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MATGAS: three partners, one goal

MATGAS 2000 AIE is a strategic alliance among
Carburos Metálicos, from Air Products Group (66%),
the National Research Council of Spain – CSIC
(22%) and the Autonomous University of Barcelona UAB (12%). Non-profit organization.
Center of Excellence in CO2 and Sustainability
Focus on Energy, Sustainability and Environment
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Carburos Metálicos – Air Products Group
 Centenary Company: 1897 - 2010
 National leader in industrial, medical and food gases
 17 production plants, 3 laboratories, 41 centers, 2 R&D center
(MATGAS and Healthcare) and more than 200 distribution points
 This is a company with a long tradition of developing our own
technology and intellectual property
 More than 100.000 costumers
 Committed to help the costumer and to find ad-hoc solutions
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MATGAS Partners: Air Products Group
Founded in the USA in 1940
19 000 employees around the world
Operation in more than 40 countries
Fiscal year revenues of $9 billion (2010)
Ranked 248th in sales among Fortune magazine’s May 2009 list of the
500 largest US corporations
 Serving a diversity of markets:






Merchant Gases
Tonnage, Equipment and Energy
Electronic and Performance Materials
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MATGAS partners: CSIC and UAB

 Largest Spanish government research
organization.

 More than 50.000 students, 49
departments and 3000 researchers

 ~130 Institutes, 15 of them directly related  Scientific and technological campus
with more than 27 research centers.
to materials science and chemical
engineering.
 Campus of Excellence
http://www.csic.es
http://www.uab.es
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MATGAS Research lines
Simulation and Modeling
Computational techniques for new insights, characterization and predictions

CO2
utilization

Industrial uses of
CO2, including
supercritical
technologies

Bioenergy

Biomaterials as
new source of
energy

Materials
for Energy

New materials
applied to energy
production and
storage

Food
Water
Preservation Treatment

Integrated
solutions for food
preservation

Life Cycle Assessment
Evaluation of the net environmental gain of new products and processes
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Technologies to
improve water
treatment
processes

Outline of the presentation
 Introduction
– CO2 capture in the context of sustainable development: energy
supply, security and environment
– Technologies to avoid CO2 emissions
 CO2 capture, transportation and storage
– Challenges and opportunities
– Requisites
– Some examples of materials for CO2 capture
 CO2 as a resource
– Challenges and opportunities
– Requisites
– New uses of CO2
• Direct or technological uses
• Enhanced biological uses
• Chemical uses
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 Concluding remarks

CO2 CENIT Project: New Industrial and
Sustainable Uses of CO2
 Overall Objective
To develop new technologies for CO2 utilization complementary to CO2
capture technologies, as an alternative to geological confinement, prioritizing
the combination capture-transformation-utilization, on a medium-large
scale. The development of these technologies involves research,
development, and the validation of new concepts and integrated solutions to
improve the value chain of CO2.
 The Budget
The total approved budget is more than 26MMeuros, 50% funded from CDTI
(government), distributed as 50% of the individual contributions
 The consortium
14 companies (Repsol, Iberdrola, AGBAR, others) and 29 research
institutions, led by Carburos Metálicos, Air Products Spain and technically
coordinated by MATGAS
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The consortium
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CO2 is a resource today: present uses
Cleaning

Safety

Water treatment

Agriculture

Supercritical fluids

Electronics

CO2
New materials
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Energy

Food

Where is the CO2 produced?
 Natural sources

 Antropogenic sources: energy, transportation and industrial sectors
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The carbon cycle

Biological cycle

Biogeochemical cycle

CO2 is needed for the equilibrium of the eco-system, but also for our lives!
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The carbon cycle
 The carbon cycle
–
–

It is the biogeochemical cycle by which carbon is exchanged among the biosphere,
pedosphere, geosphere, hydrosphere, and atmosphere of the Earth.
It is one of the most important cycles of the earth and allows for the most abundant
element to be recycled and reused throughout the biosphere and all of its organisms.

