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Abstract

With the concentration of CO2 in the atmosphere increasing beyond sustainable limits, much research is currently
focused on developing solutions to mitigate this problem. Possible strategies involve sequestering the emitted CO2 for
long-term storage deep underground, and conversion of CO2 into value-added products. Conventional processes for
each of these solutions often have high-capital costs associated and kinetic limitations in different process steps.
Additionally, CO2 is thermodynamically a very stable molecule and difficult to activate. Despite such challenges, a
number of methods for CO2 capture and conversion have been investigated including absorption, photocatalysis,
electrochemical and thermochemical methods. Conventional technologies employed in these processes often suffer
from low selectivity and conversion, and lack energy efficiency. Therefore, suitable process intensification techniques
based on equipment, material and process development strategies can play a key role at enabling the deployment of
these processes. In this review paper, the cutting-edge intensification technologies being applied in CO2 capture and
conversion are reported and discussed, with the main focus on the chemical conversion methods.

Keywords: Process intensification, CO2 conversion, Carbon capture, Photocatalytic, Electrochemical, Thermochemical,
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Background
Since the beginning of the industrial revolution in the late
1700s, the global demand for energy has continuously
risen, and fossil fuels have been used to cater for this de-
mand [1, 2] with a projected demand of about 778 Etta
Joule by 2035 [3]. According to the British Petroleum Stat-
istical Review of World Energy in 2019, energy consump-
tion rate has, in the last 10 years, almost doubled to 2.9%
in 2018, while oil production rate grew at 2.2%, more than
double the average growth of 1% from 2007 to 2017 [4].
The major repercussion of using fossil fuels is the emis-
sion of CO2 into the atmosphere which has surpassed 400
ppm since 2015 (Fig. 1) [5]. To restore the carbon cycle,
approaches such as switching to renewable energy sources
[6], efficient energy usage [7] and carbon sequestration
and utilisation [7, 8] have been considered.
While the carbon capture approaches can remove on

average 50–94% of the emission from cement and fossil
fuel-fired plants [9], technologies to capture CO2 released
from energy production and transport sectors are less well

developed although these account for 25% [10] and 50%
[9] respectively of the global greenhouse gas emission.
There is a necessity to develop new ways to capture
atmospheric CO2 originating from these various sources.
In 1999 Lackner et al. [11] demonstrated the feasibility of
large-scale direct CO2 capture from air and this technol-
ogy is now at early stages of commercialisation [9]. Cur-
rently Climeworks in Switzerland, Global Thermostat in
collaboration with Exxonmobil and Infinitree LLC in
USA, Giaura in Netherlands, Oy Hydrocell Ltd. in Japan
and Carbon Engineering [12] are actively engaged in
establishing commercial-scale direct air capture. All these
companies, except Carbon Engineering, employ a cyclic
absorption-desorption process. The advantage of such a
system is it requires low energy and capital input. How-
ever, the challenges involve the need for large facilities
with a periodic sealing from air during regeneration [13].
Carbon Engineering [13] reported details of their direct

air capture process which involves pulling in atmospheric
air through a contactor device, followed by CO2 absorp-
tion in aqueous sorbent (KOH). As shown in Fig. 2, the
process consists of two linked chemical loops. Not only do
they capture CO2 from air, they also transform the CO2
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back into fuel, creating net-neutral carbon based fuels.
Despite being a promising technology, direct air capture is
powered by natural gas and it is at the early stage of real-
isation, creating uncertainties due to lack of detail specifi-
cations [13].
Storing captured CO2 underground is currently the most

readily available option. A more sustainable solution to
underground storage of captured CO2 which poses risks of
leakage [14] is to create an artificial carbon cycle shown in
Fig. 3, where renewable energy sources drive the CO2 con-
version into fuel and chemicals or fuel precursors [8, 15].
With CO2 being poorly soluble in water and thermo-

dynamically stable, converting it to added-value products

in aqueous medium requires a high energy input. Fur-
thermore, CO2 reduction via electrochemical, thermal,
biochemical and photochemical routes coupled with het-
erogeneous catalysts/enzymes suffers from the drawback
of poor selectivity, low efficiency and cost-intensive pro-
cessing [16] arising from the multitude of products that
can be formed, as shown in Fig. 4.

Role of process intensification in CO2 capture and
conversion
Process intensification (PI), a technique aimed at modi-
fying conventional chemical processes into more cost-
effective, productive, greener and safer processes [17],

Fig. 1 Daily averaged CO2 from four GMD Baseline observatories. Image provided by NOAA ESRL Global Monitoring Division, Boulder, Colorado,
USA (http://esrl.noaa.gov/gmd/) [5]

Fig. 2 Process Chemistry and Thermodynamic of Direct Air Capture by Carbon Engineering. Reprinted from [13] DOI: https://doi.org/10.1016/j.
joule.2018.05.006; licensed under the CC BY-NC-ND 4.0 license
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offers the opportunity to address some of the challenges
encountered in CO2 capture and conversion.
PI technologies are characterised by equipment size

reduction through enhanced and targeted mixing, and
mass/heat transfer, leading to improved selectivity, high
energy efficiency, reduced capital cost and waste reduc-
tion [17]. The smaller processing volumes handled in
intensified systems offer the potential to reduce material
costs and improve safety.
Even greater intensification levels can be realised by

astutely combining synergies of equipment, materials and
methods (Fig. 5) [18], and by combining two or more
technologies in a given process. Such combinations are able
to utilise the specific advantages of each component, whilst

aiming to supress any associated constraints of a particular
aspect of the process. For instance, in the case of CO2 reduc-
tion, electrochemical reduction can be incorporated with
photocatalysis, which provides the driving force to initiate
the process [19]. Similarly, replacing an intensive energy
source with a more efficient and ideally renewable source
can lead to intensification of CO2 reduction. For instance,
compared to CO2 activation using high-cost thermal energy,
high-energy non-thermal plasma has shown an improved
performance [20]. For such combinations or substitutions to
be effective, it is important to understand the important
properties in material and/or devices that will efficiently and
affordably reduce CO2 to value-added products. Herein, the
intensification of carbon capture and of key CO2 reduction

Fig. 3 CO2 conversion cycle

Fig. 4 Schematic overview of CO2 conversion routes. Reprinted from [6], Copyright (2013), with permission from The Royal Society of Chemistry
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methods including photocatalytic, electrochemical,
biochemical and thermochemical processes is reviewed,
focusing on the integration of the three PI approaches of
equipment, materials and methodology shown in Fig. 5.

Intensification of CO2 capture and sequestration
Among the methods that have the potential to reduce the
atmospheric CO2 concentration is carbon capture (CC).

Pre-combustion, post-combustion (PCC) and oxy fuel
capture are the approaches used for CC applying different
processes such as membrane separation, adsorption, chem-
ical absorption, physical absorption, chemical looping and
calcium looping [21]. In PCC where CO2 is captured from
exhaust streams in fossil fuel-fired plants, intensification of
chemical absorption has been extensively investigated and
will form the basis of this review on CC. Readers interested
in pre-combustion capture and oxyfuel capture are invited
to consult appropriate references [22–24].

Chemical absorption
Chemical absorption involves CO2 captured by contact-
ing the exhaust gas with an aqueous absorbent in a con-
ventional packed column. This approach is widely used
in PCC in power and cement plants using conventional
amine and ammonia based absorbents [25]. Figure 6 de-
picts the simplified process diagram for conventional
PCC. In these systems, once the absorbent in the col-
umn becomes saturated with CO2, it is passed onto a
stripper/regenerator column, where a stream of super-
heated steam at around 100–120 °C [27] is passed to re-
generate the absorbent and releases the captured CO2,
making the absorbent CO2 lean. The lean absorbent is sent
back into the absorber for another cycle. PCC is cost inten-
sive [28], however it is currently the most fully developed

Fig. 5 Integrated approach of process intensification

Fig. 6 Simplified schematic process flow of conventional post-combustion CO2 capture using chemical absorption. Adapted from [26], Copyright
(2015), with permission from Elsevier
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and studied process [26]. It can handle large volumes of gas
and can be easily retrofitted into an existing plant as end-
pipe treatment [28]. In solvent based PCC, the absorber
and stripper cover ~ 72% of the total equipment cost [29].
Using PI technologies could substantially improve the cost-
efficiency of solvent-based PCC.
Enhancing mass transfer between liquid absorbent and

CO2 is essential in intensifying CC using chemical adsorp-
tion. Different strategies have been reported to enhance gas-
liquid mass transfer, including the use of rotating spiral
contactors [30], spinning disc reactors (SDRs) [31], micro-
reactors [32] and rotating packed beds (RPB). In rotating
spiral contacting, as the name suggests, the rotation of a
spiral channel causes a centrifugal acceleration, forcing the
gas and liquid to flow in parallel layers of uniform thickness.
By controlling the spiral geometry and the operating condi-
tions, it is possible to minimise the layer thickness and
reduce the mass transfer resistances in the system. In SDRs,
the same is achieved by flowing the liquid and the gas over a
horizontal spinning disc. The centrifugal forces in the
system lead to formation of thin films and high shear rates
over the disc; grooved and corrugated disc surfaces can
further passively enhance mixing and mass transfer by indu-
cing turbulence within the film. Microreactors make use of
micrometric channel diameters to create small diffusion
distances where mass transfer resistances are minimised.
Finally, in RPBs, a rotating bed filled with large surface area
packing material creates a highly sheared thin film with en-
hanced gas-liquid contact and mass transfer rates. RPBs are
discussed in more detail in Rotating packed bed absorbers
section as these are the most extensively investigated intensi-
fication strategy at pilot scale due to its ability to handle
large volumes of gas. Table 1 summarizes the CC technolo-
gies and possible intensification techniques.

