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Figure 1.7 Potential of biomass in the USA (from EIA-Paris, 2004).

included the industrial utilization of CO, and the enhanced fixation of CO, in
aquatic biomass, with both applications having huge potential for the recycling of
carbon and reductions in CO, emissions.

The enhanced, direct fixation of CO, into fast-growing biomasses might contrib-
ute towards reducing its accumulation in the atmosphere, under non-natural
conditions. Such an approach could be used for the production of chemicals and
energy (e.g., conversion into gaseous and liquid fuels, rather than direct combus-
tion of the solid biomass), with beneficial effects on reducing CO, emissions and
accumulation in the atmosphere. The potential of biomass as a possible substitute
for fossil fuels in the USA is shown in Figure 1.7.

The implementation of an artificial photosynthetic cycle which could recycle CO,
[4, 5], thus complementing the natural cycle, could also make an effective contribu-
tion to reducing CO, emissions.

The utilization of CO, through technological, chemical, or enhanced biological
methods may lead to reductions in CO, emissions, with these innovative processes
being substituted for older technologies and products, and imparting direct and
indirect benefits on the impact of climate change. In this case, a direct effect might
be considered the reduction of both CO, emissions and fossil fuels extractions,
whereas an indirect effect would be a substitution, with CO,, of chemicals such
as chlorofluorocarbons and congeners having a climate change power (CCP) many
thousand-fold that of CO, [6].

It should be remembered that, whilst the use of CO, in this way will not solve
the problem of atmospheric CO, accumulation, it might contribute to such an
issue by reducing the volume of CO, produced. It is also worth noting that the
fraction of CO, produced via the use of chemicals is approximately 10% of the
total, the remainder being derived from energy products. It follows, therefore, that
if all chemicals were to be produced from CO,, then 10% of the emitted CO, could
be recycled so as to achieve an almost carbon-neutral use of chemicals. Unfortu-
nately, this situation would be impossible to achieve for several reasons, among
which are the energy costs. A realistic estimate of the total amount of CO, to be
avoided [7] has been set at 7%, this being the contribution of CO, use in the short
to medium term. However, if efficient technologies capable of converting CO, into
energy-rich products (fuels) were to be developed, then a much greater amount of
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CO, could be converted into usable products. This would result in a much more
significant step in the direction of chemicals and energy production, with a close
to zero carbon-emission level.

1.5
Conditions for Using CO,

The utilization of CO,, whether technological, biological, or chemical, to cause an
effective reduction in its emission into the atmosphere, must comply with certain
key rules, namely:

e the new process must reduce the overall CO, emissions;

e it must be less energy- and material-intensive with respect to the on-stream
processes that it aims to replace;

e it must employ using safer and more eco-friendly working conditions; and

e it must be economically viable.

The reduction in overall CO, emission for a given application of CO, is not easily
quantified. Both, the energy and material consumption must be minimized, through
the control of process parameters, such as the conversion yield and selectivity, the
temperature, the pressure, and the post-reaction operations such as isolation and
purification. Mass control requires more direct (fewer steps), effective (high-yield)
and selective (product entropy control) processes, with waste (gas, liquid, solid)
minimization at source, and with a better carbon-atom utilization. As CO, is not
a toxic substance, under controlled conditions of utilization it does not cause any
serious worries. In particular, its fire-extinguishing properties ensure that the risk
of combustion is close to zero when a high pressure is used [30-40 MPa when
supercritical CO, (sc-CO,) is used as solvent and/or reagent]. Hence, CO, can be
considered to be safe reagent or solvent, especially when sc-CO, is used as a process
fluid (see Chapter 2).

The economics of CO, utilization depend on its quality, with the price reaching
up to US$ 400 per ton, according to the purity required and the purification tech-
nologies involved [8].

