long term research will be on a wide area of industrial catalysis with a focus on societal benefits.   
i) Short-term projects
1) Contract research for industries 

This research will be entirely funded by the industry and is expected to bring in short-term or near-immediate benefit to the sponsoring industry. This research may also be a component of the industry’s long-term goal. Efforts will be made to make this activity financially self-sustaining. 

2) Support to industries – Consultancy

The Centre will act as a consultant to interested industries. The consultancy may be in the form of intellectual support through discussions, analytical support, carrying out minor experimental work and literature survey. Fees will be charged from the industry based on man-power input and the actual work carried out during the consultancy. 


It is hoped that industries interested in sponsoring projects/consultancies will become associated with NCCR through a one-time financial grant, which will be utilized for upgrading instrumentation and facilities. The grant may be in the range of Rs. 2 - 10 lakhs, depending on how much the industry is expected to benefit from the centre.

 ii) Long term research

Catalysis is, as already mentioned, an area of technological importance that is directly related to the GDP of nations. Catalysis enhances the GDP through value addition of cheaper raw materials into more expensive products. It has been an important reason for the growth of the global economy and the welfare of the society as whole. For example, agricultural growth over the years is related to ammonia production. The greater availability of food through use of NH3  is considered to be an important reason (Fig. 5) [27], besides improved life expectancy brought about by the large number of pharmaceuticals, for the growth in human population. 

[image: image26.png]30

25 A Ammonia
3 2 * Eihylene
£
8
5w Methanol B & Popylene

[ BX®

o *
o m *
00 T v v d
4 50000 100000 150000 200000
Production volume (k)

D Acylonitile ® Caprolactam M Cumene Ethylene Glycol ¥ Ethylene Oxide @ Phenol + FPolyethylene

I Popyene Orice  m Polypropylene 4+ ParaXylene  an Styene  k TewphthalicAcd @ Vinylchlorice

Note: Ensray conzumption for olsfins in thiz figure reprazents tht of the steam cracking proces:.
Source: DECHEMA



Similarly, the growth in the energy sector (transportation fuels, especially) and petrochemicals (monomers, polymers, resins and plastics) all are a result of catalysts. The growth in these sectors is due to increased production volumes and improvements in the processes (catalytic). The production volumes for these consumer products including fertilizers are expected to grow continuously for many decades due to increasing demands in the less developed countries in Asia and Africa regions. 
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Fig. 5. Human population growth is related to NH3 production (27). 

Fig. 6. Resource use / environmental impact and human well-being (GDP) need to be decoupled (28).
The overall growth in human welfare (related to GDP growth) during the last century has resulted in global warming and other environmental issues (Fig. 6)[28]. The essence of a green economy is the decoupling of resource use / environmental impact from human well-being (GDP).
The deleterious effects of global warming (sea-level rise, glacier melting and unpredictable monsoon etc.) are already felt by many countries. Global warming is mainly attributed to the emission of green-house gases, especially carbon dioxide, which is mainly generated due to consumption of fossil fuels. The increased demand for consumer products, transportation fuels and fertilizers in the future is expected to result in increased green-house gas (GHG) emissions, especially carbon dioxide. If the GHG emissions from the industries continue at the present rate, it is projected that the global average temperature will exceed 4 (C by the end of this century. Such a large global temperature increase is expected to lead to catastrophic results including the wiping out of a number of countries and living species from the world map. Even a 2°C  increase is expected to lead to serious and irreversible damages to the world. In such a scenario, it is not possible for the human race to sustain its ‘good life’ in the future. Therefore, today, the main focus of all research in catalysis is sustainability; how to sustain growth (GDP) and quality of life (well-being) with minimal or acceptable level of environmental impact?  Various suggestions and actions have been proposed to contain global warming [29]. New research is expected to control pollution, decrease GHG-emission and prevent the pollution of water and soil.    
A) Energy


The present global consumption of energy in petroleum oil is about 15 BTOE (billion tons of oil equivalent) and petroleum and other fossil fuels contribute a major portion (nearly 80 %) to total energy usage [29]. The contribution of coal and natural gas in electricity generation is much more than that of petroleum, which is mainly used for producing transportation fuels. The use of fossil fuels increases atmospheric CO2 that is responsible for global warming and associated consequences (Fig. 7) [29]. It is therefore necessary to find alternate sources of energy that are not dependent on fossil fuels. It is especially important that the energy is renewable. Already tapping solar and wind energy for electricity production has become important in many countries and the cost of solar power per kilowatt hour is now only marginally more than that from coal based thermal power plants. Improvements in solar cell technology are expected to produce renewable energy cheaper than that obtained from thermal and nuclear plants in the future.
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Fig.7. Relationship between energy usage and CO2 emission (Two scenarios are considered; INDC = Intended Nationally Determined Contributions; 450 ppm atmospheric CO2) (29).
i) Petroleum based transportation fuels