Absorbent selection
The conventional alkanolamine based absorbents are cor-
rosive and operate at high pressures, demanding costly cor-
rosion resistant materials. Due to mass transer limitations,
large equipment is required to treat vast volumes of flue

gas [38]. Several researchers have reported the use of
monoethanolamine (MEA) absorbent in carbon capture
[34, 39, 40]. This requires high energy during regeneration
[41] and reacts fast with CO2 [42] compared to other
solvents reported. Fast reactions are often mass transfer
limited, even at molecular level, as molecules do not have
enough time to diffuse before they react, leading to a
micromixing controlled system [26]. Developing technolo-
gies with enhanced mass transfer capabilities is therefore
necessary to address such restrictions.
The choice of optimum absorbent loading, concentra-

tion, and stripper operating conditions have also been
shown to signficantly improve capture performance and
reduce energy consumption in conventional packed
columns [29, 43]. However, high MEA concentration
imposes a greater corrosion risk, hence it is necessary to
optimise this or develop less corrosive absorbents. Modi-
fications of conventional absorbents through combin-
ation of common amines [44–46] and introduction of
porous materials [47] have been reported to enhance
CO2 absorption. Combination of amines is aimed at
harnessing the advantages of individual amine and
supressing their disadavantages. For example, thermal
and oxidative stability of MEA can be improved by
introducing other amines (e.g. peperazine) with high
resistance to oxidative and thermal degradation. Add-
itionally, introduction of a porous packing material with
a Lewis acid nature can suppress protonation of absorb-
ent, prolonging its lifetime and performance.
The energy penalty during absorbent regeneration

could significantly be reduced using novel absorbents,
including biphasic absorbents, enzymatic-based and -en-
capsulated absorbents [36]. In particular, liquid-liquid
biphasic absorbents separate into two immiscible liquid
phases: a CO2-rich phase and a lean phase, at high
temperature or during CO2 absorption. As only the
CO2-rich phase is sent to the stripper, this leads to
process intensification by reducing the stripper size and
energy consumption for regeneration [36]. This absorb-
ent is classified as third generation absorbent and

Table 1 Intensification techniques in carbon capture

Technology Contact medium Intensification technique Intensification Parameter Ref.

Adsorption Adsorbent Novel adsorbent CO2 uptake [33]

MOFs Selectivity

Chemical absorption Solvent Rotating Packed Bed Absorber and stripper size; Mass transfer [34]

Membrane Reactor CO2 permeance and selectivity [35]

Spinning Disc Reactor Mass transfer; CO2 absorption [31]

Microreactor Mass transfer [32]

Novel Solvent Energy efficiency; CO2 absorption [36]

Thermal integration Energy efficiency [37]
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consists of a mixture of amine dissolved in alcohol [48].
Ultrasound assisted stripping can enhance reactivity and
mass transfer through cavitation [49]. This technology
has the potential to reduce capital cost by intensifying
absorbent regeneration. Ying et al. [50] have shown that
ultrasound-assisted absorbent regeneration intensified
the regeneration 3 times faster than using only heat and
achieved 19% cost reduction and low lean amine solu-
tion of 0.2 mol/mol.

Rotating packed bed absorbers
When using amine-based solvents, which react rapidly
with CO2, mass transfer intensification has been demon-
strated using RPB technologies (Fig. 7), generally referred
to as HIGEE. This technology uses centrifugal fields to
form highly sheared thin films where highly efficient gas-
liquid mass transfer can occur [34], resulting in equipment
volume reduction, improve efficiency [52] and safety owing
to its high gas-liquid contact area and compactness. With
its intense fluid dynamics and mass transfer, low absorbent
concentrations can be used in RPBs to achieve similar
performance to that of a large conventional absorber
column. Chamchan et al. [53] observed that both the RPB
and conventional packed bed absorbers demonstrated
similar absorption performance and energy consumption
in CO2 capture at pilot scale but the RPB was associated

with a 1/3 volume reduction compared to the conventional
packed bed. In CC from flue gas with low CO2 concentra-
tion, Xie et al. [52] demonstrated the RPB to be capable of
achieving a mass transfer coefficient around 2.7x higher
than in a packed column, with a corresponding 2.6x reduc-
tion in equipment volume. Mass transfer rates are greatly
affected by gas-liquid contact area influenced by the pack-
ing type used in RPBs, with blades [39] and structured
[54]. Over 4 times faster gas phase mass transfer at high
liquid flow in RPB with blade packing compared to struc-
tured packing has been reported by Lin et al. [39]. This
was ascribed to the formation of smaller liquid droplets
and thin films on the blade packing leading to large gas-
liquid interfacial area and fast dissolution as well as diffu-
sion of CO2 into MEA solution.
Stripper columns have also been intensified using RPBs.

Cheng et al. [55] found that to achieve the same thermal
regeneration efficiency in a conventional stripper and in an
RPB, the size of the RPB was 10 times smaller than the
conventional packed bed. Jassim et al. [34] demonstrated
that to achieve the same performance as that of RPB, con-
ventional stripper height and diameter have to be increased
by 8.4 and 11.3 factor respectively. Table 2 highlights the
reported extents of intensification achieved using RPBs for
CC and absorbent regeneration. With the reduction in
equipment size achieved by employing RPBs, cost savings

Fig. 7 Schematic of a counter-current flow RPB. Reprinted with permission from [51]. Copyright (2016) Royal Society of Chemistry
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can be envisaged. The capital cost for a CO2 absorption
process involving a more compact RPB (1.3m diameter,
2.6m length) has been estimated to be 30% lower than a
large conventional packed bed column (1.37m diameter,
13.7m length) with the same performance [56]. Further
reductions in capital cost of an RPB- based CO2 capture
process can be achieved by integrating several functional-
ities in one equipment e.g. integrating the reboiler within
the RPB desorber unit. The overall cost of CO2 capture in a
power plant deploying an RPB-based process has been eval-
uated to be marginally lower at 61€/ton CO2 vs. 65€/ton
CO2 for a conventional packed column process [57].
Clearly, there is scope for further decreases in operating
costs in such PI based processes via greater integration of
energy across the absorption and desorption cycles and
reduced energy consumption in the reboiler for the desorp-
tion process [56].

Adsorption
Aside from liquid absorbents, solid adsorbents are also
utilised to capture CO2 from exhaust gas. Adsorption in-
volves coupling of CO2 with a solid adsorbent, which is
subsequently regenerated upon heating or by processing
at a reduced pressure to release the adsorbed CO2. Al-
though this type of approach is capital intensive and
operates at a high pressure, high CO2 removal can be
achieved [58]. Nevertheless, common adsorbents such as
activated carbon, carbon molecular sieves [59] and zeo-
lites [60], among other common adsorbents, are associ-
ated with low CO2 adsorption capacity especially at large
scale processing [27].
Metal organic frameworks (MOFs) are emerging adsor-

bents that are characterized by high surface area, high por-
osity and tunable surface functionality [61, 62]. MOFs are
composed of metal ions or metal cluster vertices joined by
organic ligands resulting in a network. The metal ions and/
or organic ligands can be altered to enhance CO2 capture
capacity and selectivity of MOFs [63]. Zheng et al. [33]

developed an expanded 4,4-paddlewheel-connected porous
MOF-505-type from nanosized rectangular diisophthalate
linker containing alkyne groups with surface area of 3038
m2/g. Under 20 bar, this material demonstrated a CO2

uptake capacity of 23.83 and 19.85mmol/g at 0 and 25 °C
respectively, 74.5% higher than typical zeolite 5A at 14 bar
[64]. There is growing research on ways to further improve
the performance of MOFs for CC [61].

