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Abstract The reduction of greenhouse gas emissions is
an ever-increasing challenge for production units and
power plants in view of the global warming concerns.
Carbon dioxide capturing from petrochemical process
streams and flares has been recognized as one of the several
strategies necessary for mitigating the emission of green-
house gases into the atmosphere. To keep greenhouse gases
at manageable levels, large decrease in CO, emissions
through separation and utilization will be required. Fur-
thermore, carbon dioxide emission potential will become
an important factor in technology selection when cost of
carbon dioxide emissions is set to be included in the pro-
cessing cost. This article reviews the potential CO, sepa-
ration technologies and its recycling via chemical fixation
as bulk chemical products in petrochemical industry.
Various separation techniques, such as absorption,
adsorption, membrane separation and cryogenic, and uti-
lization processes, such as conversion to carbon monoxide,
oxidative dehydrogenation, hydrogenation and polymeri-
zation are thoroughly discussed. The technological chal-
lenges and recent developments and achievements are also
presented.
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Introduction

Environmental issues due to emissions of greenhouse
gases (GHGs) have become worldwide problems. Studies
have shown that increased GHG levels in atmosphere
cause global warming. Carbon dioxide (CO,), methane
(CHy), nitrous oxide (N,O) and fluorinated gases (HFC,
PFC, SF¢) are greenhouse gases among which carbon
dioxide makes up a high proportion with respect to its
amount present in the atmosphere (Fig. 1). Going by the
prediction of Intergovernmental Panel on Climate Change
(IPCC), by year 2100, the atmosphere may contain up to
570 ppm of CO,, causing a rise in mean global temper-
ature of around 1.9 °C and an increase in mean sea level
of 3.8 m [1].

The proportion of greenhouse gases has increased sig-
nificantly since the Industrial Revolution (about 1750), and
global carbon dioxide (CO,) concentration has risen by
37 %.

At present, it is accepted that the increase of GHG
concentration in atmosphere is attributed to human activi-
ties. Greenhouse gas emissions are produced as the by-
products of various non-energy-related industrial activities.
Industrial processes can chemically transform raw materi-
als, which often release waste gases such as CO,. The
processes include production of iron, steel, metallurgical
coke, cement, lime, carbonate consuming processes (e.g.,
flux stone, flue gas desulfurization, and glass manufactur-
ing), ammonia and urea, petrochemical, aluminum, soda
ash, titanium dioxide, ferroalloy and glass. The production
of some petrochemicals results in the release of small
amounts of CO, emissions. Petrochemicals are chemicals
isolated or derived from petroleum or natural gas. The
chemical and petrochemical industry accounts for 30 % of
global industrial energy use and 16 % of direct CO,
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Fig. 1 Greenhouse gas emission in 2011 [1]

emissions. More than half of the energy demand is for
feedstock use, which cannot be reduced through energy
efficiency measures [2, 3].

The public concern about the climate change due to the
greenhouse gas emissions to atmosphere led to the United
Nation Framework Convention on Climate Change (UN-
FCCC) in 1992. The main objective of this meeting was to
discuss methods for stabilization of GHG concentrations in
the atmosphere at a level that the anthropogenic emissions
could not interfere with the climate system. The stabiliza-
tion of GHG concentrations in atmosphere can be achieved
by three approaches:

— Reducing energy intensity
— Reducing carbon intensity (by use of carbon-free fuels)
— Enhancing the sequestration of CO,

Carbon dioxide capture and sequestration (CCS) can
significantly reduce emissions from CO, sources as well as
certain industry types such as ethanol and natural gas
processing plants. CCS methodologies for industrial and
energy-related sources comprise three steps: CO, capture,
CO, transportation and CO, utilization.

There are various petrochemical units that produce
carbon dioxide with high purity as a by-product such as
ethylene oxide and ammonia processes. Flaring is another
main emission source of this greenhouse gas in petro-
chemical industry. In petrochemical industry, hydrocarbon
wastes can be used as fuel and recycled. Therefore, the
main waste products are water and CO,. Carbon dioxide is
produced in petrochemical process streams mostly by
reactions with oxygenates (mainly oxygen as in oxidation
of ethylene and water as in water—gas shift reaction). In
fact, ethylene oxide and ammonia processes produce car-
bon dioxide with high purity as a by-product. However,
most of the carbon dioxide in petrochemical industry is
emitted in the flue gas as a result of burning fuel oil and
fuel gas [4].
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Fig. 2 Available technologies for CO, separation

In literature, there are some valuable reviews published
in different aspects of CCS. For instance, in the field of CO,
capture Granite and O‘Brien [5]; Stewart and Hessami [6];
Olajire [7]; Pires et al. [8]; Takht Ravanchi et al. [9]; Wang
et al. [10]; Kargari and Takht Ravanchi [11]; Zhao et al.
[12]; Songolzadeh et al. [13]; and in the field of CO, uti-
lization Wang and Zhu [14]; Song [15]; He et al. [16];
Havran et al. [17] are worth mentioning. Due to the absence
of a systematic and detailed review on CO, separation and
fixation in petrochemical industry, the present research
focused on this goal.

CO, separation techniques

Capturing and separation of CO, from petrochemical gas
streams are essential parameters for the carbon manage-
ment for CO, sequestration from environment.

Generally, CO, separation contributes to 70-80 % of the
overall CCS cost [4]. Hence, reducing separation cost is the
most important issue for CCS process. In this section,
common technologies of CO, separation from a flue gas
are focused.

A wide range of technologies based on physical and
chemical processes currently exist for CO, separation from
a gas stream categorized as absorption, adsorption,
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membrane separation and cryogenics (Fig. 2). The choice
of a suitable technology depends on the characteristics of
gas stream.

Biological and hybrid processes and chemical looping
combustion (CLC) are other CO, separation techniques
which are not considered in this review. In biological
processes, trees or microalgae can be used for CO, capture
[6, 18]. Chemical looping combustion, proposed by Richter
and Knoche [19], divides combustion into intermediate
oxidation and reduction reactions that are performed sep-
arately with a solid oxygen carrier circulating between the
separated sections. Hybrid systems can be based on
membrane associated with cryogenic distillation or solvent
absorption.