 The carbon cycle is usually composed of five major reservoirs of carbon
interconnected by pathways of exchange.
–
–
–
–
–

The atmosphere (biological cycle)
The terrestrial biosphere, which is usually defined to include fresh water systems and
non-living organic material, such as soil carbon (biological cycle)
The oceans, including dissolved inorganic carbon and living and non-living marine biota,
The sediments including fossil fuels.
The earth's interior, carbon from the earths mantle and crust is released to the
atmosphere and hydrosphere by volcanoes and geothermal systems.

 The global carbon budget
–
–
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the balance of the exchanges (incomes and losses) of carbon between the carbon
reservoirs or between one specific loop (e.g., atmosphere ↔ biosphere) of the carbon
cycle.
An examination of the carbon budget of a pool or reservoir can provide information about
whether the pool or reservoir is functioning as a source or sink for carbon dioxide.

If CO2 is good and necessary, what is happening?
 The concentration of CO2 in the atmosphere is much higher than needed: ’excess’ of CO2
 The human influence has altered the biological cycle, burning fossil fuels (increasing the CO2
concentration) and deforesting (diminishing sinks for CO2)
 The concentration of CO2 in the atmosphere shows a correlation with the increase of
temperature in the atmosphere (global warming)
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CO2 emissions and technological development

Need to decouple CO2 emissions from1769 - Watt steam engine
technological and economical development!
350
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1787 – Fitch steamboat
275
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1971 – Faggin et al. Microprocessor
1900 – Wright brother’s airplane
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1950

2000

1860 – Lenoir automobile

Adapted with permission from Mercedes Maroto-Valer, CICCS (UK)

Consumption of energy – human development

Pedro Gómez-Romero, Un planeta en busca de energía, (Síntesis 2007)
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Sustainable development

“meets the needs of the present without compromising the ability of future
generations to meet their own needs”
Report of the World Comission about Environment and Development (Brundtland Report, 1987): Our
Common Future, Chapter 2: Towards Sustainable Development
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Sustainability and economical growth

 The objective is to maintain the economic growth without
putting into risk the ecosystem of the planet
 We need to develop more efficient technologies better to
the environment
 There is not a unique technology to make this viable combination
 Complementary measures
– Capture of GHG (including transport, sequestration and/or new
industrial uses)
– Increase the efficiency of the processes
– Search for alternative, clean, sources of energy
– Energetic saving
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Technologies to avoid CO2 emissions
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Renewable energies: wind as an example
Very attractive, but still several challenges are remaining
Variation per month, 2010

Large variations in wind
coverage of power demand
Monthly evolution of wind
share. 2010
February 6, 2008

Nov/09/2010

Two specific days, 2010

demand
production

June/01/2010

Production peaks lead to shut down wind generation
In 2010 (Spain): 350GWh were lost, ~20M$ reduction in production
20

The CCS cycle
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CO2 capture technology processes

All of them are needed!
Chemistry, Physics,and Science in general, are everywhere
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What is done in industry today?: aqueous amines
 Absorption/desorption in aqueous amines
-

Well established process: absorption
Aqueous amines are relatively cheap
They have proved to work for CO2 capture at
industrial scale

 Limitations:
– The desorption of the CO2 from the aqueous
system requires a very high amount of energy
due to the high heat capacity of water, ~ 4000
J/(kg*K), thus increasing the cost of energy
(electricity) of the plant
– They degrade in the presence of oxygenated
compounds, including SO2, NO2, etc
– There is some lost of the amines with evaporation

 Materials for CO2 capture remains a very active area of research
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Searching for new materials for CO2 capture
 How should materials for CO2 capture be?:
-

At least as good as amines

-

Easier to regenerate in terms of energetic cost

-

Suitable for the range of temperatures and pressures at which CO2
needs to be captured in the given processes

-

Stable – no degradable in the presence of impurities

-

Easy to implement in the industrials processes for which they are
needed

 Thermodynamics and kinetic, together with materials science are
essential for theses developments
 Ionic liquids for CO2 capture? – a priori, excellent candidates to
replace amine-based processes, but… it is still an active area of
research and some challenges need to be overcome.
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Materials for CO2 capture

Choi, S.; Drese, Jeffrey H.; Jones,
Christopher W. ChemSusChem 2009, 2,
796.