Biochemical capture
Indirect capture and sequestration of CO2 through its
consumption by photosynthetic microorganisms such as
microalgae for bioenergy and biorenewable chemicals
production is a promising technology for CO2 valorisa-
tion. The photo-efficiency of these microorganisms is
low, thus there is a technology development need in this
area to improve their efficiency. Some of the conven-
tional intensification technologies shown in Table 1 can
be deployed in conjunction with more novel techniques
of cell immobilisation such as in biocomposites where
highly concentrated, living but non-growing microorgan-
isms are incorporated within the structure of either non-
porous substrates (polyesters, metals) or non-woven porous
substrates (papers) [65–67].
Moreira et al. [68] evaluated the potential of using

algal culture to capture CO2 from atmosphere. Green
algae like Chlorella sp. was reported to have been used
to enrich the CH4 content of biogas [69], while Cheng
et al. [70] used Chlorella vulgaris to capture CO2 in a
photobioreactor. The integration of the photobioreactor
with a membrane module has intensified the process,
achieving 69% higher CO2 fixation rate. The same microal-
gae was immobilised within a porous biocomposite paper
to demonstrate the intensification potential of CO2 biofixa-
tion in a spinning disc bioreactor (SDBR) [71]. High cell re-
tention (> 99.5%) even under conditions of high shear and
consistently high microalgae photoreactivity were recorded
over a period of 15 h of continuous operation at 300 rpm

Table 2 Intensification achieved in RPB for CO2 capture and absorbent regeneration compared to conventional packed columns

Absorbent Conditions PI Achieved Ref.

MEA 20–40 °C
1 atm
600–1000 rpm

• Reduction in absorber height of transfer unit by almost 13 times
• Enhanced mass transfer
• Stripper volume reduction

[34]

DETA, PZ, DEG 27 °C
1 atm

• 96.8% height of transfer unit reduction [45]

MEA, DETA, PZ 50 °C
1600 rpm

• 22.7% regeneration energy reduction using 40.8 wt% MEA. Different
configuration of RPB with packed bed were investigated

• 1.5 times RPB volume reduction to achieve similar performance with
packed bed column

• RPB in series have 10.5% lower regeneration energy and 20.6% higher
treated gas compared to single RPB

[46]

Potassium sarcosine 20–70 °C
1 atm
600–1400 rpm

• 2.6 times reduction in packing volume
• Possibility to treat large volume of flue gas within a smaller device
• 29 times increase in volumetric mass transfer coefficient

[52]

DETA Diethylenetriamine, PZ Piperazine, DEG Diethylene glycol
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under illumination with cool white LED panels. The CO2

biofixation in the SDBR was almost doubled that achieved
in a 2 L flat panel suspended cells photobioreactor reported
in the literature [72], with an almost 1000-fold processing
volume reduction in the SDBR [71]. The low volume and
therefore thin film formed over the photoreactive biocom-
posite paper in the SDBR allowed efficient light penetration
to reach the high concentration of entrapped cells in this
device. An assessment of a similar biocomposite-based
bioreactor operated as a falling film reactor for a syn-gas
processing highlight the promising process intensification
potential of 66% smaller reactor volume and 96% lower
power input requirement than a CSTR [73]. It is feasible to
expect that such advantages can be replicated with a light-
induced CO2 absorption process using a microalgae bio-
composite, leading to a more cost-effective process.
One important consideration of the biocomposite-

integrated SDBR or falling film reactor for producing
valuable chemicals or fuels is that the micro-organisms
employed in the biocomposite structure should be able
to secrete the products of interest into the surrounding
medium for easy extraction and purification without
disrupting the biocomposite. This may require genetic
engineering of some bacterial species to make their wall
permeable. One other limitation is the small throughput,
which is imposed by the need for thin films in order to
derive the benefits of improved gas-liquid mass transfer
and light penetration efficiency. Processing at larger
throughputs would require scaling out methods to be
implemented such as multiple rotating discs or falling
film tubes operating in parallel in a given unit.

Intensification of CO2 chemical conversion
The captured CO2 is most often stored underground in a
process called geological sequestration [74], which involves
pumping CO2 into geological formations. The CO2 is
stored under pressure, enough to keep it as a supercritical
fluid. Alternatively, the captured CO2 is sunk under pres-
sure deep below the ocean. In order to reduce our reliance

on geological sequestration, and also the continuous extrac-
tion of more fossil fuels, it is of utmost importance to look
for technologies that can convert the captured CO2 to
added-value fuels and products. Such technologies can
either use CO2 in a circular way, or can sequestrate the
CO2 in long duration materials, replacing chemicals and
materials currently derived from fossil sources. CO2

conversion processes have been exhaustively discussed
in literature [7, 16, 19]. To achieve an optimum conversion
while being cost effective and competitive with fossil-fuel
production routes, process intensification is essential. In this
section, the intensification aspects of photochemical, electro-
chemical, biochemical and thermochemical routes that have
been developed in recent years have been reviewed. Table 3
summarizes some intensification techniques being used in
photocatalytic, electrochemical and thermochemical CO2

reduction.

Photocatalysis
The sun illuminates the Earth with a broad range of
electromagnetic energy, primarily concentrated within
the infrared and visible regions. This energy is utilised
by plants to produce carbohydrates from CO2 and water
in the presence of chlorophyll (Fig. 8a). However, the
overall efficiency of this process does not exceed 4.5%
[83]. Photocatalytic processes taking place in the pres-
ence of an engineered photocatalyst, can be used to arti-
ficially mimic this process and reduce CO2 into solar
fuels with the potential to increase the overall process
efficiency (Fig. 8b).
Photocatalysts are usually semiconductors with rela-

tively low band gap energy compared to insulators.
When exposed to electromagnetic radiation with energy
equal to or higher than the band gap, the valence elec-
trons in the materials are excited into the conduction
band, creating positively charged holes in the valence
band. The redox thermodynamics of a photocatalyst is
determined by the electrode potentials of the generated
charge carriers, while kinetic aspects are determined by

Table 3 CO2 conversion methods with their possible intensification techniques

Process Driving force Main products Intensification technique Ref.

Photocatalytic reduction Light CH3OH, CO, CH4, H2 • Photocatalyst modification [75]

• Monolith reactor [76]

• Micro-reactor [77]

Electrochemical reduction Electricity CH3OH, HCOOH • Microfluidic device [78]

• Coupling with photocatalysis [79]

• Gas diffuse electrode [80]

• Membrane reactor [81]

Thermochemical reduction Heat CO, H2, • Plasma [20]

• Reactive coupling

• Membrane reactor [82]
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not only the redox chemistry involved, but also by the light
driven processes, including charge generation, migration
and recombination.
Despite the promising future of this process, there are

challenges associated with photocatalytic CO2 reduction:

� Charge-carrier recombination: When the charge-
carriers are generated, the redox kinetics competes
with the kinetics of charge recombination. If the
charge-carriers recombine too quickly, there is not
enough time for the redox reactions to progress, and
the light energy is dissipated as heat;

� Low selectivity: several factors including photon
energy, conduction band edge, light intensity and
photocatalyst active sites influence product
selectivity [84];

� Low yield: the process is still far from practical
application due to low yield arising from slow
reactions and unfavourable thermodynamic equilibria;

� Light penetration: A high concentration of
photocatalyst in suspension within the reactor
prevents efficient light penetration into the medium
due to light absorbed by the catalysts, leading to
“dark” areas as the radiation is absorbed close to the
light source. Optimisation of catalyst concentration
is required to enhance kinetics both through
catalysis and optimal light intensity distribution;

� Batch photoreactors with low surface area-volume-
ratios are often used, leading to slow kinetics, and to
mass and heat transfer limitations;

� Poor mixing efficiency in standard photoreactor
systems.

Addressing these challenges through PI, with emphasis
on photocatalyst and reactor design, has been reviewed
and discussed below.