Absorption
Chemical absorption

The basic principle of chemical absorption is neutralization
reaction in which absorbent react with CO, in the flue gas.
The ideal chemical absorbent must have below specifica-
tions [20]:

— High reactivity with respect to CO,—which would
reduce height requirements for the absorber and/or
reduce solvent circulation flow rates.

— Low regeneration cost requirements—based on a low
heat of reaction with CO,.

— High absorption capacity—which directly influences
solvent circulation flow rate requirements.

— High thermal stability and reduced solvent degrada-
tion—reduced solvent waste due to thermal and
chemical degradation.

— Low environmental impact.

— Low solvent costs—should be easy and cheap to
produce.

Strong and weak alkaline solutions are commonly used
absorbents. KOH and NaOH are examples of strong alka-
line solutions, and alcohol amines (such as MEA, DEA,
TEA and MDEA) and aqueous ammonia (NH3.H,0) are
examples of weak alkaline solutions.

The applicability of strong alkaline solution is limited
due to its strong corrosion to equipment. The alcohol
amines usually suffer from the disadvantage of high energy
requirement for regeneration, easy oxidation/degradation
by SO, and O, in flue gas and system corrosion [21, 22].
Aqueous ammonia has the advantage of high-absorption
efficiency, high-absorption capacity, low-energy require-
ment for absorbent regeneration and wide distribution of
resources. In Table 1, advantages and disadvantages of
chemical absorption by different alkaline solutions are
categorized.

Table 1 Advantages and disadvantages of alkaline approaches for

CO, capture

Process

Advantage

Disadvantage

Strong alkaline/alkaline
metal solution (KOH,

NaOH solution)

Weak alkaline
(NH3.H,0)

Aqueous ammines

(MEA, DEA, TEA,

MDEA)

Fast reaction rate

Large absorption
capability

High absorption
efficiency

Large absorption

capability and high

loading capacity

Low-energy
requirement for
absorbent
regeneration

Utilization of

products as fertilizer

Wide distribution of
absorbent

Less volatility

Good stability of
absorbent

Enhancement role
used as additive

Cost of absorbent

Strong corrosion
to equipment

Product treatment
and disposal

Easy to volatilize
and leak

Thermal
instability of
products

Corrosion to
equipment

Absorption
efficiency

High-energy
consumption for
regeneration

Easy degradation
by SO, and O,
in flue gas

Resulting in
system
corrosion

Between several chemical absorption processes, MEA
would be the first to be available for immediate industrial
application. Development of new solvents has achieved
some progress such as ammonia [23], piperazine promoted
K>CO; [24], and concentrated aqueous piperazine [25].

Physical absorption

Physical absorption takes place at high CO, partial pres-
sures. This process is not economical for streams with CO,
partial pressures lower than 15 vol%.

In physical absorption, organic solvent is used to
physically, rather than chemically, absorb CO,. In this
process, CO, removal is based on its solubility within the
solvents which depends on the partial pressure and tem-
perature of the feed gas. Higher CO, partial pressure and
lower temperature favor the solubility of CO, in absorbent.
The solvents are regenerated by increasing temperature or
decreasing pressure. In comparison with chemical solvents,
the interaction between CO, and absorbent is weak.

Physical absorption process and related solvents for CO,
removal are commercially available. Selexol process is
based on dimethyl ethers of polyethylene glycol (DMPEG),
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a Union Carbide liquid glycol-based solvent, and has been
used since 1969. Glycol is effective for CO, capturing at
high concentration. Rectisol process is based on low tem-
perature methanol (cold methanol). Glycol carbonate is
another interesting solvent because of its high selectivity
for CO, but it has relatively low capacity. Propylene car-
bonate (FLUOR process) and N-methyl-2-pyrrolidone
(NMP-Purisol) are other physical solvents [26].

Some CO, capture applications benefit from a mixture
of physical and chemical solvents. The most commonly
used examples are Sulfinol, a mixture of the physical sol-
vent sulfolane and the amines such as diisopropyl amine
(DIPA) or methyl diethanolamine (MDEA); and Amisol, a
mixture of methanol and secondary amines. These hybrid
solvents attempt to exploit the positive qualities of each
constituent under special conditions.

Membrane separation

Membrane separation technology is a low cost process
when high purity gas streams are not fundamental [27].
Membranes can separate carbon dioxide from a gas stream
by size exclusion or by chemical affinity. Chemical affinity
membranes are often impregnated with a scrubbing solu-
tion or chemical functional group (e.g., amine) selective for
carbon dioxide. The scrubbing solutions, as well as func-
tional groups on the surface of sorbents, are discussed in
the critical review papers [28, 29]. A large body of research
has been conducted on the properties of carbon dioxide
selective membranes based on inorganic materials such as
zeolites, alumina, carbon, and silica. Researchers proposed
the separation of carbon dioxide from flue gases by multi-
walled carbon nano-tube membranes [5]. Substantial
advances in the selectivity, permeability, and chemical
stability of inorganic membranes are needed for successful
application to gas mixtures.
Membrane process has several advantages [30]:

— Higher separation energy efficiency relative to equilib-
rium-based processes.

— No waste streams production.

— Existence of commercial references (e.g., CO, separa-
tion from natural gas).

— No regeneration energy required.

— High packing density which
installations.

— Increasing mass transfer area in a given volume.

requires  small

Its major drawbacks can be categorized as below:

The treatment of an enormous flow rate of CO,
containing gas requires a very large membrane area
and increases the cost of this technology.
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— The need of very large, expensive and energy consum-
ing compression equipment.

Organic (polymeric) and inorganic (zeolite, ceramic and
silica) membranes are of particular interest in CO, sepa-
ration. Polymeric membranes separate gases based on
solution-diffusion mechanism. Low cost, high separation
performance, ease of synthesis and mechanical stability are
their advantages [31, 32]. An important limitation of
polymeric membrane is its application for a high-temper-
ature gas stream as it cannot be applied without cooling of
the gas stream in order not to destroy the membrane.