1.6
CO,: Sources and Prices

As noted above, CO, can be obtained from several sources, with a variety of prices.
Although natural wells are an important and cheap source (€15-20 per ton) [9] of
pure (>99%) CO,, this source should be discontinued and the use of recovered
CO, (from power-generation plants or industrial processes) encouraged as an
alternative. The captured CO, is characterized by different degrees of purity,
according to its origin, and may require extensive purification in specific applica-
tions, such as in the food industry. These purification steps will, of course, affect
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the price of CO,, and this will in turn invite the discovery and use of new sources,
an example being fermentation reactors which may provide high-purity gas. One
possible drawback of such a source might be its seasonality (e.g., sugar cane har-
vests), although this could easily be circumvented by the year-round storage of
these raw materials.

In the case of several applications in the chemical industry, the presence of
contaminants such as O,, SO,, or NO,, which may be present in the flue gases of
power plants, might be deleterious by causing negative (poisoning) effects on the
catalysts.

1.7
The Potential for CO, Utilization, and the Content of This Book

The large-scale separation of CO, from power and industrial plant flue gases, or
its recovery via new technological applications (e.g., integrated gasification com-
bined cycle; IGCC) which produce concentrated flows of CO,, will make available
huge volumes of CO,. The subsequent fate of the recovered CO, would be either
disposal in natural fields (spent gas or oil wells, unmined coal seams, aquifers),
or its utilization. Whilst, in principle, the former option can be used to eliminate
large volumes of CO,, in practice the disposal sites are few in number and the
procedure would involve high energy and economic costs. Eventually, however,
the implementation of this technology will surely lead to an expansion of the
extraction of fossil carbon-based fuels. Conversely, the utilization of CO, has
already been implemented at the level of over 130 Mt per years in the energy and
chemical industries [6], and is a technology that is known to add value to the waste
CO,. Today, new technologies using CO, are under development, the exploitation
of which will greatly expand the amount of CO, that can be either used or
recycled.

The large-scale utilization of CO, can be integrated very well with its large-scale
recovery, yet, whilst the utilization process will produce economic benefits, the
disposal process will incur economic costs. It is essential that these new applica-
tions of CO, are energetically more convenient than the existing processes, and in
this respect the biological [10] and technological [6, 11] applications of CO, utiliza-
tion have been extensively reviewed. Indeed, the aim of this book is to describe in
detail the chemistry of the utilization of CO,, presenting an up-date in each specific
field of CO, use.

The technological use of CO, contributes to a reduction in its atmospheric
accumulation, through CO, being substituted into species with a much higher
CCP [6]. Some examples where the use of CO, lowers the impact on climate
change (even if the CO, is ultimately vented to the atmosphere) are listed in
Table 1.2.

Among the applications listed in Table 1.2, the CO, substitutes either species
with a higher CCP or an organic solvent which, on completion of the process, may
be partly recovered using energy-expensive technologies, or burned so as to
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Table 1.2 Some examples of technological applications of CO,.

Example of  Product Example of  Product Example of Product
application substituted application substituted  application substituted
Dry cleaning  Chlorinated Fire Flame Extraction of Hexane
solvents extinguisher retardants  caffeine
Water Sulfuric acid Cleaner in Fluorinated ~ Solvent in Various
treatment electronics solvents reactions organics
Air Fluorinated Mechanical ~ Fluids with ~ Production of ~ Organic
conditioning  compounds industry higher CCP  nanomaterials  solvents
Antibacterial ~Complex Extraction of Hexane Solvent in Organic
pharmaceuticals  fragrances polymerization solvents

produce large amounts of CO, [11]. Specific aspects of the use of CO, as a tech-
nological fluid are described in Chapter 2.

Enhanced biological fixation [10] has great potential, especially if an aquatic
biomass can be created that is capable of producing chemicals and fuels; this topic
is discussed in Chapter 13.

The chemical utilization of CO, is also considered in detail, with the pros and
cons of each application highlighted to provide a detailed picture of the state of
the art, and of the use of CO,. Areas in which further research in order to fully
implement this utilization strategy are noted as key points. The potential of such
a technology is especially interesting with regards to reducing CO, emissions. In
fact, often the most important aspect in the chemical utilization of CO, is not the
amount of CO, used (if a chemical made from CO, is used, the CO, will be
re-formed within a short time, except in the case of polymers that may last for
decades!); rather, it is the introduction of innovative technologies that may lead to
a reduction in the use of materials and energy.