Petroleum refining is a mature industry and its C-foot print per unit volume of product (even calculated based on value) is lower than that of other industries. Even so, it is believed that about 25% of the energy used in a refinery is lost in flue gas, cooling water and radiated heat. It is therefore apparent that further innovations to reduce heat loss are a must, and some of these efforts may also be related to catalyst improvements. It is also necessary in this context to examine ways of sequestering CO2 and market it or use it in some processes. Processes of potential interest to the refiner are syngas production by dry reforming and tri-reforming of natural gas. The produced syngas can be used for various applications, such as in the manufacture of DME, MeOH and hydrocarbons (transportation fuels).

 Petroleum is a major source of energy at present and will continue to be so for the next few decades at least, till its availability begins to decrease. Petroleum refining will hence be an important industrial activity for the next many decades and efforts to achieve greater cost effectiveness, especially when availability of oil starts decreasing, through improvements in catalytic efficiency and selectivity will be the main goal in the near future [30]. Though FCC volumes are not expected to increase in the future due to olefin-content restrictions in gasoline, catalysts more selective for the production of light cycle oil and light olefins (C2 to C5) will become more useful. In fact, an FCC unit that can crack naphtha or a heavier oil more selectively to ethylene, propylene and butylenes (say, an improved version of DCC, deep catalytic cracking) will be of great use. ​Availability of naphtha is expected to slowly increase during the next few decades due to i) progressively increasing usage of diesel in light vehicles, especially in Europe, ii) increased fuel efficiencies of future vehicles, especially in the USA and Asia,  and iii) the increasing number of hybrid, electric and Fuel-cell automobiles, especially in USA and Japan. Thus, catalytic cracking of naphtha into light gases can be expected to become an important source of light olefin monomers. Developments in newer catalysts and process are, hence, necessary in this area. 


Hydrocracking will continue to be an important process and grow substantially in the next few decades due to greater stringent specifications for fuels and the increasing share of heavier feed-stocks in petroleum processing. In this case, more active catalysts operating at lower pressures and with greater selectivity for middle distillates will be of future interest. Hydrocracking will be an important source for jet fuel and diesel. At some stage, the replacement of diesel by DME (dimethyl ether) which can be produced from syngas obtained from alternate sources, such as natural gas, coal or biomass may also occur. DME is also considered as a substitute for LPG (cooking gas). This will make a lot of sense if the syngas is obtained from a renewable source like biomass with a lower C-foot-print. Similarly, the availability of cheap syngas from natural gas or biomass can position Fischer-Tropsch synthesis as an important source for jet and diesel fuels, and chemicals. Another chemical that can benefit from this scenario is methanol.  


The other processes that may need development are isomerization of n-paraffins in the C7-C9 range for gasoline blending, solid acid catalysts for alkylate production, and processes for producing hydrogen for the market from surplus light and heavy cuts available in the refinery. The production of marketable hydrogen in the refinery will enable the oil companies to sell hydrogen (for fuel-cell cars) along with diesel and petrol. 

Fischer-Tropsch synthesis of hydrocarbons in the diesel range using syngas from natural gas has become important recently. Very large GTL (gas to liquids) plants (Pearl and ORYX) have become operational in Qatar  during the past few years. These plants have been designed for high quality diesel production and are meant for exports to Europe, where diesel demand is very high. Lower gas prices should enable even small FT pants to economically manufacture fuel hydrocarbons and chemicals (alcohols and olefins) in the future.   

ii) Alternate transportation fuels

An important alternate source of transportation fuels is biomass, which can be converted into fuels through at least three different pathways (Fig. 8) [2]. The annual availability of biomass is reported to be in excess of 100 Gta of petroleum equivalent carbon. Thus, if properly harnessed, biomass alone could be the source for all energy and chemicals. There three routes by which biomass can be converted into energy are schematically shown in Fig. 8.  The low temperature route shown in the figure refers to the production of fuels like alcohol and biodiesel.
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Fig. 8.The three different routes for the transformation of biomass into fuels (2).