It was recently demonstrated that a zeolitic imidazolate
framework with high thermal (up to 390 °C) and chemical
stability under refluxing organic and aqueous media shows
exceptional selectivity for CO, capture from CO,/CO
mixtures with an extraordinary capacity for storing CO,.

Adsorption

Adsorption is also considered a feasible process for CO,
capture at an industrial scale. It is a selective process in
which molecules contained in liquid or gaseous mixtures
adhere on a solid surface, the adsorbent. These molecules,
even in small concentrations in the streams, can be cap-
tured by these selective materials. The properties of the
adsorbed particles (molecular size, molecular weight and
polarity) and the adsorbent surface (polarity, pore size and
spacing) determine the adsorption quality. As adsorption is
an exothermic process, the regeneration of the adsorbents
through desorption can be performed by rising the tem-
perature. However, adsorption presents lower energy
requirements and avoids the shortcomings when compared
to absorption [33]. Adsorption can be either physical
(physisorption) or chemical (chemisorption).

Several adsorbents have been proposed for CO, capture,
including carbon fiber monolithic adsorbents [34], acti-
vated carbon fiber-phenolic resin composites [35], mela-
mine-formaldehyde highly porous adsorbents [36], amine
immobilized adsorbents [37], red mud [38], steam-acti-
vated anthracite [39], activated carbon [40], lithium zir-
conate [41], lithium silicate [42, 43], alumina, metallic
oxides and zeolites [44] among others [45, 46]. Sjostrom
and Krutka [47] compared several adsorbents and con-
cluded that carbon-based materials present excellent sta-
bility, while zeolites work well under dry conditions.

In the industrial context, a continuous CO, capture
process is preferred while the technologies often studied
are the cyclic processes. These adsorption processes can be
grouped into two types, according to the way in which the
adsorbent is exchanged between the adsorption and
desorption steps: by changing the pressure or the temper-
ature. In pressure swing adsorption (PSA), the adsorption is
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performed at pressures higher than atmospheric. Desorp-
tion occurs at atmospheric pressure. However, a vacuum
desorption pressure can be applied and, for commercial
adsorbent 13X, the costs of CO, capture are comparable
with the cost of MEA absorption [48]. The operation with
an adsorbent with higher adsorption capacity and higher
selectivity to CO, would increase the profitability of PSA.
The vacuum swing adsorption (VSA) operates at near-
ambient temperature and pressures and desorption is per-
formed at lower pressure. It is a promising technology due
to the relatively low power consumption and ease of
operation.

CO, containing gas streams to be treated by adsorption
must have high CO, concentrations because of the low
selectivity of the most available adsorbents.

Cryogenic distillation

CO, cryogenic distillation involves separation of gas
mixture by fractional condensation and distillation at low
temperature. Cryogenic temperatures are obtained by a
closed-cycle operated refrigeration system consisting of a
compressor, a Joule-Thompson valve (JTV), multi-stage
heat exchangers and expanders.

Cryogenic distillation is a commercial process com-
monly used to liquefy and purify CO, from high purity
sources (>90 %). It involves cooling the gas to a very low
temperature (lower than —73.3 °C) so that CO, can freeze
out/liquefied and separated.

The CryoCell® technology developed by Cool Energy
Ltd (Australia) uses a cryogenic process for CO, removal.
This technology eliminates water consumption, uses of
chemicals and corrosion-related issues.

Advantages and constraints

In the field of carbon dioxide capture and utilization for
petrochemical industry, the separation process has high
importance as it should provide CO, within the specified
purity required and with reasonable costs. Each of the
above explained separation techniques has advantages and
constraints. CO, concentration, temperature and pressure
of flue gas streams are main operating parameters based on
which suitable separation process can be selected.
Chemical absorption method has many obvious advan-
tages such as high efficiency, high absorption capacity, low
cost and mature technology. These solvents are usually
preferred to physical ones. Physical solvents required low
regeneration energy, but they have low absorption capacity
and selectivity for CO, separation. Physical absorption is
not economical for gas streams with CO, concentration
lower than 15 vol%. Research efforts should be directed

toward developing better solvents. Future progress in sol-
vents should be:

— to reduce energy consumption;

— to avoid damage to environment and human being
(when it is vented with treated gas);

— acceptable solvent degradation and corrosion to the
packed column.

More important is to combine all these in one solvent.
For gas streams with high temperature (about 373 K), low
pressure and low CO, concentration (1 atm and 10-15 %
mol), bulk absorption process may be the best suitable
process for CO, separation.

Adsorption is suitable for separating CO, from low flow
rate stream. Although, chemical adsorbents have high
capacity and selectivity, but their regeneration is difficult.
Physical adsorption is the most suitable for CO, capture at
high pressures and low temperatures.

Since the pressure drop is driving force for membrane
process, the gas stream must be compressed. Since com-
pressing is very difficult and expensive, membrane sepa-
ration is suitable for high pressure stream with high
concentration (>10 vol%). Inorganic membranes have high
thermal and chemical stability but their selectivity is lower
than polymeric membranes. Polymeric membranes are very
selective for CO, separation but they have low thermal
stability. Glassy polymeric membranes have higher selec-
tivity, while the rubbery polymeric membranes have higher
thermal stability.

Membrane processes and cryogenic distillation are
efficient for gas streams with high CO, concentration.
Major disadvantage of cryogenic distillation is the large
amount of energy required to provide the refrigeration.

Consequently, for capture from flue gases of petro-
chemical plants, adsorption and absorption appear to be the
choice at least in short- and medium-term perspective.

CO, utilization

The disposal or utilization of the captured CO, is another
problem for adequate reduction of CO, emissions. A
potential and attractive route to use the captured CO, is its
fixation as valuable petrochemical commodities or fuels.
Figure 3 presents some of the current and potential utili-
zation routes for CO,.

Chemical fixation of carbon dioxide

Carbon dioxide, a cheap and abundant C-containing raw
material, is interesting as substrate, solvent, reactant, and
extracting agent. CO, is a potential C; building block for
C—C chains or as competitive source of C in chemical
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Fig. 3 Current and potential applications of CO, utilization

Table 2 Main uses of carbon dioxide in the chemical industry in
Mtpy [55]

Process Present 2016 forecast
Urea 114 132
Inorganic carbonates ca. 50 70
Methanol 8 10
Total 172 217

industry and appears very attractive, although the molecule
is rather inert and its reactions are energetically highly
unfavorable [49]. There are several good recent review
articles on CO, chemical fixation [17, 50-54].