Experimental and simulation
work done at MATGAS
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One example: lithium orthosilicates (Li4SiO4)
“Perfect candidate” to replace amines
The solid sorbent is expected to be inert with respect to O2 and NOx
The solid absorbent is inherently non-volatile and will not emit undesirable species to the
atmosphere
The material offers a greater than two-fold CO2 capacity, 5.4 mmol CO2/g sorbent, versus
a typical amine such as MEA, 1.5-2 CO2 mmol/g sorbent (25°C, 0.15 atm CO2)
Possible reaction with SO2?
The importance of testing at the REAL conditions
Exposing the absorbent to gases containing CO2, SO2 and H2O at the experimental
temperature and pressure
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Lithium orthosilicates (Li4SiO4)
CO2 capacity
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Lithium orthosilicates (Li4SiO4)
Effect of SO2 on CO2 adsorption
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Organic-inorganic materials: aminosilicas
 Alternative to aqueous amines: grafting the amine groups into
inorganic materials such as silica.
– The heat capacity of silica is ~ 20 % the heat capacity of water, hence
reducing the energy cost of desorption.
– In addition amines will not evaporate, as it is grafted to the silica

 Synthesis of aminosilicas by two roots (Hicks, Jones, et al., 2008):
– co-condensation of an aminopropylalkoxysilane with the silica source
to form the silica material. It changes unit cell. Functionalities project into
surface
– grafting or post-functionalization of the aminopropylalkoxysilane to
the post-synthesized silica material. Functionalities lay over the surface
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Supercritical silanization with alkylsilanes
Coupling agent: Silanization process with octyltriethoxysilane
•Excellent solubility in
supercritical CO2 (SCCO2)
•Excellent diffusion in SCCO2
•Generates hydrophobicity

High difussion into pores, thanks to its solubility
in CO2 and its almost linear character
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Organic-inorganic materials: aminosilicas
Large number of different surfaces silica surfaces exist.

Different types of aminosilanes can be grafted to the surface

Molecular simulations can screen and predict the most promising combinations
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MCM-41: simulation and experiments
Pure gas adsorption isotherms
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• Good agreement for both N2 and CO2 on pure MCM-41
• Results validate MCM-41 model
• Simulations are purely predictive (no adjustments)
* EXPERIMENTAL DATA: Schumacher, C.; Gonzalez, J.; Wright, P. A.; Seaton, N. A. J. Phys. Chem. B 2006, 110, 31
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Organic-inorganic materials: MCM-41
3
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– Excellent agreement at low
pressures

12
6
0

0

– Chemisorption leading
mechanism for low
5
10
15
pressures
at
high
Pressure [bar]
functionalization

MCM-41 raw surface
MCM-41 functionalized with 5% amines (shifted 3 mmol/g)
MCM-41 functionalized with 10% amines (shifted 6 mmol/g)

– Excellent agreement model-experminets: the overall isotherm has
better agreement after taking into account the chemisorption
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* EXPERIMENTAL DATA: Schumacher, C.; Gonzalez, J.; Wright,
P. A.; Seaton, N. A. J. Phys. Chem. B 2006, 110, 31

CO2 transport
 Once CO2 is captured it needs to be transported until its final destination
for sequestration and/or other applications
 This has to be done in an economical, safe and viable way
 CO2 transport will depend on the source where the CO2 comes from and
also the final place where is going to be stored
 The best option is to have CO2 in a supercritical state, already used in
enhanced oil recovery (EOR)
 In case of transport by vehicles, the best option is to liquefied CO2,
already proved in liquefied gas and also in CO2 transport for industrial
uses
 Challenge: to create the needed infrastructure from the sources until the
final sink
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Possible places for storage
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CCS is a reality today
•