Photocatalysts
Improving photon absorption by photocatalysts remain
one of the biggest challenges. Several strategies have
been reported aiming to either reduce the band gap and
shift the optical response from UV to visible, or to im-
prove the stability of charge-carriers by minimising re-
combination. Some of the common and novel materials
are reviewed here alongside the strategies being used to
enhance their performance.
Even though a wide variety of photocatalysts have been

used, such as Ta3N5 [85], Ga2O3 [86], ZnS [87], In2O3

[88], TiO2 remains the most commonly used of all of
them. The photocatalytic activity of TiO2 was first discov-
ered 90 years ago, but breakthrough was made when
Fujishima and Honda used TiO2 electrode to split water
over 40 years ago [89–91]. The advantages of TiO2 is that
it is less toxic, low cost, stable [92] and simple to prepare
[89]. However this material has low photocatalytic effi-
ciency [89, 92] due its relatively high band gap (3.2 eV). As
a result, TiO2 requires UV radiation for activation, using a
very small amount of the total solar radiation available
[92]. It also suffers from low photocatalytic stability due to
electron-hole recombination [93].
Doping is being used to enhance the performance of

photocatalysts aiming to: reduce band gap energy, min-
imise charge carrier recombination, and/or increase the
levels of surface-adsorbed species [94]. Doping is the
process of modifying band structure of semiconductor
by adding impurities [95]. In TiO2, dopants can promote
or inhibit anatase to rutile transformation by penetrating
into the anatase lattice and change the level of oxygen
vacancies [94].
Metals dopants such as e.g. V [85], Na [96], Ni [97] help

decrease the electron-hole recombination phenomenon by
trapping the excited electron and reducing the conduction
band edge, thereby improving the visible light response of

Fig. 8 a Natural and b artificial photosynthesis
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the photocatalyst. Noble and transition metals are being
used as dopants to improve the spectral response of TiO2.
Due to the cost of noble metals, transition metals are pre-
ferred. Selectivity and optical response of TiO2 can be
equally affected by non-metal doping. Upon doping with
non-metals, an energy level is created above the valence
band resulting in narrowing the band gap energy of TiO2

[98]. Carbon, nitrogen, fluorine, sulphur and iodine have
been reported to narrow the band gap energy of TiO2 and
improve the visible light response of TiO2 [75, 99].
A synergetic effect of both metal and non-metal dop-

ants can be utilized to improve the visible light response
of TiO2. Incorporating Fe and N in TiO2 nanoparticles,
Khalilzadeh et al. [98] were able to achieve a visible light
response on gaseous CO2 reduction. An increase of two
orders of magnitude in methanol and methane yield was
recorded upon doping TiO2 nanoparticles with 0.12%Fe-
0.5%N at the fixed pressure of 75.8 kPa and 15.5 kPa for
CO2 and H2O respectively. The band gap energy of this
photocatalyst was estimated to be 2.93 eV against the
3.19 eV of the pure TiO2.
An alternative strategy is to employ semiconductors

heterojunctions, which are designed by combining two
or more semiconductors. This has been reported to be
an effective way to facilitate charge carrier transfer and
separation in semiconductors [100, 101], improving their
performance as photocatalyst. Photocatalyst nanoparti-
cles are reported to have enhanced optical response due
to their high surface area and short charge carrier trans-
port channels [102]. No redshift was reported for single
nanostructured TiO2, unless incorporated with dopant.
Another photocatalyst material that is currently being

investigated is graphitic carbon nitride (g-C3N4). g-C3N4,
a metal-free photocatalyst, is attractive due to its low
cost, high light absorption, charge carrier stability [103],
low toxicity [104], ease in preparation and easy coupling
with other photocatalyst materials [105]. This material
can further be enhanced to reduce its high chance of
carrier charge recombination resulting from low band
gap energy (2.8 eV). Compared to TiO2, it requires
visible radiation for activation. g-C3N4 can be prepared
very simply by heating urea [103, 106] or melamine
[105] to 550 °C in a muffle furnace. The high reduction
potential of g-C3N4 can be related to its conduction
band edge (− 1.13 eV). However, its valence band poten-
tial is insufficient to oxidise water, leading to lower yield
of CO2 photoreduction products when using it alone
[107]. Usually, g-C3N4 is incorporated with TiO2 to fully
explore its advantages [108].

Photocatalytic reactors
Process intensification in photocatalytic reactors can be
achieved through maximisation of the radiation intensity
reaching all catalyst surfaces. It is possible to achieve this

by intensification of the surface to volume ratio in the
reactor while designing adequately illuminated surfaces
to illuminate all exposed surfaces. Alternatively, mixing
enhancement can play two intensification roles. On the
one hand, mixing intensification increases the exposure
of the catalyst to regions with high-light intensity, help-
ing to overcome the effects of non-uniform light distri-
bution present in most common light sources, and
hence increasing the light usage by all catalyst particles
[109]. On the other hand, mixing intensification leads to
a reduction in mass and heat transfer resistances [110],
especially in aqueous slurry system where catalyst parti-
cles tend to settle down and CO2 solubility is low. The
most common photoreactor types for CO2 reduction are
slurry, fixed bed, annular and surface coated reactors
[111]. Slurry reactor types have low light penetration
due to light scattering and absorption effect in particle
suspended medium [112] and bear additional cost of
separating catalyst particles [111]. In fixed bed reactors
high photoactivity is achieved for plug flow regime, less
pressure drop [112] that enable it to operate under
reduced cost. However, this reactor type is mass and
photon transfer limited as transfer of molecules within
the coated catalyst is diffusion-limited. Alternative inten-
sified reactors that can overcome some of these limita-
tions are discussed below.

Monolith photoreactors Monolith photoreactors consist
of a bundle of optical fibres in a honeycomb-like structure
that transmits light into the reactor core and serves as
photocatalyst support (Fig. 9). High photocatalytic effi-
ciency and production yield in monolith photoreactors can
be ascribed to their improved light distribution, large
surface area to volume ratio, low pressure drop and high
catalyst loading [113, 114]. The limitation here lies in the
ineffective utilisation of reactor volume and hence thin
fibres with relatively large surface area are often used [115].
Another interesting feature of this reactor type is that it
does not require additional costs for downstream catalyst
separation since the catalyst is immobilised by coating over
the surface of the monoliths. However it is recommended
that as thin a catalyst layer as possible is employed (no
more than a few microns thickness) as thicker catalyst
layers may result in significant product adsorption within
the catalyst structure and can lead to catalyst deactivation
[116]. It is also important to limit operation to a film flow
regime in the monolith reactor in order to avoid problems
arising from gas bubbles interfering with the uniformity of
light distribution in the channels [116].
Although a light source with higher intensity than in

conventional batch reactors was used in monolith re-
actor studies, Ola et al. [76] reported that the quantum
efficiency in the monolith reactor was higher than that
of the conventional batch reactor owing to its large
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surface area and uniform light distribution. Monolith
reactors have been shown to outperform conventional reac-
tors owing to their high illuminated surface area (Table 4).
Performance of monoliths can be further intensified by ap-
plying material intensification as discussed earlier on.

Microreactors Lokhat et al. [119] defined microreactors
as “reactors with reaction channels of the order of microme-
ters, at which diffusion is the dominant mixing mechanism
rather than turbulent eddies.” The small size nature of
microreactor operating in continuous regime have made it
promising in intensification of thermally driven [120] and
photocatalytic reactions [121], among other applications. In
photocatalytic reactions, in addition to overcoming thermal
and mass diffusion limitations, in applications where light
distribution determines the yield [122], microreactors allow
for uniform light distribution owing to its small size, short
optical paths and large surface area to volume ratio [123].
Given the high photon density in micro-reactors, it is clear
that short reaction times are needed compared to conven-
tional large scale vessels [122]. Energy consumption and
light efficiency can be further improved using low power

LED light sources, which offer a high and unidirectional
radiant flux. Additionally, reaction parameters such as flow
rate, temperature and pressure can easily be adjusted and
fine-tuned in microreactors operating in continuous re-
gime, unlike batch reactors where some parameter can only
be adjusted after the end of each run consuming much
time.
Photocatalytic reduction of CO2 in aqueous phase is

usually conducted at high pressure to increase the solu-
bility of CO2 in H2O, which can pose safety concerns.
Due to the small size of microreactors and short diffu-
sion resistances, operation pressure and safety concerns
are minimised. Another advantage of microreactors is
the easy integration with micro-mixers leading to im-
provement of mixing efficiency and reduction in premix-
ing requirements. Taking into account the limitations of
photoreduction of CO2 associated with mass transfer
and light distribution, and the advantages of microreac-
tors highlighted, it is clear that microreactor technology
has the potential to address those limitations.
The drawback of microreactor processing is scaling up.