The total amount of carbon dioxide used in industry is
approximately 200 x 10° metric tons per year. Major
industrial processes that utilize CO, as a raw material are
listed in Table 2. Its utilization as a technological fluid,
where carbon dioxide is not chemically converted and thus
can be recovered at the end, is estimated at 30 x 10°
metric tons per year [55]. The generation of energy used
for CO, transformation, if based on hydrocarbon raw
materials, still produces large amounts of CO,. In addition,
the resulting organic chemicals from CO, release carbon
dioxide at the end of their use. However, despite the fact
that, currently, the usage of CO, in the chemical industry
cannot reduce significantly the global CO, levels, it is
believed that the full potential of the fixation of CO, into
value-added products has not yet been completely
explored. The direct use of non-hydrocarbon based energy
sources for reduction of CO, would change the above
perspective and allow recycling of carbon dioxide via
chemicals and liquid fuels. Thus, the further development
of industrial processes, that are utilizing CO, for high-
demand products, is of importance.
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The scale of fixation for a specific product is an
important parameter. Many fine chemicals or those of
pharmaceutical interest produced by incorporation of CO,
have only a limited demand worldwide (a few to a hundred
ton annually). Regarding the order of magnitude of carbon
dioxide emission problem (over 35 Gt annually), many of
the claimed CO, reduction processes can be described as
only a small step forward to resolve the problem and will
not have a significant impact on the overall carbon emis-
sion problem. Those CO,-fixing reactions that are feasible
and show a significant bearing on overall worldwide carbon
emissions are required on a very large scale. Typical
examples include the conversion of CO, into fuels and
polymeric/construction materials, which are in significant
demand [54].

To date, only a few compounds have been successfully
synthesized from CO, using heterogeneous catalytic
routes, since most industrial processes utilize the more
reactive but highly toxic carbon monoxide (CO) as a
building block to produce higher chain hydrocarbons and
liquid fuels. Processes for potential future utilization of
CO, that have not yet been scaled up for commercialization
are dependent on the development of new catalytic systems
[17].

The source of energy supply should come from either
renewable (solar, wind, hydro, ground heat, biomass, etc.)
or integrated heat-management systems (nuclear plants or
waste heat from industrial processes). Equally, the source
of chemical reagents to couple with carbon dioxide should
be carefully considered without any net enhancement in
overall carbon emissions (to avoid a scenario that the CO,
emission for the production of the coupling reagent is more
than it captures). By taking thermodynamic limitations and
the total carbon emissions of an overall process into
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account, many previously reported methods for carbon
dioxide conversion may not be able to provide a practical
way to globally reduce CO, emissions, although some of
these reactions are of academic interest [54].

Chemistry and thermodynamic aspects

Being the most oxidized state of carbon, CO, as a raw
material is in its lowest energy level, thus posing a major
hindrance in establishing industrial processes. In other
words, a large energy input is required to transform CO,.
There are four main methodologies to transform CO, into
useful chemicals [52]:

— To use high-energy starting materials such as hydrogen,
unsaturated compounds, small-membered ring com-
pounds, and organometallics.

— To choose oxidized low-energy synthetic targets such
as organic carbonates.

— To shift the equilibrium to the product side by
removing a particular compound.

— To supply physical energy such as light or electricity.

Selecting appropriate reactions can lead to a negative
Gibbs free energy of the reaction.

A widely accepted idea is that CO, is so thermody-
namically and kinetically stable that it is rarely used to its
fullest potential. However, due to the electron deficiency of
the carbonyl carbons, CO, has a strong affinity toward
nucleophiles and electron-donating reagents. In other
words, CO, is an “anhydrous carbonic acid”, which rap-
idly reacts with basic compounds [52].

Figure 4 shows the equilibrium conversion and product
composition for methanation of carbon dioxide with
hydrogen, obtained by constrained Gibbs free energy mini-
mization method. This reaction is among thermodynami-
cally favored reactions of CO,. The equilibrium conversion
is fairly high in the range of interest (300-400 °C) with a
high selectivity to methane. However, as the temperature
increases, the selectivity decreases and shifts to CO, indi-
cating that the reverse reaction (dry reforming of methane) is
favored. As higher organic compounds (hydrocarbons and
oxygenates) are thermally unstable, lower temperatures
favor higher selectivities to these compounds at the expense
of lower reaction rates and CO, conversions.

Catalysis

Catalysts play a crucial role in CO, conversions, and
suitable catalysts can realize interactions between CO, and
a substrate on a transition metal center M. CO, has dem-
onstrated surprising versatility by exhibiting a great variety
of coordination and reaction modes in its homo- and
polynuclear metal complexes. Most catalytic reactions

involving CO, activation proceed via formal insertion of
CO, into highly reactive M—X bonds with the formation of
new C—-X bonds. Coordinated CO, as in stable complexes
is not necessarily required. Reactions are generally initi-
ated by nucleophilic attack of X at the Lewis acidic C atom
of CO, [49].

The conversion of carbon dioxide can be accomplished
by homogeneous, heterogeneous and biological catalysts.
For large-scale implementation, heterogeneous catalysis is
preferred.

Homogeneous catalysis

Homogeneous catalytic processes for conversions of CO,
are, by a large, reactions involving the incorporation of the
entire CO, molecule into the products. These processes can
be divided into two main categories: reductions of CO, that
involve formal insertion of CO, into a bond in another
molecule, and those that involve coupling of CO, with
another unsaturated molecule [56].

The mild reaction conditions used in homogeneous
hydrogenation of CO, catalyzed by transition metal com-
plexes allow the partial hydrogenation of CO, to yield
formic acid and derivatives:

CO, +H, & HCOOH  AH) = —32 kl/mol (1)

Further reduction of formic acid under homogeneous
conditions is more difficult and only very few examples are
known reporting formation of methanol and methane
catalyzed by Pd and Ru complexes in very low yields [57].