The change over from non-renewable fossil fuels to renewablebiomass as a feedstock for liquid fuels and commodity chemicals is important for a sustainable future as all the three facets of sustainability, namely, economic, environmental and social benefits are embedded in the use of biofuels. These are (i) a more stable and secure supply of feedstocks (economic benefit), (ii) a reduction in the carbon footprint (C-footprint) of chemicals and liquid fuels (environmental benefit), and (iii) income to the farmers and agriculturalists who produce the required biomass (societal benefit) [31].  
Biofuels are generally classified into three different types (or generations). Alcohol (ethanol) and biodiesel obtained from edible crops constitute the first generation fuels,  the second generation fuels constituting fuels derived from inedible cellulosic structures and those derived from the first generation fuels, such as green diesel (fuel hydrocarbons from vegetable oils). The third generation fuels are those derived from microalgae. Microalgae have been reported to be capable of producing upto100,000 L of oil per hectare compared to 5950 L for palm oil [32].  The transformation of vegetable oils into biodiesel (FAME) is done by transesterification with methanol using catalysts. Newer catalytic processes use solid catalysts in fixed-bed reactors and are environmentally much cleaner than the alkali catalyzed processes, which use stirred-tank reactors [33]. There is still substantial hope to increases the performance of the solid catalysts, by way of reducing operating temperatures and the ability to use unpurified oils. 
Again, the transformation of whole algae through high pressure and high temperature treatment in water (sub-critical conditions) has also been reported to yield fuel quality hydrocarbons [34]. The advantages of this route are: i) wet algae (concentrated algae-water mixtures) can be used directly, ii) the oil is not extracted; oil extraction from algae is more difficult than from seeds, iii) no solvents are used; the reaction medium is water, iv) the process is continuous, v) hydrocarbons are directly obtained and vi) other components in the algae besides the oil also transform into hydrocarbons. Catalytic hydrothermal conversion of algae directly into hydrocarbons will be an important advancement in this area. Catalysts can reduce the severity of operating conditions besides improving the fuel quality through simultaneous denitrogenation reactions. Novel solid catalysts that can withstand hydrothermal conditions will need to be designed. Again, catalysts for upgrading the hydrocarbons from algae further into petrol/diesel blending components will also need to be developed.

Catalytic processes to upgrade (deoxygenate) triglycerides obtained from seeds/algae, and bio-oil from pyrolysis of biomass into hydrocarbons will need to be developed. 

iii) Hydrogen


Hydrogen is expected to be an important source of energy in the future, especially for transportation purposes. Already fuel-cell cars have appeared in the market in Japan and USA.  The present routes to hydrogen are from fossil fuels and are expensive, besides possessing a large C-footprint. The electrolysis of water using renewable electricity from solar cells is also quite expensive at present, though the cost of solar power is expected to decrease continuously in the future. It is also possible to directly split water into hydrogen and oxygen through photo-catalysis using sun light (Fig. 9)[8]. This form of hydrogen is expected to be cheaper, but no commercially attractive photo-catalyst or photo-catalytic device for water splitting appears to have been developed to-date. Much work is needed in this area to produce economically attractive hydrogen from sun-light. A number of issues, such as photon absorption, charge transport and trapping, electron transfer dynamics, the adsorbed state and reaction mechanism, need to be understood and solved before photo-catalysts with acceptable photo-yields and space-time yields are available for commercial applications [35]. Hydrogen can also be produced photo-catalytically by the reforming of oxygenates (Fig. 9) [8, 36]. It will be even more beneficial if the oxygenates are obtained from renewable biomass.  
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Fig. 9. Schemes for photocatalytic water splitting, oxidation of organic pollutants in waste water and photo-reforming for hydrogen (8). .
Another route for the production of hydrogen is aqueous phase reforming of oxygenates (which can be renewable ones) over supported metal catalysts. The advantage of this process is the low temperature of operation unlike in the case of steam reforming [37]. The process is very slow and large volume H2 production is not economical at present by this route. Substantial catalyst and process improvements will be necessary before it can be put to commercial use. Interestingly, the reforming of biomass derived oxygenates (like sorbitol) into hydrocarbons (bio-gasoline) also appears to be possible [38]. Again, much research will need to be carried out to make the process commercially viable. A conventional route for H2 production will be the gasification of biomass into syngas and extraction of hydrogen from syngas by known methods. This route is expected to have a much larger C-footprint than the earlier (photo-catalytic) routes for H2-production. Still, it will be a more acceptable process, from GHG emissions point of view, than gasification of coal or petroleum.