Although a numbering up approach can be implemented

Fig. 9 Schematic of internally illuminated monolith reactor. Reprinted from [112], DOI: https://doi.org/10.1016/j.jphotochemrev.2015.06.001;
licensed under the CC BY license

Table 4 Performance for CO2 reduction monolith photoreactors compared to batch photoreactors

Medium Catalyst Light intensity,
mW/cm2

Main Products Intensified parameter Ref.

Aqueous Pd/Rh doped TiO2 nanoparticles 41.62 CH3OH
HCHO

95.7% higher quantum efficiency [76]

Gaseous V and W doped TiO2 44.6 CO
CH4

H2

57.8% higher quantum efficiency
compared to Cu/TiO2 in conventional reactor

[117]

Gaseous TiO2 150 CH4 91% higher quantum efficiency [118]
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to increase processing throughput, the challenge of
incorporating uniform illumination in such systems is far
from trivial and much research is still needed in this area
[109]. Moreover, in multiphasic reactions involving pre-
cipitation or suspended catalyst particles, the potential for
channel blockage is a disadvantage in microreactors. Strat-
egies have been developed to overcome such problems.
Delacour et al. [124] introduced pulsed ultrasound to pre-
vent blockage of micro-channels by solid particles. Alter-
natively, photocatalysts can be immobilised onto the
micro-channel walls. There have been many reports of the
application of immobilised photocatalysts for abatement
of organic pollutants [125–130], however there is room
for many more studies on CO2 photoreduction.

Electrochemical conversion
In electrochemical conversion methods, the electrons
discharged during the redox reactions at the surface of
electrodes drive the electrochemical reduction of CO2 in
H2O to a plethora of chemicals and fuels, the most com-
mon being carbon monoxide, formic acid and methanol
[131]. The reaction between CO2 and H2O occurs into
two half-cells, with H2O oxidation taking place at the
anode and CO2 reduction at the cathode [132]. Thermo-
dynamically, water oxidation (reaction 1) takes place at
the potential of 1.23 V while CO2 reduction (reaction 2)
takes place at near 0 V, making the reduction half reac-
tion difficult [133]. Applying an overpotential can force
the reaction to proceed forward, although making the
reaction less energy efficient. A number of products are
formed in this process because of the multi-electron
transfer imposing difficulties in controlling the selectivity
of the process [134]. Also a competing reaction leading
to hydrogen evolution takes place at 0 V leading to Fa-
radic efficiency reduction [135] and low catalyst stability.

H2O→4Hþ þ O2 þ 4e− ð1Þ
aCO2 þ bHþ þ be−→CaHb−2O2a−1 þH2O ð2Þ

Novel and highly stable electrocatalysts are currently
being developed and tested; these include quantum dot
[136], carbon nanostructure-based [137] electrocatalysts,
among others. More investigations are needed to quan-
tify the intensification level of these potential materials.

Electrochemical reactors
Prior to the development of novel electrochemical reac-
tors, traditional fuel cell-based reactor designs with the
electrodes separated by a polymer membrane were com-
monly studied [78]. Mass transfer limitation between
gas-liquid-solid phases and interphases in electrochem-
ical CO2 reduction can be reduced using gas diffusion
electrodes [80, 81]. Introducing polytetrafluoroethylene
(PTFE) into gas diffuse electrode with Nafion bonded Sn

catalyst layer in electrochemical CO2 reduction systems
by Wang et al. [138] showed an enhancement of the
Faraday efficiency by 25.4%, which resulted from the in-
crease in the catalyst active surface area. Jimenez et al.
[80] investigated the effect of current density, temperature,
CO2 flow rate and anolyte concentration on the selectivity
of CO2 reduction in gaseous phase on Pt nanoparticles
deposited on carbon nanotubes (CNT) using a Proton
Exchange Membrane (PEM) cell. Increasing temperature
to 80 °C was shown to favour formic acid and methanol
production presumably due to increase in proton transfer
though the PEM and diffusivity of liquid products.
Methane and methanol were produced at low CO2 flow
rate. In contrast to this, under similar conditions but on
Pb nanoparticles on CNT, Garcia et al. [139] observed that
low temperatures favoured formic acid, and neither
temperature nor CO2 flow rate favoured methane produc-
tion. However, methanol selectivity remained the same as
on Pt/CNT.
Further enhancement of mass transfer can be achieved

using microfluidic devices due to their large surface area
[140]. Microfluidic electrochemical reactors are flexible
because of the easy control of reaction parameters, such
as residence time, pressure and temperature, using a
single reactor set up. This means that evaluation of the
effects of operating conditions can be easily studied, be-
ing possible to scan through different operating condi-
tions without disassembling the reactor set up and with
minimal downtimes between experiments. Lu et al. [141]
established the optimum microfluidic channel thickness,
electrolyte flow rate and catalyst composition ratio for
an enhanced performance of membraneless microfluidic
reactor with dual electrolyte for CO2 reduction. 94.7%
Faradaic efficiency was achieved at 100 μm channel
thickness and above 50 ml/min flow rate.
Co-electrolysis of CO2 and H2O vapour can be con-

ducted in solid oxide cell (SOC) to generate electricity
and produce syngas with high conversion and selectivity
[16]. The SOC converts electrical energy to chemicals
when operating in electrolytic mode, and vice versa in
fuel cell mode [142]. The SOC operates at an elevated
temperature (≥800 °C) [16], and suffers from concentra-
tion polarisation and degradation of electrode [143]. Call
et al. [144] have studied the use of fluidic oscillators to
disrupt gas flow boundary layers and intensify mass
transfer, leading to the development of a highly energy
efficient system. The same researchers have also attempted
to couple plasma with the SOC to improve energy effi-
ciency of CO2 activation while fluidic oscillation reduce
concentration polarisation leading to an enhanced mass
transfer.
The CO2 reduction in electrochemical systems can be

cost-effective depending on the chemical targeted and
prevailing economic conditions. For instance, Jouny and
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co-workers have demonstrated that CO2 conversion to
CO and formic acid can be highly profitable in such sys-
tems provided key electrocatalytic performance targets
such as high selectivity and overpotential are met [145]. PI
approaches can be directed at improving these desirable
performance characteristics as highlighted above and thus
making electrochemical processes more economically
viable especially at large scales. The additional energy in-
put often associated with active PI techniques such as fluid
oscillations, centrifugal processing etc. should nevertheless
be included in any economic analysis for a realistic assess-
ment of operating costs and profitability.
Currently the main drawback of electrochemical CO2

conversion in general is the lack of studies demonstrating
the capabilities of the technology at scales large enough for
industrial implementation [131]. Implementing PI tech-
niques such as operating in microfluidic channels for in-
stance may exacerbate these scale-up challenges, although
the potential for scaling out (i.e operating in a large number
of parallel channels) which have been demonstrated for
other processes may provide a possible solution.

Plasma conversion
The high-cost thermal energy required for CO2 reduction
through thermochemical routes can be by-passed using
non-thermal plasma technology generated through electric
discharge. Non-thermal plasma, otherwise known as ‘cold
plasma’, is characterised by high average energetic electrons
(1–10 eV) with an average temperature of 104 – 105 K [146]
while the gas temperature remains near ambient. Com-
pared to thermal plasma where operating temperatures can
reach over 1000 K [147], non-thermal plasma is signifi-
cantly more energy efficient and therefore more cost-

effective as an energy source. Using non-thermal plasma to
activate catalysts can facilitate thermodynamically uphill re-
actions [148] leading to an increased yield and selectivity at
ambient temperature and atmospheric pressure avoiding
catalyst sintering [149]. The synergetic effect of plasma and
catalysts is shown in Fig. 10. Although the interaction be-
tween plasma and catalyst surface is not always clearly
understood [151], apart from operating at low temperature,
it enables quick start-up and shutdown cycles. A typical Di-
electric Barrier Discharge (DBD) set up is shown in Fig. 11.
Zeng et al. [20] reported an increase in conversion of

CO2 hydrogenation by more than 30% upon incorporating
plasma with Ni/Al2O3 catalyst in relation to plasma only
at 4:1 H2 to CO2 ratio and 30W discharge power in DBD
reactor. The electron temperature of plasma can be in-
creased by reduction of the discharge gap upon addition
of packing material [146]. For wider discharge gaps in in-
dustrial applications, a filamentary discharge is typically
observed. Filamentary discharges are transient and occur
due to increase in the insulation medium (gas) between
the electrodes which leads to ionization of the gas, being
possible to visually observe the filaments arcs formed. The
addition of a packing materials with a high dielectric con-
stant can transform the discharge nature as a result of a
decrease in discharge gap. This can lead to a significant
enhancement of discharge characteristics. For example,
Mei at al [153]. introduced BaTO3 and glass beads packing
materials into DBD reactor, observing a transition to a
mixture of surface and filamentary discharge due to de-
crease in discharge gap. They also observed that the aver-
age electric field and mean electron energy increased.
Selecting a packing material with appropriate size can

lead to energy efficiency and conversion improvements.