Heterogeneous catalysis

The heterogeneous catalytic conversion of CO, involves
only hydrogenation reactions, with the exception of CO,
reforming of CHy, and occurs at high temperatures. Thus,
the product portfolio is much more limited than for

homogeneous catalysts:
CO, +Hy & CO+H,0  AHDgg = +41 kI/mol  (2)
CO, + CHy < 2CO + 2H, AHS98 = 4247 kJ/mol  (3)

CO, + 3H; <> CH;0H + H,0  AH%s = —49.9 kJ/mol

(4)
CO; + 4H, < CH, + 2H,0 AH3 = —113 kJ/mol
(5)

Despite the limited diversity, these reactions could be
potentially important for chemical utilization of CO, in the
petrochemical industry. As these equations are equilibria,
the product yields seldom reach 100 %, and, furthermore,
the reactions are complicated by several equilibria
occurring simultaneously at reaction temperature (see
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Fig. 4). The art of heterogeneous catalysis is then the
ability to minimize these other readily accessible reactions
and steer the product formation to that desired.

Electro- and photochemical catalysis

The electro- and photochemical catalysis is identical in
many respects; the major difference is the source of
reducing electrons [56]. Electro- and photochemical
reductions of CO, can also be catalyzed by metal
complexes.

Methanol or related oxygenates (e.g., formic acid) can
be made from CO, via aqueous electrocatalytic reduction
in a “reversed fuel cell” without prior electrolysis of water
to hydrogen [57]. The reversed fuel cell accomplishes the
electrocatalytic reduction of CO, outside the potential
range of the conventional electrolysis of water. In aqueous
solutions, the selectivity depends on the electrode type. The
different electrode behavior among metals can be related to
their electronic configuration and can be grouped as sp and
d metals. Selectivity depends on surface coverage of
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different reduced species. Higher surface hydrogen species
concentration would lead to methane and hydrogen, while
more carbon species would lead to CO and HCOOH.
Copper has received much attention because it produces
appreciable amounts of hydrocarbons and alcohols from
CO, reduction, although it tends to give mixed product
including hydrogen [51].

Photocatalytic reduction of CO, can be accomplished by
suspending photosensitive semiconductor powder in
aqueous solutions under irradiation, usually using UV light.
Photoreduction of CO,, however, is a completion with H,
formation due to water decomposition, and leads to mix-
tures of reduced carbon products. Selectivity, therefore, is
one major problem of these processes [57].

Potential processes

For effective reduction of CO, emissions, only reactions of
high scale are of interest. Fortunately, some of heteroge-
neous catalytic conversions have this potential. Another
need is renewable energy (hydrogen) source.
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Conversion to carbon monoxide

An obvious way to use CO, in chemical synthesis is its
reduction to CO followed by syngas (a mixture of H,, CO
and CO,) chemistry. This can be performed by hydrogen or
methane known as reverse water—gas shift (RWGS) reac-
tion [Eq. (2)] and dry reforming of methane [Eq. (3)],
respectively. Both reactions are endothermic and favored at
high temperatures and susceptible to coke forming side
reactions.

The commercial Fe,03/Cr,03, high-temperature shift
catalyst might appear a logical candidate for RWGS
reaction. However, despite a high initial activity, a low
stability for this catalyst has been reported which was
attributed to the reduction of Fe,O3 to Fe metal and coke
formation [58]. ZnO/Cr,O5 catalyst, on the other hand,
showed both high activity and stability with no coke
formation.

The ZnO showed good specific reaction activity in the
temperature range from 400 to 700 °C but this catalyst was
deactivated. All the catalysts except the ZnO/Al,O3
(850 °C) showed low stability for the RWGS reaction and
was deactivated at the reaction temperature of 600 °C. The
Zn0O/Al,03 catalyst calcined at 850 °C was stable during
210 h under the reaction conditions of 600 °C and GHSV
of 150,000 h™"'; showing CO selectivity of 100 % even at
the pressure of 5 atm. The high stability of the ZnO/Al,O3
catalyst (850 °C) was attributed to the prevention of ZnO
reduction by the formation of ZnAl,O, spinel structure.
The spinel structure of ZnAl,O, phase in the ZnO/Al,O3
catalyst calcined at 850 °C was confirmed by XRD and
electron diffraction [59].

Because of low equilibrium conversions, temperatures
above 400 °C should be used. Excess hydrogen can also
shift the reaction to completion. Therefore, there is need for
the development of novel catalysts (e.g., Cu/ZnO, Pt/CeO,)
and reaction engineering approaches such as removal of
water.

Carbon dioxide or dry reforming of methane has
received much attention since 1980s. CO, reforming of
CH, has great potential economic and environmental
benefits. This reaction has the following important
advantages:

— The formation of a suitable H,/CO ratio for use in
valuable oxygenates synthesis.

— The reduction of CO, and methane emissions; as both
gases cause heavy greenhouse effect.

— Better use in chemical energy transmission.

The reaction is more endothermic than steam reforming.
Whereas the steam reforming of methane yields syngases
with a Hy/CO ratio of 3, CO, reforming of CH, results in a
ratio of 1, which may be of interest for some syngas

consuming reactions. The equilibrium composition is
influenced by the water—gas shift (WGS) reaction. Carbon
dioxide reforming needs higher temperatures (with the
danger of coke formation); advantageously catalysts may
be used (Ni on supports such as alumina or MgO).

Dry reforming reaction is catalyzed by Group VIII metals,
such as Ni, Pt, Pd, Ru, Rh and Ir. However, there is a serious
problem of catalyst deactivation due to rapid coke formation.
In addition to carbon deposition, sintering, and/or metal
oxidation could be the causes of catalyst deactivation. Dif-
ferent deactivation mechanisms are associated with different
catalyst system. For example, in CO, reforming of CH, that
carbon formation rather than sintering is the main cause of
platinum-containing catalyst deactivation.