Sleipner, Norway
1 Mt/yr since 1996

•

Permian Basin, US
70+ project,
500 Mt already
sequestered

•

In Salah, Algeria
1.1 Mt/yr since 2004

•

Weyburn, Canada
2 Mt/yr since2000

•

K12B, Netherlands
approx. 100kt/yr since
2004

Challenge:
It is needed to scale up, to reduce costs and to
investigate the whole CO2 cycle and options for storage
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L.F. Vega, “CO2 as a resource: from capture to
industrial applications”, Fundacion Gas Natural, 2010
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$per Tns of captured CO2

$per Tns of captured CO2

Estimated cost for capture, transportation and injection

Plant size

Is sequestration the only option?
 Today, at a large scale, YES, but it presents several problems
–
–
–
–
–

Negative social perceptions
High cost
Not all countries have ensured enough places for sequestration
Is CO2 a gas that could be a “used” instead of “hidden”?
Regulation, others

 There is the need to search for alternatives, viable in a long
range, allowing for the sustainability of the process, enclosing the
whole Life Cycle of CO2
 Transformation and new uses of CO2 as an alternative to the
geological sequestration
– This is not alternative to substitute or replace the sequestration, but to
help (a win-win situation)
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Challenges
 There is a scale issue
– the present uses of CO2 represent only a small percentage of the
total CO2 that should be captured
– There is an urgent need to search for new industrial uses at a
large scale

 Challenges for CO2 uses at large scale
– Associated costs to CO2 capture, transportation and injection
– Energetic requirements for the chemical conversion
– Limitations associated to the size of the market, few incentives
– Lack of social pressure for this final use
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Alternatives to the sequestration
 Understanding CO2 to know its possible applications
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Requirements for new uses of CO2
The new process or product should
 Reduce the global CO2 emissions
 Be less energy consumption intensive and require less
material than the process it is replacing
 Be safe and environmentally more friendly
 Be economically viable
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CO2 utilization: three main options
– Technological: direct use of CO2 into chemical processes, energy recovery,
food, water treatment and supercritical CO2 for several industrial applications

– Biological: using CO2 and solar energy for growing biomass to be converted
into biofuels

– Chemical: CO2 transformation by artificial photosynthesis, and the recycle of
CO2 as C-source for chemicals and fuels using renewable sources of energy
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Use of CO2 in processes
 Food
(it does not solve the capture, but it shows the benefits of using CO2)
– Carbonated beverages
– Food preservation
– Desinsectation of cereals, rice, etc
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Use of CO2 in processes
 Water treatment
– Mineralization of desalinated water
– Wastewater treatment by changes in the pH
– Use in swimming pools and spas as a replacement of VOCs, with benefits
for the environment and the health of the swimmers
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Use of CO2 in processes: materials
 Materials
– Synthesis of new materials based on CO2 (ej: Novomer)
– Improved processes related to the synthesis and processing of polymers
– Use of CO2 for the carbonatation of industrial waste for its revalorization of
permanent sequestration of CO2
– Carbonation of other materials to obtain advanced materials
– CO2 as a friendly reaction media for the synthesis of new materials
– Extraction of compounds in supercritical CO2, replacing other VOCs and
avoiding additional separation processes (added value)

Aceite sin usar
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Aceite
usado

Aceite
recuperado

Mineral conversion: new materials?
 Mineral carbonation: chemical fixation of CO2, to form stable
carbonates

+ CO2 
Olivina

CaO + H2O 

Serpentina

Product from the carbonatation of serpentine

Ca(OH)2+ CO2 

 Characteristics
– termodynamically favorable
– kinetic reaction
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Application to precipitated calcium carbonate
(PCC)

Use of CO2 in processes: supercritical CO2
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Use of CO2 in processes: supercritical CO2
 Replacement of volatile organic
compounds