Hydrogen is considered to be an excellent transportation fuel for the main reason that it is non-polluting at the user end, the densely populated cities. Hydrogen can be used directly as a fuel in IC engines, but it is more advantageous to convert it into electricity through the use of fuel cells. Fuel cell cars though available in some countries are expensive at present and are not likely to be widely used unless the cost of the fuel cell is reduced and issues relating to production of cheap hydrogen and transportation (and storage) are solved. At present, compressed hydrogen is used in cars and this limits the range of the vehicles (to about 300 km) due to the limited amount that can be safely stored in the heavy high pressure cylinders. This will not be a big issue if sufficient hydrogen refueling stations are available everywhere just like those for petrol. This can happen only when a large number of cars on road use fuel cells. Fuel cells are expensive at present because of the use of Pt (at about 10 wt% level) in the electrodes. A reduction in the amount of Pt used, or more preferably the use of non-precious metals catalysts will bring down the cost of the electrodes substantially. Research in this area of fuel cells, aimed at reducing the amount of Pt or eliminating it altogether should decrease the cost of fuel cells significantly and usher in an era of hydrogen fueled transportation. This when coupled with cheap hydrogen through photocatalytic water splitting or photocatalytic reforming will greatly reduce environmental pollution and atmospheric CO​2. 


In the beginning, on-board reformers for producing hydrogen from hydrocarbons (LPG and petrol) were planned and in spite more than 2 decades of research in this area, no commercially attractive reformer with the required thermal efficiencies have been possible. Further research in the area of on-board reformers, especially for reforming of methanol, or the design of attractive methanol fuel cells will also be of interest for reducing the C-footprint of transportation vehicles. Methanol is easier to reform and is easily manufactured from natural gas via syngas at present. 
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B. Chemicals

i) Bulk chemicals 
Reducing energy usage & GHG emissions


At present, nearly all the bulk chemicals are obtained from petroleum or petroleum related (like, associated gas) sources. The conversion of the petroleum derived compounds in to the final products (bulk chemicals) is often energy intensive, the energy itself being derived from combustion of petroleum or natural gas. Therefore the manufacture of bulk chemicals is highly polluting with large C-footprints. Even in the case of ethanol obtained from biomass, petroleum plays an important role; the fertilizer (NH3) is derived from naphtha or natural gas, the transportation fuel is diesel and a significant part of the energy for alcohol distillation comes from fuel oil. Hence, in the petrochemicals area, two issues are of main concern. The first one is the reduction in C-footprint and GHG emissions and the second one is the use of renewable raw materials such as biomass.

It is estimated that 18 large volume chemicals produced each year account for 80% of chemical industry’s energy demand and 75% of greenhouse gas (GHG) emissions [1]. Among these, the top five chemicals are ammonia, ethylene, methanol, propylene and BTX. In the year 2012, the global production volumes of ammonia, ethylene & propylene, methanol and BTX were estimated to be 198, 220, 58 and 43 Million tons, respectively.  It is now believed that “through advances in catalysis and related technologies, energy use in 2050 can be reduced by 13 exajoules – equivalent to the current annual energy use of Germany. These savings could result in GHG emission reductions of 1 gigatonne of CO2 equivalent [1]. The 18 chemicals, their energy usage and GHG emissions are presented in Fig. 10 and 11 [1].


The large energy consumption of ethylene is due to the high temperature steam cracking process used in the industry. It is possible to reduce energy consumption through more innovative processes operating at lower temperatures, such as i) catalytic cracking of naphtha into C2-C4 gases, ii) conversion of natural gas or biomass derived syngas into methanol and its conversion into light olefins (C2-C4) over microporous catalysts iii) direct conversion of syn gas into light olefins, and iv) conversion of lignocellulosic biomass into ethanol and its dehydration to ethylene. The first three routes can be tuned to produce propylene and butylenes also. Propylene is the fourth most energy intensive process (Fig. 10 and 11). Of the four methods mentioned above, the first two routes are still potential areas for heterogeneous catalysis research, even though reasonably attractive technologies for the two processes exist and are operational at present. The third and fourth routes are not still economically attractive with present day catalysts and knowledge. Though alcohol production from cellulosic biomass has been reported recently, the process is not economical enough to manufacture cheap ethylene, and substantial catalyst and process improvements for the conversion of cellulose into alcohol are necessary.  Summing up, one major goal in petrochemical area will be the reduction of energy consumption, besides minimizing waste heat, which is estimated to be about 30% in this sector [28].  
    In the case of NH3, much of the energy consumption and GHG release occurs from the first and most important step, the manufacture of hydrogen from naphtha or natural gas. The steam reforming of natural gas and naphtha is done at high temperatures in the range of 800 to 900 (C. There is a lot of heat loss in the process. Besides, the production of pure hydrogen involves the use of three more catalytic processes, viz. high temperature and low temperature shift and methanation. 
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Fig. 10.Global energy consumption and production volumes of 18 major chemicals (1)..
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Fig. 11.Global CHG release and production volumes of 18 major chemicals (1)..
N2 itself is obtained by the energy intensive cryogenic separation of air and CO2 sequestered during H2 production is used for making urea.. Obtaining cheap H2 with a smaller C-footprint is necessary for reducing energy usage and GHG emissions As already discussed, H2 could be obtained through splitting of water by photo-catalytic routes using sun light or by aqueous phase reforming of biomass derived oxygenates at lower temperatures. In such a scenario, energy usage and GHG emissions can be expected to decrease dramatically.  The present manufacturing process for NH3 operates at 450 (C and about 250 bar pressure. More active catalysts should permit operation at less severe operating conditions. 