Precious metals are more coke resistant; however, con-
sidering the high cost and limited availability of noble
metals, it is more practical in industrial standpoint to
develop Ni-based catalysts with high performance and high
resistance to carbon deposition. Research on the nickel
catalysts used for this reaction has mainly focused on the
intrinsic activity of the metal phase, stability toward carbon
formation, the type of the support most suitable for
improving the efficiency of the catalyst, and the reaction
mechanism.

The nature of the support has also significant effects on
the performances and properties of catalysts. Supports have
many functions but the most important is to maintain a
stable physical surface, especially at high reaction tem-
peratures. Therefore, the support itself must resist to ther-
mal transformation at high temperatures, which means
catalyst support must have high melting points. It has been
proved that type of the support and presence of modifiers
greatly affect the coking tendency. The most commonly
used support for dry reforming of methane is y-Al,Os.
Other supports such as MgO, TiO,, SiO,, and La,O5; were
also used [60] and references therein). Recently, there has
been interest in mixed oxides, such as Ce;_Zr, O, [61],
LaBOj; [62, 63] (B = Co, Ni, Fe, Cr) and La,NiO, [64,
65], either as catalysts or catalyst support. Al,O3 and SiO,
are two of the most often investigated catalyst supports
with high specific surface area. MgO and CaO are studied
due to their high melting points which favor stable catalyst
surfaces at high reaction temperatures. Also, their basicity
is believed to suppress carbon formation by promoting the
activation of CO,. TiO, and ZrO, are reducible metal
oxides on which metals are electron-rich and always show
strong metal-support interaction (SMSI). SMSI is believed
to be critical to resisting carbon formation.

Mesoporous non-crystalline zirconia has shown prom-
ising performance as a support for Ni-based catalysts.
Long-term stable performance has been achieved even
under conditions which favor coke formation and catalysts
deactivation [66-69].
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Oxidative dehydrogenation of hydrocarbons

This reaction is basically similar to the reactions dis-
cussed above and similarly carbon dioxide is not fixed.
The product is an olefin and CO. Olefins are highly val-
ued intermediates in petrochemical industry for the pro-
duction of polymers and fuel additives. The simple
dehydrogenation reaction is thermodynamically limited
and accompanied by extensive coke formation. CO, is
a coke removing agent as well. Bartholomew [70]
reported that oxidizability in the gasification of coke was
in the following order: O,(105) > H,0O(3) > CO,(1) >
H,(0.003), where numbers in parenthesis indicated the
relative ratios of the gasification with oxidants. CO, has
been called as nontraditional, unusual or mild oxidant and
oxygen transfer agent. In this sense, carbon dioxide could
be proposed as an oxidant in the oxidative conversions of
hydrocarbons.

The promoting effect of CO, is explained either by
hydrogen consumption in the reverse water—gas shift
reaction [Eq. (2)], which shifts the equilibrium of, for
example, propane dehydrogenation [Eq. (6)] (two-step
path) or its participation in direct oxidation of propane to
propylene [Eq. (7)] (single-step path). Many studies con-
sidered both pathways, especially above 848 K (575 °C).

CsHg < C3Hg +Hy  AHD = 124 kJ/mol (6)

C3;Hg + CO, < C3Hg + CO + H,O

AHYg¢ = 164 kJ/mol @

The oxide catalysts which are active in the non-
oxidative dehydrogenation of propane are also active in
the process with CO,. Many bulk and supported oxide-
based materials containing active species, such as Cr, Ga,
Zn, V, In, Fe and Mn have been studied as catalysts for
dehydrogenation of propane in the presence of CO, [71]
and references therein). Among the investigated materials,
those containing Cr or Ga were found to be the most active
and selective one.

The single-step mechanism [direct oxidation of paraffin
to olefin, Eq. (7)] has been proposed for redox oxides
(Cry03, Cry0s5, ZnO and V,0s5), where CO, can participate
as an oxidizing agent in the following redox cycle [72]:

Cs;Hg + MeO, < C3Hg + MeO,_; + H,O (8)
CO; + MeO,_;| < CO + MeO, 9)

The two-step has been proposed for non-redox oxides
such as Ga,O5; [73]. Production of H, could be an
indication of two-step pathway.

The oxidative dehydrogenation of ethylbenzene to sty-
rene over Cr or Ce catalysts is one of the most relevant of
CO,-assisted reactions [49].
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Hydrogenation

The heterogeneous metal-catalyzed hydrogenation of CO,
goes directly to methanol or methane which is the result of
drastic reaction conditions applied in hydrogenations in the
presence of heterogeneous catalysts. Formate, formalde-
hyde, and formyl species, however, have been shown by
spectroscopic techniques to exist as surface intermediates
during hydrogenation of carbon oxides [57].

Methanol is a versatile multi-source multi-purpose
chemical. It could be used as a potentially carbon neutral
fuel for automotive and fuel cell application and a feed
stock for production of a variety of hydrocarbons including
olefins and aromatics [74]. The methanol economy has
been a suggested future economy in which methanol
replaces fossil fuels as means of energy storage, fuel and
raw material for synthetic hydrocarbons and their products
[75].

The hydrogenation of CO, to methanol [Eq. (4)] is
interrelated to the hydrogenation of CO [Eq. (10)] through
water—gas shift reaction [Eq. (2)]. A significant disadvan-
tage of CO, hydrogenation process as compared to the
hydrogenation of CO is that more hydrogen is consumed
because of the formation of water.

CO, + 2H, < CH;0H AH%g = —90.8 kJ/mol
(10)

It is known through isotope labeling studies that in the
hydrogenation of CO the primary source of methanol is
CO, [57]. It is also known that the traditional three-
component Cu catalysts (Cu—ZnO-Al,0; and Cu—ZnO-
Cr,03) exhibiting high activity and selectivity in
hydrogenation of CO to methanol show the low activity
and selectivity in hydrogenation of pure CO,. Therefore,
efforts have been made to find new and more effective
catalysts for direct hydrogenation. The problem is to
develop catalysts with high selectivity to methanol
formation but low selectivity to reverse water—gas shift
reaction.