Fig. 10 Influence of plasma and catalysts on each other. Adapted from [150], Copyright (2009), with permission from American Chemical Society
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In plasma reactors, for the same packing material, large
particles with small surface area are characterised by a high
energy density, leading to high conversion. However, too
large particles, will often create large gaps resulting in fila-
mentary discharges. Therefore, an optimum packing size
should be established to achieve maximum intensification
in the process. Michielsen et al. [151] investigated the influ-
ence of SiO2, ZrO2, Al2O3 and BaTiO3 dielectric beads sizes
on conversion and energy efficiency of CO2 decomposition
in packed bed DBD reactor. At different sizes of BaTiO3, a
high conversion was recorded compared to without pack-
ing material. As the bead sizes of Al2O3 and BaTiO3 in-
crease, conversion and energy efficiency increase.
Fluidised [154], tubular DBD and coaxial dielectric

packed-bed [146] plasma reactors are some of the reactors
used for CO2 decomposition/conversion. These reactors
can be set up in different configurations. Zhang et al.
[146] investigated the influence of reactor configuration
on CO2 decomposition using a coaxial DBD reactor
packed with 3mm glass and BaTiO3 beads. The reactor
consists of 2 concentric quartz tubes and it was configured
in so that the stainless steel mesh electrodes used were
either exposed to or insulated from the plasma activated
species, thus affecting the electrical characteristics of the
plasma reactor. It was observed that the highest conver-
sion at the highest plasma power achieved when the elec-
trode was insulated almost equals the conversion at low
power when exposed to the plasma activated species. This
increase in conversion was related to possible interaction
between the electrode and plasma. Despite the promising
future of plasma technology, it suffers from low overall en-
ergy efficiency [146] and selectivity [20].

Intensification using membrane separators and
reactors
In a system involving gas-liquid, liquid-liquid and gas-
liquid-solid where usually mass transfer resistances are

high, a membrane contactor can be used to maximise the
mass transfer rate without dispersion of one phase into the
other [155]. Most membrane processes are driven by pres-
sure difference that require less energy compared to ther-
mal processes, making the overall processes high energy
efficient. The membrane is characterised by high level of
compactness, ability to address thermodynamic limitations
[156], high contact area [157] owing to drastic reduction in
the size of the unit [158] at the expense however of gener-
ally high membrane cost. This technology has been
employed for carbon capture [159], in photochemical [160,
161], electrochemical [162], and thermochemical [82] CO2

conversion processes aiming to overcome mass transfer
resistance and enhance energy efficiency. With multifunc-
tional units such as these membrane-integrated reactors,
combining two functions into one unit should reduce the
capital cost of the single unit compared to the individual
reactor and membrane separation unit [163]. However, this
technology suffers from limitations which include operating
under high pressure [58], high membrane cost, cathode
flooding, fuel crossover, membrane degradation in electro-
chemical systems [141].
Membrane-based gas absorption integrates both chemical

absorption and separation [164]. Scholes et al. [22] have
reviewed different types of selective membranes that can
maximise the energy efficiency of pre-combustion carbon
capture. A liquid mass transfer coefficient increase of 5
times when compared to a conventional packed column for
CO2 absorption in water at superficial liquid velocity of 1.25
cm/s has been reported [165], hence it is classified as one of
the promising process intensification strategy [166]. Intensi-
fication of the CO2 stripper by reducing the energy penalty
can also be achieved by using membrane contactor [158].

Conclusions and outlook
This review provides an overview of the current progress in
process intensification for carbon capture and conversion.

Fig. 11 Plasma assisted catalytic DBD reactor set up. Reprinted from [152], Copyright (2016), with permission from Elsevier

Adamu et al. BMC Chemical Engineering             (2020) 2:2 Page 14 of 18



In terms of carbon capture, RPBs have been shown to give
a significant reduction in absorber size and impovements in
gas-liquid mass transfer efficiency in CO2 capture via
chemical absorption, which together with the development
of more efficient chemical absorbents, represents a promis-
ing technology for CO2 capture and sequestration.
The intensification of carbon capture and utilisation

technologies have focused on developments relating to
photochemical, electrochemical, thermochemical and bio-
chemical routes. In photochemical process intensification,
microreactors, monolith reactors and development of
novel materials, such as graphitic carbon nitride, are ap-
proaches being investigated to intensify photocatalytic CO2

reduction. Gas-diffusion electrodes, ion exhange mem-
branes, microfluidic devices, as well as the development of
highly stable electrocatalysts, are leading the way in im-
proving Faradaic efficiency, current density and selectivity
in electrochemical CO2 conversion. There is also a growing
number of research studies focused on replacing cost
intensive thermal energy sources with cold plasma for cata-
lyst activation in thermochemical CO2 conversion. The de-
velopment of biocomposite structures applied to intensfied
reactor technologies offers one promising pathway of
intensifying CO2 capture and potentially conversion via
biochemical routes.
Despite the progress achieved to date, there is great need

for further research to be conducted to increase the tech-
nical and economic feasibility of many of the technologies
highlighted. In CO2 capture for example, intensification of
the reboiler unit, development of novel absorbents, and
further reduction in energy penalties in the stripper for
absorbent recovery, deserve further investigation and devel-
opment. In catalytic CO2 conversion processes, there is lim-
ited understanding of mechanism of interaction between
CO2 and catalyst surface and more fundamental research is
warranted in this area in order to arrive at optimal catalyst
designs, particularly through the use of materials that can
couple efficiently with the kinetic and thermodynamic re-
quirements of CO2 reduction. Intensification of radiation
fields, products separation and mass transfer in photoreac-
tors are also crucial. Finally, despite the recent advancement
in plasma assisted catalysis, interaction between plasma and
catalyst is yet to be understood, particularly to determine
how catalysts and reaction conditions can be used to
control selectivity and product synthesis routes. The energy
efficiency of plasma technology still remains low and also
needs addressing. Further development of this promising
technology is much needed to realise its full potential in its
application to CO2 conversion.

Abbreviations
CC: Carbon capture; CNT: Carbon nanotubes; DBD: Dielectric Barrier
Discharge; DEG: Diethylene glycol; DETA: Diethylenetriamine;
MEA: Monoethanolamine; MOFs: Metal Organic Frameworks; PCC: Post-
Combustion Capture; PEM: Proton Exchange Membrane; PI: Process

Intensification; PTFE: Polytetrafluoroethylene; PZ: Piperazine; RPB: Rotating
packed bed; SDBR: Spinning Disc Bioreactor; SDR: Spinning disc reactor;
SOC: Solid oxide cell

Acknowledgements
Not applicable.

Authors’ contributions
AA, FRA and KB made significant contribution in developing the ideas and
structure of the manuscript. AA drafted the manuscript, while FRA and KB
revised and finalised it. All the authors read and approved the final manuscript.

Funding
AA would like to acknowledge the Petroleum Technology Development
Fund (PTDF), Nigeria, for funding his postgraduate studies at Newcastle
University.

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 October 2019 Accepted: 27 December 2019

References
1. Anthofer MH, Wilhelm ME, Cokoja M, Kuhn FE. Valorization of Carbon

Dioxide to Organic Products with Organocatalysts. In: Bhanage BM, Aria M,
editors. Transformation and Utilization of Carbon Dioxide. Berlin: Springer;
2014.

2. Höök M, Tang X. Depletion of fossil fuels and anthropogenic climate
change—a review. Energy Policy. 2013;52:797–809.

3. Rafiee A, Khalilpour KR. Renewable Hybridization of Oil and Gas Supply
Chains. In: Khalilpour KR, editor. Polygeneration with Polystorage for
Chemical and Energy Hubs. Oxford: Academic Press; 2019. p. 331–72.

4. BP. Statistical review of world energy. 2019.
5. Team E. ESRL Global Monitoring Division - Global Greenhouse Gas

Reference Network. Available from: https://www.esrl.noaa.gov/gmd/ccgg/
trends/gl_trend.html. Accessed 19 Sept 2019.

6. Centi G, Quadrelli EA, Perathoner S. Catalysis for CO2 conversion: a key
technology for rapid introduction of renewable energy in the value chain of
chemical industries. Energy Environ Sci. 2013;6(6):1711–31.