The manufacture of methanol, the fourth most polluting process [1]) will also become more environment-friendly if it is obtained by the following reactions in which sequestered CO2 and electrolytic hydrogen are used (Fig. 12) [1]:  

CO2   +   H2(CO + H2O (RWGS)         and           CO   +   2H2(  CH3OH.

The CO2 used in the above route can be obtained from flue gas or aqueous phase reforming or photo-reforming processes. However, much research will need to be carried out on the development of the above alternate routes for H2 production. 


Fig. 12.Greener options for producing NH3 and MeOH using H2 from photo-catalytic splitting of water (1).
An important issue affecting the economics of many oxygenate petrochemicals is the cost of the raw material, which is often an olefin. Research aimed at the use of cheaper alkanes in selective oxidation reactions, eg. the conversion of propane to propylene oxide, acrolein or acrylonitrile, and ethane into ethylene oxide, the oxidative coupling of ethane and acetic acid to produce vinyl acetate are important catalytic processes to develop. The direct oxidation of propylene to propylene oxide (PO) and H2 to H2O2 are also important processes that still need development though much research has already been carried out on the direct production of these two chemicals. 
Alternate raw materials

i) Gas:


Due to the recent discoveries of shale gas and the potential availability of methane from gas hydrates, natural gas (methane) could replace petroleum (to a major extent) as a source for petrochemicals during the next few decades. Hence, natural gas based processes for the manufacture of basic chemicals like ethylene and aromatics need to be developed. In this context, oxidative coupling of methane into ethylene and high temperature cyclization of gas into aromatics could emerge as important processes. The direct oxidation of methane into methanol and other C1-oxygenates will also be important in the future. Natural gas can be converted into syngas and syngas based synthesis of light olefins and oxygenates will also become important in the future. The availability of associated ethane should enable processes that convert ethane directly into chemicals like acetic acid and alcohol; these will need to be developed.  

ii) Biomass:
Another important area is the use of renewable resources like biomass for the production of bulk chemicals. One such chemical, ethanol, is already being manufactured from sugars and starch. It is however expensive to convert cellulosic biomass into ethanol due to the difficulty in breaking down cellulose into glucose. Hence, it is important to develop catalysts (enzyme or others) and processes for converting cellulose (preferably directly) into alcohol more economically, than possible today. Newer enzymatic processes for the economic production of higher alcohols are also necessary. Another area of research is the conversion of biomass derived lignocellulose materials into platform chemicals that can be converted into a number of 
oxygenates that are useful as chemicals, monomers and fuels. Examples of such platform chemicals are presented in Table 1[39, 31]. Already, a number of bulk chemicals, ethanol, butanol, lactic acid, 1,3-propanediol are commercially manufactured from biomass derived sources through fermentation. Development of non-enzymatic catalytic processes and improving the existing enzymatic (fermentation) processes will be of great interest in the near future for converting biomass and biomass derived platform chemicals.
Table 1.Platform chemicals from biomass [39].

	Platform chemicals from  bio mass 

	Ethanol 

Lactic acid

Succinic acid 

3-Hydroxypropionic acid

Isoprene
Biohydrocarbons

Furfural
	Hydroxymethylfurfural

2,5-Furan dicarboxylic acid 

Levulinic acid 

Sorbitol 

Xylitol
Glycerol/derivatives



	
2,5-Furan dicarboxylic acid 


Ethanol if manufactured with greater economics can be the source of all light olefins and derived chemicals. The platform chemical,  2,5-furan carboxylic acid (Table 1) is a good substitute for terephthalic acid and produces a biodegradable polyester (polyethylene furanoate; PEF), with ethanediol.  Ethane diol itself can be manufactured from ethylene obtained from bio-ethanol [40]. Other platform chemicals, besides glucose, that are of great interest are sorbitol and hydroxyl methyl furfural. These chemicals can be converted into ethane and propane-diols and fuels. The other major components of lignocellulosic biomass are lignin and hemicellulose. While, hemicellulose is easily converted by fermentation into alcohols and other chemicals, lignin can be decomposed into aromatic compounds. These compounds could ultimately be converted into BTX provided suitable processes (catalytic) are developed. Again, the water soluble hemicellulose could itself be reformed into hydrogen and carbon dioxide by aqueous phase reforming or photo-reforming (Fig. 9).