It has been widely reported that Cu—ZnO-based catalysts
with additional oxides are among the most useful systems
for catalytic hydrogenation of CO, to methanol. It has been
well documented that the Cu/ZnO/ZrO, catalyst is active in
the methanol synthesis from CO, and H, [76]. To increase
its activity and stability, this basic catalyst was often
modified by different oxide additives. Besides ZrO,, other
irreducible oxides such as Al,Os, TiO,, and Ga,0O5 have
been investigated. An example is the high performance
multicomponent Cu-ZnO-ZrO,-Al,05;-Ga,05; catalyst
prepared by coprecipitation [77]. The addition of a small
amount (0.6 wt%) of silica greatly improved the long-term
stability of the catalyst [78].
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As these findings indicate, ZnO is not an ideal compo-
nent for CO, hydrogenation catalysts. As an alternative, a
Cu—Ga, 05 catalyst was prepared using ZnO as support, and
as support and a silica-supported Cu—-ZnO-Ga,03; sample
was also investigated [79]. The latter catalyst exhibited
high selectivity to methanol and the conversion to CO was
very low.

Catalysts with metals other than Cu have also been
prepared and used. Ru on zeolite NaY prepared by ion
exchange and promoted with Co showed high activity for
methanol production [80].

Methanation, that is, selective hydrogenation of CO, to
methane [the Sabatier reaction, Eq. (4)], is potentially
important transformation, although at present there is no
practical reason for producing methane from carbon diox-
ide and hydrogen. Studies, nevertheless, have been carried
out to develop suitable catalysts and find effective reaction
conditions. The reaction is highly exothermic and heat
removal from the reactor is a major issue.

The full reduction of CO, into CH,4 requires the transfer
of eight electrons which leads to significant kinetic limi-
tation. Among all catalysts studied, Ru, Rh and Ni sup-
ported on metal oxides exhibit the highest activity, and Ru
has been reported to be the most selective. The supports
exert a marked influence of both the adsorption and specific
activity of the metals [57]. In most cases, TiO, is the best
support material to achieve good catalyst performance,
which attributed to a strong interaction between the metal
and the support.

Carbon dioxide usually adsorbs dissociatively on noble
metals, and hydrogen facilitates adsorption. On supported
Ru, Rh and Pd catalysts, chemisorptions of CO, in the
presence of hydrogen lead to the formation of surface
carbonyl hydride [57]. Dissociation of CO, promoted by
hydrogen, the dissociation of surface carbonyl hydride into
reactive surface carbon, and hydrogenation of the latter are
proposed as important steps in the hydrogenation process.

A related process is the production of ethanol and higher
alcohols which have potential as gasoline additives. The
reactions are thermodynamically more favorable than
hydrogenation of CO, to methanol. The most successful
catalysts are Rh-based, which is prohibitively expensive for
large-scale production [81].

Polymerization

Regarding possible CO, mitigation by chemical fixation on
a large scale, the conversion of carbon dioxide into poly-
meric and construction materials could be made commer-
cially feasible.

The chemistry of polymerization catalysis is identical,
often, to some of the reactions in homogeneous catalysis.
Generally, however, the chemistry of copolymerization of

CO, with organic compounds is not nearly as well devel-
oped as homogeneous catalysis. By far, the most common
copolymers with CO, are polycarbonates, which is one of
the type of biodegradable polymer [56, 82].

A promising methodology in the utilization of CO, is its
transformation into valuable polycarbonates and/or cyclic
carbonates. The synthesis of cyclic carbonates from
epoxides and CO, (Fig. 5) is one of the major ways to
transform CO, to valuable chemicals [51]. The first suc-
cessful synthesis of cyclic carbonate using room tempera-
ture ion in liquids (ILs) of imidazolium and pyridinium
salts was reported by Peng and Deng [83]. They found that
1-n-butyl-3-methylimidazolium tetraflouroburate was the
most active catalyst with nearly 100 % selectivity, and a
suitable CO,-propylene oxide ratio was required for high
conversion. The ionic liquid used as the catalyst was
recyclable.

Copolymerization of monomers such as azetidines and
aziridines with CO, for poly(urethane)s may lead to new
polymers and construction materials for important uses
[54]. Bayer announced to plan to market a process to
produce polyurethane-based plastics using CO, as a raw
material by 2015 [81] and references therein).

Recent developments and applications

Processes based on CO, are known for synthesis of
hydrocarbons (via Fischer—Tropsch synthesis), energy-rich
C,; molecules (CH,, CH;OH, HCOOH, etc.) and fine
chemicals containing functionalities such as -COO- (acids,
esters, lactones), —-N-COO- (carbamates), or —N-CO-
(urea, amides) (Cornilis et al. 2003).

As was shown before the major drawback of dry CO,
reforming is the high thermodynamic driving force to
produce coke. The SPARG process and the CALCOR
process have overcome the coking problem during
reforming [81].

The sulfur passivated reforming (SPARG) process was
developed to decrease the syngas H,/CO ratio from 2.7
obtained from steam reforming to 1.8 without changing the
steam reforming facility. Consequently, the SPARG pro-
cess is suitable as a retrofit to the existing steam reforming
plants. Because the use of CO, instead of steam lowers H/C
ratios in the product, part of the steam was replaced by
CO,. The increased probability of carbon formation and the
associated catalyst deactivation is minimized by introduc-
ing a partially sulfur-poisoned nickel catalyst. By partially
sulfiding of the Ni catalyst, the sites for coke formation are
blocked because of ensemble effect while sufficient sites
for reforming reaction are maintained [84].

Due to lowering catalyst activity, higher operating
temperatures are necessary. The process operates at
1,188-1,218 K which decreases the CH, slip but the
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Fig. 5 Coupling of CO, and
epoxides to afford
polycarbonates and/or cyclic
carbonates

Cyclohexene oxide

CHO

O
AN+ co,
Propylene oxide

PO

product syngas still contains about 2.7 mol % methane.
When CO,/CH, reforming is used to produce CO for
polycarbonate synthesis, the impurities in the CO (mainly
H, and CH,) cause inferior mechanical properties of
polycarbonates made via the phosgene route.