7. Alper E, Yuksel Orhan O. CO 2 utilization: developments in conversion
processes. Petroleum. 2017;3(1):109–26.

8. Jiang Z, Xiao T, Kuznetsov VL, Edwards PP. Turning carbon dioxide into fuel.
Philos Trans A Math Phys Eng Sci. 2010;368(1923):3343–64.

9. Fasihi M, Efimova O, Breyer C. Techno-economic assessment of CO2 direct
air capture plants. J Clean Prod. 2019;224:957–80.

10. Soltani SM, Fennell PS, Mac Dowell N. A parametric study of CO 2 capture
from gas-fired power plants using monoethanolamine (MEA). Int J
Greenhouse Gas Control. 2017;63:321–8.

11. Lackner K, Ziock H-J, Grimes P, editors. Carbon Dioxide Extraction From Air:
Is It An Option? Presented at 24th Annual Technical Conference on Coal
Utilization and Fuel Systems; 8-11 March 1999; Clearwater, Florida, USA.

12. Bajamundi CJE, Koponen J, Ruuskanen V, Elfving J, Kosonen A, Kauppinen J,
et al. Capturing CO2 from air: technical performance and process control
improvement. J CO2 Util. 2019;30:232–9.

13. Keith DW, Holmes G, St. Angelo D, Heidel K. A process for capturing CO2
from the atmosphere. Joule. 2018;2(8):1573–94.

14. Deng H, Bielicki JM, Oppenheimer M, Fitts JP, Peters CA. Leakage risks of
geologic CO2 storage and the impacts on the global energy system and
climate change mitigation. Clim Chang. 2017;144(2):151–63.

15. Kuhl K. Electrochemical Reducation of Carbon Dioxide on Transition Metal
Surfaces. PhD Thesis. USA: Stanford University; 2013.

16. Zheng Y, Zhang W, Li Y, Chen J, Yu B, Wang J, et al. Energy related CO 2
conversion and utilization: advanced materials/nanomaterials, reaction
mechanisms and technologies. Nano Energy. 2017;40:512–39.

17. Wang H, Mustaffar A, Phan AN, Zivkovic V, Reay D, Law R, et al. A review of
process intensification applied to solids handling. Chem Eng Process
Process Intensif. 2017;118:78–107.

Adamu et al. BMC Chemical Engineering             (2020) 2:2 Page 15 of 18

https://www.esrl.noaa.gov/gmd/ccgg/trends/gl_trend.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/gl_trend.html


18. Stankiewicz AI, Yan P. 110th anniversary: the missing link unearthed: materials
and process intensification. Ind Eng Chem Res. 2019;58(22):9212–22.

19. Wu J, Zhou X-D. Catalytic conversion of CO2 to value added fuels: current
status, challenges, and future directions. Chin J Catal. 2016;37(7):999–1015.

20. Zeng Y, Tu X. Plasma-catalytic hydrogenation of CO2for the cogeneration of
CO and CH4in a dielectric barrier discharge reactor: effect of argon addition.
J Phys D Appl Phys. 2017;50(18):184004.

21. Oko E, Wang M, Joel AS. Current status and future development of solvent-
based carbon capture. Int J Coal Sci Technol. 2017;4(1):5–14.

22. Scholes CA, Smith KH, Kentish SE, Stevens GW. CO2 capture from pre-
combustion processes—strategies for membrane gas separation. Int J
Greenhouse Gas Control. 2010;4(5):739–55.

23. Jansen D, Gazzani M, Manzolini G, Dijk E, Carbo M. Pre-combustion CO2
capture. Int J Greenhouse Gas Control. 2015;40:167–87.

24. Mantripragada HC, Rubin ES. Chemical looping for pre-combustion and
post-combustion CO2 capture. Energy Procedia. 2017;114:6403–10.

25. Shakerian F, Kim K-H, Szulejko JE, Park J-W. A comparative review between
amines and ammonia as sorptive media for post-combustion CO 2 capture.
Appl Energy. 2015;148:10–22.

26. Wang M, Joel AS, Ramshaw C, Eimer D, Musa NM. Process intensification for
post-combustion CO 2 capture with chemical absorption: a critical review.
Appl Energy. 2015;158:275–91.

27. Wang M, Lawal A, Stephenson P, Sidders J, Ramshaw C. Post-combustion
CO2 capture with chemical absorption: a state-of-the-art review. Chem Eng
Res Des. 2011;89(9):1609–24.

28. Mores P, Rodríguez N, Scenna N, Mussati S. CO2 capture in power plants:
minimization of the investment and operating cost of the post-combustion
process using MEA aqueous solution. Int J Greenhouse Gas Control. 2012;
10:148–63.

29. Abu-Zahra MRM, Niederer JPM, Feron PHM, Versteeg GF. CO2 capture
from power plants: part II. A parametric study of the economical
performance based on mono-ethanolamine. Int J Greenhouse Gas
Control. 2007;1(2):135–42.

30. MacInnes JM, Ayash AA, Dowson GRM. CO 2 absorption using
diethanolamine-water solutions in a rotating spiral contactor. Chem Eng J.
2017;307:1084–91.

31. Duan H, Zhu K, Lu H, Liu C, Wu K, Liu Y, et al. CO2 absorption performance
in a rotating disk reactor using DBU-glycerol as solvent. Chin J Chem Eng.
2019. https://doi.org/10.1016/j.cjche.2019.03.031.

32. Ganapathy H, Steinmayer S, Shooshtari A, Dessiatoun S, Ohadi MM, Alshehhi
M. Process intensification characteristics of a microreactor absorber for
enhanced CO 2 capture. Appl Energy. 2016;162:416–27.

33. Zheng B, Yun R, Bai J, Lu Z, Du L, Li Y. Expanded porous MOF-505 analogue
exhibiting large hydrogen storage capacity and selective carbon dioxide
adsorption. Inorg Chem. 2013;52(6):2823–9.

34. Jassim MS, Rochelle G, Eimer D, Ramshaw C. Carbon dioxide absorption and
desorption in aqueous Monoethanolamine solutions in a rotating packed
bed. Ind Eng Chem Res. 2007;46(9):2823–33.

35. Merkel TC, Lin H, Wei X, Baker R. Power plant post-combustion carbon dioxide
capture: an opportunity for membranes. J Membr Sci. 2010;359(1–2):126–39.

36. Zhuang Q, Clements B, Li B. Emerging new types of absorbents for
Postcombustion carbon capture. In: Recent advances in carbon capture and
storage; 2017.

37. Lively RP, Chance RR, Koros WJ. Enabling Low-cost CO2 capture via heat
integration. Ind Eng Chem Res. 2010;49(16):7550–62.

38. Lin CC, Lin YH, Tan CS. Evaluation of alkanolamine solutions for carbon
dioxide removal in cross-flow rotating packed beds. J Hazard Mater. 2010;
175(1–3):344–51.

39. Lin C-C, Kuo Y-W. Mass transfer performance of rotating packed beds with
blade packings in absorption of CO 2 into MEA solution. Int J Heat Mass
Transf. 2016;97:712–8.

40. Thiels M, Wong DSH, Yu C-H, Kang J-L, Jang SS, Tan C-S. Modelling and
design of carbon dioxide absorption in rotating packed bed and packed
column. IFAC-PapersOnline. 2016;49:895–900.

41. Rosli A, Ahmad AL, Jit Kiang L, Siew Chun L. Advances in liquid absorbents
for CO2 capture: a review. J Phys Sci. 2017;28(Suppl. 1):121–44.

42. Wu X, Yu Y, Qin Z, Zhang Z. The advances of post-combustion CO2
capture with chemical solvents: review and guidelines. Energy Procedia.
2014;63:1339–46.

43. Abu-Zahra MRM, Schneiders LHJ, Niederer JPM, Feron PHM, Versteeg GF.
CO2 capture from power plants: part I. a parametric study of the technical

performance based on monoethanolamine. Int J Greenhouse Gas Control.
2007;1(1):37–46.

44. Yu C-H, Tan C-S. CO2 capture by aqueous solution containing mixed
Alkanolamines and Diethylene glycol in a rotating packed bed. Energy
Procedia. 2014;63:758–64.

45. Yu C-H, Cheng H-H, Tan C-S. CO2 capture by alkanolamine solutions
containing diethylenetriamine and piperazine in a rotating packed bed. Int J
Greenhouse Gas Control. 2012;9:136–47.

46. Yu C-H, Chen M-T, Chen H, Tan C-S. Effects of process configurations for
combination of rotating packed bed and packed bed on CO 2 capture.
Appl Energy. 2016;175:269–76.