Fig. 13. Bio-refinery for lingo cellulosic materials (2).
As biomass is expected to be an important source of both fuels and chemicals, the concept of a bio-refinery that converts biomass into fuels, chemicals and hydrogen is interesting. Various conceptual schemes have been proposed for biorefineries based on the feed stock (biomass) and the output (fuel or chemicals) [41,42]. A typical scheme is shown in Fig. 13 [42]. Even though, various concepts have been reported, economically attractive processes for many of the biomass conversions are not yet available. Catalysis is expected to play a great role in the various processes. 

ii) Fine Chemicals

The manufacture of fine and specialty chemicals has always been associated with substantial pollution. The environmental impact of a process is measured by the E-factor, which is the Kg of by-product formed per Kg of the desired product in the process. The E-factor for fine chemical and pharmaceutical industries are believed to be in the range, 5  to > 50 and 25   > to 100, respectively [31]. The reasons for the large E-factors are smaller production volumes, poor selectivity of the processes and use of stoichiometric reactions. Catalysis is expected to play a large part in the future in reducing the E-factor in the production of fine chemicals. All forms of catalysis, homogeneous, heterogeneous, enzyme and electro-catalysis are expected to play major roles in the future in this area. Over the years, many polluting non-catalytic processes in the fine chemical sector have been replaced by less polluting catalyst based processes. For example, alkylation and acetylation reactions, earlier carried out using Friedel Craft’s catalysts, are now being carried out over heterogeneous catalysts. Processes based on heterogenous catalysts are safer, less polluting and can be operated continuously. It is possible to identify  processes with large E-factors in the fine and specialty chemicals area and convert them into catalyst based ones, with lower E-factors. 


The development of dendrimer catalysts and supported metal complexes that can be used as substitutes for expensive enzymes (enzyme mimics) for enantio-specific (including kinetic resolution) reactions is also important. Supported enzyme catalysts that can be easily separated from the reaction mixture is another area of importance. It is also possible to design supports that not only stabilize the enzyme enhancing TON, but also increase their activity (TOF). 


C) Pollution abatement
i) Auto-exhaust 


Three-way auto-exhaust catalysts (TWC) are probably the single most (in value) sold catalysts globally. The present focus in three-way catalysts is increasing activity, reducing deactivation, decreasing cost through reducing the amount of the precious metal (PM) component and its substitution by base metals (oxides). A large amount of work has been carried out during the last few decades, without success, on the replacement of PM by base metals. However, SCR (selective catalytic reduction) systems used in diesel exhaust purification are based on cheaper materials like metal-loaded zeolites and supported vanadium pentoxide. In the case of TWC, scope still exists for better catalyst systems that contain less or no precious metals. A number of improvements are necessary in auto-exhaust catalysts (both petrol and diesel). These are: HC and NOx adsorbent-desorbent to minimize cold starting problems, better catalysts (preferably non-noble metal based) for soot combustion and catalysts for excess NH3 decomposition at the end of the diesel exhaust converter.      

ii) Waste water treatment


Every industry, be it petroleum, petrochemical, fine-chemical, agrochemical or food industry generates waste water. Further, a large amount of waste water is also produced in households. All waste water contains organic pollutants in different forms. At present, much of the waste water is treated in large shallow ponds in which slow aerobic, enzymatic (organism) decomposition of the water takes place. Photocatalytic oxidation of many of these organic compounds into CO2 is also possible (Fig. 9). Though much research has been carried out on photocatalytic oxidative destruction of organic compounds in waste water during the last few decades, there are very few installations where photo-catalytic purification of waste water is carried out. Improvements in catalyst and reactor systems (discussed earlier in section A (iii) on H2-generation) are necessary to make this method of purification more economical and useful. Other issues are the design of the reactors and the life of the catalyst.

iii) CO2 to chemicals and energy 


Carbon dioxide is a stable molecule, and a large amount of energy is necessary to convert it into less stable molecules like hydrocarbons (fuels) or chemicals. Generating this energy from a fuel produces again CO2. So, the conversion of CO2 into fuels or chemicals makes sense only if the energy is a renewable one, like sunlight. As of today, the best way of utilizing CO2 is via photo-synthesis (biomass). Biomass can be broken down in a biorefinery into oxygenates (Fig. 13) and deoxygenated with H2 into transportation fuels.  The process becomes very attractive with a low C-footprint if the H2 required for deoxygenation is obtained by photocatalytic splitting of water (Fig. 14). 