Under the reaction conditions applied in the SPARG
process, higher hydrocarbons (C,,) in the feed will be
thermally cracked to form pyrolytic carbon. The C,, spe-
cies in the feed should be removed by a pre-reforming step.
Thus, traces of sulfur might be present in the syngas pro-
duced. When a pure syngas is required, an additional
cleaning step will be necessary which involves an addi-
tional investment. Therefore, a catalyst which operates
carbon free without the addition of sulfur is preferred.

The CALCOR process aiming at production of high
purity CO from natural gas (H,/CO = 0.42 in produced
syngas) or LPG was developed to overcome problems
involved in transportation of the toxic CO and the need for
high product quality. These factors favor the production of
CO on-site even for small capacities.

The CALCOR process operates under dry reforming
conditions in an excess of CO,. Details of catalysts used
are proprietary. The prevention of carbon formation is
claimed to be achieved using catalysts with different
activities and shape and by their specific arrangement
throughout the reformer tube. The syngas produced con-
tains below 500 ppm of methane. Two options for purifi-
cation of CO produced are available: membrane
purification leads to CO purity of about 98.9 vol%, while
the low temperature pressure swing adsorption purification
can yield CO with purity higher than 99.4 vol%. The
specific CO, emission per ton of CO product is 15 kg CO,
for Calcor Standard and 360 kg CO, for Calcor Economy
(emitted CO, minus imported CO,) process, compared to
ca. 1,800 kg steam reforming with CO, recycle [85].

The new Tri-reforming process uses flue gases as CO,
source. Tri-reforming refers to simultaneous oxidation,
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CO, and steam reforming from natural gas. It is a synergic
combination of endothermic CO, and steam reforming and
exothermic partial oxidation of CHy. CO, from flue gas
does not need to be separated. In fact, H,, O, and CO, in
waste flue gas from fossil fuel power plants will be used to
tri-reforming natural gas and produce syngas.

Tri-reforming does have a different requirement on the
catalyst composition to dry and steam reforming. It can be
performed with stable operation and no carbon formation
and no appreciable deactivation of tri-forming conditions.
Pt/ZrO, and Ni/ZrO, showed high activity for steam and
dry reforming and partial oxidation of methane [86]. Ni on
710, and ZrO, doped with yttrium and a lanthanide and
alkaline earth metal has been patented for this process [87].

In the CAMERE (carbon dioxide hydrogenation to form
methanol via a reverse water—gas-shift reaction) of Korean
Institute of Science and Technology, CO, is converted to
methanol [58]. In CAMERE process, carbon dioxide and
hydrogen are converted to CO and H,O by RWGS reaction
over a ZnAl,O, catalyst in a separate reactor and then the
gas mixture is fed into a methanol synthesis reactor after
water has been removed.

A commercial plant constructed by Carbon Recycling
International (CRI) company for CO, hydrogenation to
methanol is currently operative in Iceland using geothermal
energy source [81, 88]. Recently in Japan, the construction
of a 100 tpy demonstration plant for single-step production
of methanol from CO, was announced [89]. The CO, feed
comes as a byproduct of Mitsui Chemical Complex at
Osaka and H, from water using renewable (solar) energy
[90].

Many petrochemical and licensing companies are
working on carbon dioxide capture and use to achieve
sustainability in the petrochemical industry. As reported by
Reuters on Jan 14, 2014, SABIC and KACST are examples
in the Middle East. Several projects at KACST contribute
to the sustainability development in the petrochemical
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sector. Examples include power generation with available
fuels at well heads with CO, capture and use for enhance
oil recovery (EOR), CO, utilization to produce syngas (dry
reforming project) and utilizing carbon dioxide as regen-
erative agent to increase the commercial potential of
methane dry reforming.

Saudi Basic Industries Corp (SABIC) has hired Ger-
many’s Linde Group to build the world’s largest plant for
capturing and using climate-warming carbon dioxide. The
United Jubail Petrochemical Company, an affiliate of SA-
BIC, plans to capture around 1,500 tons a day of carbon
dioxide from ethylene plants and purify it for use in SA-
BIC-owned petrochemical plants in the industrial city of
Jubail. The high cost of catching gas emitted by factories
and power plants and storing it safely underground have
deterred commercial CCS projects.

Mitsubishi Heavy Industries, Ltd. (MHI) has signed a
license agreement for carbon dioxide (CO,) recovery
technology with Gulf Petrochemical Industries Company
(GPIC), a manufacturer of fertilizers and petrochemicals in
Bahrain. GPIC will use the technology to recover CO,
from flue gas emitted at its existing petrochemical plant
and utilize the captured CO, to increase urea and methanol
production. The recovery units can capture 450 metric tons
of CO, per day, one of the world’s largest capacities for the
chemical application. In addition to urea production, CO,
recovery technology can be used in chemical applications
such as production of methanol and dimethyl ether (DME)
and, in the food and beverage industries, production of
carbonated beverages and dry ice. Another important
possible application is enhanced oil recovery (EOR)
enabling increased crude oil production; in this case, CO,
is injected into an oil reservoir suffering from low pro-
ductivity [91].

Conclusions

There are many potential options for carbon dioxide capture
from petrochemical industry and its utilization as a C,
feedstock for the production of petrochemical intermediates
and/or products. However, as the capture and the transfor-
mation of CO, by itself requires energy input and CO, gives
no enthalpy contribution to the final product, the contribu-
tion to net CO, emission could not be significant unless
more effective techniques and renewable energy (or
hydrogen) source are available. Consequently, the product
demand, the source of energy and overall net carbon
emissions have to be taken into consideration. Large impact
of carbon dioxide capture and fixation on global CO,
emissions could be realized only if bulk chemicals are the
target of conversion. Several potential utilization routes are
possible for the petrochemical industry. Based on the above

discussions on CO, separation methods, it can be concluded
that flue gases properties (mainly concentration of CO,,
temperature and pressure) are the most effective factors for
selection of suitable process for CO, separation. Catalytic
CO,; hydrogenation seems to have the highest potential for
implementation in petrochemical industry. Further R&D is
needed on catalysis and hydrogen (energy) source. Elec-
trochemical or photo-electrochemical CO, conversion is
promising, but technology is still in its infancy.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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