 Extraction: cafeine, TCAs. etc

 Dry cleaning
e
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Biological uses of CO2

 Bio-mimetic transformation: imitating nature
 CO2 reduction by photosynthetic microorganisms
(“micro-algaes”)
– Able to be nourished by capturing CO2
– They can be treated as a source of renewable energy:
bioethanol, biodiesel
– They can also be used as a source to extract high added
value products

4G Bio-combustibles

Petroalgae, LLC
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Pros and con of this technology
 Advantages:
– Permanent capture and transformation of CO2 in energy renewable
sources
– Fast development of the microorganisms
– It does not destroy the ecosystem
– Technology in a development state
– It can be scaled up

 Challenges
– The technology is still in a development state: type of microorganisms,
influence of the light, type of reactor, etc
– Although there are several companies working on these different
aspects, the scalability and economical viability is still in progress
– The growth of the algae's near the focus of emission requires
availability of space and water
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The different generations of biocombustibles

1G: corn, sugar

2G: leaves, forest waste
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3G: sea algaes, “primitive plants”

4G: photosynthetic microorganisms - algaes

Chemical uses of CO2
 CO2 is cheap (especially if we consider the amount that will be
captured if CCS is implemented) and non-toxic, being able to
replace other chemical sustances that are toxic (fosgene,
isocianates) in some chemical processes.
 The production of chemical substances from CO2 can provide new
and valuable materials such as polycarbonates, and lead to new
synthesis routes for chemical compounds.
 The production of chemical sustances from CO2 has a small but very
positive impact in the global carbon balance.
 The use of CO2 as row material or co-reactive is a challenge and
an opportunity, promoting the search for new solutions in the
chemical industry.
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Chemical uses of CO2: organic compounds
 Acid acetylsalicylic

 Production of carbonates
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Chemical uses of CO2: production of fuels
 Methanol production
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What about if we transform it?

 Biomimetic transformation: imitating nature
 Artificial photosynthesis
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What about if we transform it?

 Search for materials to increase the efficiency of the reaction
 Alternative energy to make the whole process environmentally
friendly
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Artificial photosynthesis

Photocatalytic reduction of CO2
Synthesis and characterization of new photo-catalytic materials with higher
efficiency
1.

New materials

2.

Higher surface areas

3.

Better optical absorption
aerogels

Mesoporous structure
Collaboration with IREC and UAB
Ossó, Morante, Vega, et al.
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TiO2 nanotubes

Pros and con of this technology
 Advantages:
– Capture and transformation of CO2 in high added value materials or
renewable energy
– It does not destroy the ecosystem
– Technology in an exploration/laboratory scale

 Challenges
– Technology still under development: we need to improve the
efficiency, catalysts, energy intensive, etc
– It is needed to be scaled up, to prove it is viable at an industrial scale
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Book on CO2 as a resource

“El CO2 como recurso: de la captura a los usos industriales”, L.F. Vega, Fundación Gas Natural, 2010
“CO2 as a resource: from capture to industrial applications”, L.F. Vega, Fundación Gas
Natural, 2010, second edition, 2011
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Summary and future work
 Energy supply, security and environment require the combine use of
different technologies
 We need to decouple the economic growth from the increase of green
house gases emissions to obtain a sustainable development
 The development of improved materials for CO2 capture remains an active
area of research and development when, at the same time, the CCS is
launched at large scales
 CO2 utilization offers an excellent opportunity of transforming a residue to a
resource for different applications: further research and development is
needed
 Research and Development in Chemistry can help to find new routes, new
solutions, and to speed up the development of final products
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Thanks!
 Carmen Claver and the URV for the invitation
 Air Products and Carburos Metálicos
 The MATGAS team and the Molecular Simulation Group
 Spanish Government (CEN2008-1027, CTQ2008 -05370/PPQ,
CTQ2011-23255);
 EU – LOLIPEM, HyTEC and SOFCOM projects
 Catalan Government (SGR2009-666)
 All of you for your attention
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