Fig. 14. Transformation of CO2 into transportation fuels using H2 from water splitting (2). 
Direct photo-catalytic or electrochemical reduction of CO2 has also been attempted by numerous researchers during the last few decades. However, yields of reduced products, like methane / hydrocarbons, alcohols or ketones have been very low and the process is highly energy inefficient. The issues associated with poor photo-catalytic reduction of CO2 are similar to those discussed in the case of photo-catalytic water splitting (section A (iii)).  A break-through in this area will be a long term target. As already described in section B (i), H2 from photo-catalytic water splitting can also be used to convert CO2 into chemicals and fuels (Fig. 12). At present, pure CO2 is extracted from gas streams (flue gas, syngas) using solvent extraction or membrane separation methods. The development of more energy efficient processes that use solid adsorbents will add to the over-all economics of the CO2-reduction processes. Another important use of CO2 is in the manufacture of chemicals by reaction with high energy molecules. Eg.ethylene reacts with CO2 to produce ethylene carbonate which can be made to react with MeOH to produce dimethyl carbonate. Many organic chemicals like salicylic acid and urea are made from CO2. More such chemicals need to be identified and processes for their manufacture developed.
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SUMMARY


Catalysis is considered an important technology for economic growth and sustainability in many industrialized nations (USA, Russia, The Netherlands, Germany and Japan, to name a few), and these have set up numerous research centres and institutes dedicated to catalysis and the development of catalytic technologies. The reason for the great interest in catalysis evinced by advanced nations is the belief that catalysis is necessary for providing solutions to the two most important issues facing society today, viz. global warming and depletion of fossil reserves. In fact, the goal of planners is not to allow atmospheric carbon (which is presently about 400 ppm) to exceed 450 ppm in this century. This is expected to restrict global temperature increase to less than 2 (C by the end of this century.  This will be possible only through reduction of GHG emission (including CO2) and use of renewables like biomass and solar energy as a source of energy and chemicals, for which many new catalytic processes will need to be developed. India is a major emitter of GHGs and ranks third globally. India is also expected to be one of the countries that will be seriously affected by global warming in that its monsoons will become erratic and it will lose its glaciers, which supply water in summer, making availability of water (for agricultural use) a serious issue in the future. The only way global warming can be slowed down and a sustainable economy is created is by cutting down GHG emission in the future through improved or new processes that are more energy efficient, and by using renewable sources for energy (electricity and transportation) and chemicals. The report has identified specific research topics in catalysis that are expected to help improve energy efficiency of chemical processes and enable greater sustainability. 


The focus of research in NCCR is two-fold, fundamental research aimed at understanding catalysts, and applied research to design new catalysts and processes. The knowledge obtained from fundamental research will be put to use in developing new catalysts and catalytic processes.The following key areas of fundamental research have been identified.
· New synthesis methods for catalysts with predetermined active sites
· Understanding selectivity through elucidation of reaction mechanism 
· In-situ characterization of working catalysts to study the active centres
· Develop improved theoretical methods for designing catalysts
· Process intensification studies
· Short contact time reactions
· Understand deactivation of catalysts 
In the area of energy, a large number of topics have been identified. These are classified under different headings and listed below:

Petroleum 

· Energy and GHG reduction through catalysts operating at less severe conditions – eg. hydrocracking
· Suppressing GHG emissions through CO2 utilization – dry reforming, trireforming,
· DME production
· Improved cracking processes to crack naphtha and light oils into C2-C4 olefins
· Process intensification through new reactors
Alternate fuels 
· Hydrocarbons directly  from algae

· Deoxygenation of bio-oil, vegetable and algal oils into fuel hydrocarbons
· FT synthesis for fuels
Hydrogen production
· Photo-catalytic water splitting

· Photo-reforming

· Aqueous phase reforming of biomass

· H2 from biomass derived syngas
Fuel cells

· Cost reduction of electrodes

· MeOH fuel cells

Besides, there are many areas of research that need to be considered for lower energy consumption in the chemical industry. These are:

Bulk Chemicals

· Energy and GHG reduction through catalysts operating at less severe conditions 
· Suppressing GHG emissions through alternate routes for bulk chemicals 
· Ethylene (light olefins) from catalytic cracking of naphtha
· Ethylene (light olefins) from syngas / MeOH
· Ethylene and MeOH from methane
· Cheap H2 from water splitting through photo-catalysis or aqueous reforming of biomass for NH3 synthesis and CO2 reduction into MeOH

· NH3 production using more active catalysts - operating at lower temperatures and pressures – alternate catalysts

· Alkanes to oxygenates; direct oxidation processes for propylene oxide and H2O2
· Biomass derived platform chemicals for fuels and polymers

· Biorefinery – processes for conversion of platform chemicals
Fine Chemicals

· Methane to oxygenates

· Enantio-specific catalysts, dendrimers, supported enzymes

· Organic synthesis using heterogeneous catalysts

Finally, research in pollution abatement is necessary to improve the present catalysts used in the industry and to develop new ones. Again, the sequestration and utilization (recycling) of carbon dioxide is another area of research that is important.