The potential uses of CO, in chemical applications are shown in Figure 1.8,
where some of the products (carboxylates, carbonates, and carbamates in routes
A and B) are obtained by incorporation of the entire CO, molecule. The reactions
bearing such products will have a low energy content and may occur at room
temperature, or lower (see Chapters 5 to 8). Processes in which CO, is reduced to
other C1 or Cn molecules (Figure 1.8, routes C and D) require an input of energy.
In order to be consistent with the information provided in Section 1.5, such energy
cannot be provided by fossil fuels, and alternative sources must be found, with
solar energy the best candidate. In Chapters 9 to 12, details are provided of the
potential for reducing CO, to fuels or chemicals.

Most processes involving CO, conversion can be compared to the natural proc-
esses described in Chapter 3 (biological reactions) and Chapter 14 (geological
inorganic reactions).

The fundamentals of CO, chemistry and reactivity are described in Chapter 4.
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Figure 1.8 The possible applications of CO, in chemical syntheses.

1.8
The Need for Research to Speed an Exploitation of the Utilization Option

The first intensive investigations into the chemistry of CO, followed the initial
description of the transition-metal complex, Ni(CO,)(PCys), [12]. Subsequently,
during the late 1970s and 1980s, much emphasis was placed on investigating CO,
conversions and the associated reaction mechanisms [13, 14]. Unfortunately,
however, this early enthusiasm in academia was not supported by industrial invest-
ment (at the time, there was no compulsion to reduce CO, emissions and waste
production!), and consequently during the following decades the research effort
was decreased and the benefits were lost. Yet, today, interest in CO, utilization has
been totally re-vamped, based on the above-mentioned aspects. Clearly, whilst
current research must be funded along selected axes so as to identify the most
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useful results in terms of exploitable technologies, it is vital that the fundamental
research should also be continued.

The use of CO, in the synthesis of carboxylates (including acrylates), esters
and lactones, carbonates, carbamates, and polymers may help to solve substan-
tial problems encountered in the chemical industry, and hopefully advance
towards sustainability. In all such cases, the new processes based on CO, would
replace old energy- and material-intensive technologies that employed either
the use of toxic compounds (e.g., phosgene) or were characterized by a high
E-factor [6].

The use of sc-CO, as a solvent and reagent represents an application that reduce
not only the amount of waste organic solvents, but also the emission of CO,
derived from the combustion of spent solvents.

The dry-reforming of methane is a technology that may pressurize the gas-to-
liquid (GTL) approach by converting methane and CO, into liquid fuels at the
liquefied natural gas (LNG) extraction well.

The photoassisted electrochemical reduction of CO, in water represents a very
interesting technology that may allow the efficient use of residual or intermittent
energies [6], with the concomitant conversion of large volumes of CO, into chemi-
cals or fuels.

Unfortunately, the technological use of CO, has several hidden benefits [6],
the most prominent of which is that it should be implemented on a large scale
so to replace toxic species and compounds which have a high CCP. The use
of sc-CO, has already been exploited in several areas (e.g., as a solvent in dry-
washing, or in extractions or chemical reactions); however, its use will inevitably
be expanded into the chemical industry, as well as in the process of enhanced oil
recovery.

By mimicking Nature and combining biotechnology and chemistry, it may be
possible to bring about the discovery of new technologies which, together with a
greater use of biomass, may support the substitution of fossil-carbon with quasi-
zero-emission technologies. One major exploitation of the concept that “Nature
makes and Chemists re-shape” may bring about important benefits that have not
yet been fully identified.

The “inorganication” of CO, is a technology that may, at least potentially, be
used to store large volumes of CO, over the long term, in the form of “safe”
chemicals. Of course, such an approach would be especially welcome in situations
where residual inorganic oxides and sludge from industrial processes could be
used for the CO, fixation.

Whilst, in future, it is essential that industry, international and national funding
organizations all support research investigations in the above-mentioned areas, it
is equally vital that these studies are conducted in complementary fashion. In this
way, it will be possible to investigate a wider variety of applications, taking into
account specific factors applicable to different countries, and consequently produc-
ing the greatest benefit to Society in general.
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