Auto-exhaust catalysts

· Cold HC and NOx adsorption – desorption
· Improved soot oxidation catalysts
· NH3 decomposition catalysts

· Base metal catalysts  for TWC
Water pollution
· Photocatalytic oxidation of oxygenates
CO2 utilization

· Cost reduction of CO2 extraction from flue gas through solid adsorbents

· CO2 to various products using cheap photo-derived H2
· CO2 for synthesis of chemicals
ANNEXURE I
A list of journals dedicated to catalysis and catalytic materials (apart from physical, organic and inorganic journals and numerous specialized journals) is appended below to highlight the importance of this subject to day.

· ACS Catalysis
· Advances in Catalysis
· Catalysis Reviews - Science and Engineering
· Journal of Catalysis
· Chemical Communications
· Applied Catalysis A: General
· Applied Catalysis B: Environmental
· Advanced Synthesis and Catalysis
· Catalysis Science and Technology
· Chemical Catalysis
· Catalysis Today
· Catalysis Communications
· Journal of Molecular Catalysis A: Chemical
· Journal of Molecular Catalysis - B Enzymatic
· Catalysis Surveys from Asia
· Topics in Catalysis
· International Journal of Molecular Sciences
· Catalysis Letters
· Catalysts
· Chinese Journal of Catalysis
· Reaction Kinetics, Mechanisms and Catalysis
· Kinetics and Catalysis
· Canadian Journal of Chemistry

· Biocatalysis and Biotransformation
· Bulletin of Chemical Reaction Engineering and Catalysis
· Catalysis in Industry
· Studies in Surface Science and Catalysis
· Green Chemistry
· Open Catalysis Journal
· RSC Catalysis Series
· Journal of porous materials

· Microporous and mesoporous materials

· Advanced porous materials
· Journal of Clinical Catalysis
· Journal of Thermodynamics & Catalysis
· Journal of Medical Catalysis 
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Key research areas





New synthesis methods for catalysts with predetermined active sites


Understanding selectivity through elucidation of reaction mechanisms


In-situ characterization of working catalysts to study the active centres


Develop improved theoretical methods for designing catalysts


Process intensification through new reactor systems


Short contact time reactions


Understand deactivation of catalysts





Key research areas





Petroleum 


Energy and GHG reduction through catalysts operating at less severe conditions– eg. hydrocracking


CO2 utilization – dry reforming, trireforming, DME production


Improved cracking processes to crack naphtha and light oils into C2-C4 olefins


Process intensification through new reactors





Alternate fuels 


Hydrocarbons directly  from algae


Deoxygenation of bio-oil, vegetable oil and algal oils


FT synthesis for fuels and light olefins





Hydrogen production





Photo-catalytic water splitting


Photo-reforming


Aqueous phase reforming of biomass


H2 from biomass derived syngas





Fuel cells


Cost reduction of electrodes


MeOH fuel cells





Key research areas


Bulk Chemicals


Energy and GHG reduction through catalysts operating at less severe conditions


Suppressing GHG emissions through alternate routes for bulk chemicals 


Ethylene (light olefins) from catalytic cracking of naphtha


Ethylene (light olefins) from syngas / MeOH


Ethylene and MeOH from methane


Cheap H2 from water splitting through photo-catalysis or aqueous reforming of biomass for NH3 synthesis and CO2 reduction into MeOH


NH3 production using more active catalysts - operating at lower temperatures and pressures – alternate catalysts


Alkanes to oxygenates; direct oxidation processes for propylene oxide and H2O2


Biomass derived platform chemicals for fuels and polymers


Biorefinery – processes for conversion of platform chemicals





Fine Chemicals


Methane to oxygenates


Enantio-specific catalysts, dendrimers, supported enzymes


Organic synthesis using heterogeneous catalysts





Key research areas





Pollution abatement





Auto-exhaust catalysts


Cold HC and NOx adsorption – desorption


Improved soot oxidation actalysts


NH3 decomposition catalysts


Base metal catalysts  for TWC





Water pollution


Photocatalytic oxidation of oxygenates





CO2 utilization


Cost reduction of CO2 extraction from flue gas through solid adsorbents


CO2 to various products using cheap photo-derived H2


CO2 for synthesis of chemicals
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