47. Xiao M, Liu H, Zhang H, Na Y, Tontiwachwuthikul P, Liang Z. The study of
CO 2 absorption intensification using porous media material in aqueous
AMP solution. Petroleum. 2018;4(1):90–4.

48. Zhuang Q, Clements B. CO2 capture by biphasic absorbent–absorption
performance and VLE characteristics. Energy. 2018;147:169–76.

49. Ying J, Eimer DA, Brakstad F, Haugen HA. Ultrasound intensified CO2
desorption from pressurized loaded monoethanolamine solutions. I
parameters investigation and modelling. Energy. 2018;163:168–79.

50. Ying J, Eimer DA, Mathisen A, Brakstad F, Haugen HA. Ultrasound intensify
CO2 desorption from pressurized loaded monoethanolamine solutions. II
Optimization and cost estimation. Energy. 2019;173:218–28.

51. Boodhoo KVK. Higee technologies and their applications to green
intensified processing. In Stefanidis G, Stankiewicz A. editors. Alternative
Energy Sources for Green Chemistry. Cambridge: The Royal Society of
Chemistry; 2016. p. 339-59.

52. Xie C, Dong Y, Zhang L, Chu G, Luo Y, Sun B, et al. Low-concentration CO2
capture from natural gas power plants using a rotating packed bed reactor.
Energy Fuel. 2019;33(3):1713–21.

53. Chamchan N, Chang J-Y, Hsu H-C, Kang J-L, Wong DSH, Jang S-S, et al.
Comparison of rotating packed bed and packed bed absorber in pilot plant
and model simulation for CO 2 capture. J Taiwan Inst Chem Eng. 2017;73:20–6.

54. Lin C-C, Liu W-T, Tan C-S. Removal of carbon dioxide by absorption in a
rotating packed bed. Ind Eng Chem Res. 2003;42:2381–6.

55. Cheng H-H, Lai C-C, Tan C-S. Thermal regeneration of alkanolamine solutions
in a rotating packed bed. Int J Greenhouse Gas Control. 2013;16:206–16.

56. Eimer D, Eldrup N. Process intensification in a business context: general
considerations. In: Boodhoo K, Harvey A, editors. Process Intensification for
Green Chemistry. Chichester: John Wiley and Sons, Ltd; 2013. p. 355–67.

57. Borhani TN, Oko E, Wang M. Process modelling, validation and analysis of
rotating packed bed stripper in the context of intensified CO2 capture with
MEA. J Ind Eng Chem. 2019;75:285–95.

58. Reay D, Ramshaw C, Harvey A. Chapter 8 - application areas –
petrochemicals and fine chemicals. In: Reay D, Ramshaw C, Harvey A,
editors. Process intensification. 2nd ed. Oxford: Butterworth-Heinemann;
2013. p. 259–321.

59. Siriwardane RV, Shen M-S, Fisher EP, Poston JA. Adsorption of CO2 on
molecular sieves and activated carbon. Energy Fuel. 2001;15(2):279–84.

60. Merel J, Clausse M, Meunier F. Experimental investigation on CO2 post
−combustion capture by indirect thermal swing adsorption using 13X and
5A zeolites. Ind Eng Chem Res. 2008;47(1):209–15.

61. Mohamedali M, Nath D, Ibrahim H, Henni A. Review of recent
developments in CO2 capture using solid materials: Metal Organic
Frameworks (MOFs). In: Moya BL, Pous J, editors. Greenhouse Gases.
London: IntechOpen; 2016. p. 115–54.

62. Ding M, Flaig RW, Jiang HL, Yaghi OM. Carbon capture and conversion
using metal-organic frameworks and MOF-based materials. Chem Soc Rev.
2019;48(10):2783–828.

63. Wang J, Huang L, Yang R, Zhang Z, Wu J, Gao Y, et al. Recent advances in
solid sorbents for CO2 capture and new development trends. Energy
Environ Sci. 2014;7(11):3478–518.

64. Saha D, Bao Z, Jia F, Deng S. Adsorption of CO2, CH4, N2O, and N2 on
MOF-5, MOF-177, and zeolite 5A. Environ Sci Technol. 2010;44(5):1820–6.

65. Bernal OI, Mooney CB, Flickinger MC. Specific photosynthetic rate
enhancement by cyanobacteria coated onto paper enables engineering of
highly reactive cellular biocomposite “leaves”. Biotechnol Bioeng. 2014;
111(10):1993–2008.

66. Flickinger MC, Bernal OI, Schulte MJ, Broglie JJ, Duran CJ, Wallace A, et al.
Biocoatings: challenges to expanding the functionality of waterborne latex
coatings by incorporating concentrated living microorganisms. J Coat
Technol Res. 2017;14(4):791–808.

Adamu et al. BMC Chemical Engineering             (2020) 2:2 Page 16 of 18

https://doi.org/10.1016/j.cjche.2019.03.031


67. Bernal O, Pawlak J, Flickinger M. Microbial paper: cellulose fiber-based
photo-absorber producing hydrogen gas from acetate using dry-stabilized
Rhodopseudomonas palustris. BioResources. 2017;12:4013–30.

68. Moreira D, Pires JCM. Atmospheric CO2 capture by algae: negative carbon
dioxide emission path. Bioresour Technol. 2016;215:371–9.

69. Tongprawhan W, Srinuanpan S, Cheirsilp B. Biocapture of CO2 from biogas
by oleaginous microalgae for improving methane content and
simultaneously producing lipid. Bioresour Technol. 2014;170:90–9.

70. Cheng L, Zhang L, Chen H, Gao C. Carbon dioxide removal from air by
microalgae cultured in a membrane-photobioreactor. Sep Purif Technol.
2006;50(3):324–9.

71. Ekins-Coward T, Boodhoo KVK, Velasquez-Orta S, Caldwell G, Wallace A,
Barton R, et al. A microalgae biocomposite-integrated spinning disk
bioreactor (SDBR): toward a scalable engineering approach for bioprocess
intensification in light-driven CO2 absorption applications. Ind Eng Chem
Res. 2019;58(15):5936–49.

72. Nayak M, Suh WI, Lee B, Chang YK. Enhanced carbon utilization efficiency
and FAME production of Chlorella sp. HS2 through combined
supplementation of bicarbonate and carbon dioxide. Energy Convers
Manag. 2018;156:45–52.

73. Flickinger MC, Duran CJ, Wallace AN, Schulte MJ, Velev OD, Chakraborty N, et al.
, Continuous gas processing without bubbles using thin liquid film bioreactors
containing biocomposite biocatalysts. Poster presented at Integrated
Continuous Biomanufacturing III; 17–21 September, 2017, Lisbon, Portugal,

74. Iglauer S. Optimum storage depths for structural CO2 trapping. Int J
Greenhouse Gas Control. 2018;77:82–7.

75. Abdullah H, Khan MMR, Ong HR, Yaakob Z. Modified TiO 2 photocatalyst for
CO 2 photocatalytic reduction: an overview. J CO2 Util. 2017;22:15–32.

76. Ola O, Maroto-Valer M, Liu D, Mackintosh S, Lee C-W, Wu JCS. Performance
comparison of CO2 conversion in slurry and monolith photoreactors using
Pd and Rh-TiO2 catalyst under ultraviolet irradiation. Appl Catal B Environ.
2012;126:172–9.

77. Cheng X, Chen R, Zhu X, Liao Q, An L, Ye D, et al. An optofluidic planar
microreactor for photocatalytic reduction of CO 2 in alkaline environment.
Energy. 2017;120:276–82.

78. Whipple D, Finke E, Kenis P. Microfluidic reactor for the electrochemical
reduction of carbon dioxide: The effect of pH. Electrochemical and Solid
State Letters. 2010;13(9):109–11.

79. Xie F, Chen R, Zhu X, Liao Q, Ye D, Zhang B, et al. CO2 utilization: direct
power generation by a coupled system that integrates photocatalytic
reduction of CO2 with photocatalytic fuel cell. J CO2 Util. 2019;32:31–6.

80. Jiménez C, García J, Camarillo R, Martínez F, Rincón J. Electrochemical CO2
reduction to fuels using Pt/CNT catalysts synthesized in supercritical
medium. Energy Fuel. 2017;31(3):3038–46.

81. Merino-Garcia I, Alvarez-Guerra E, Albo J, Irabien A. Electrochemical membrane
reactors for the utilisation of carbon dioxide. Chem Eng J. 2016;305:104–20.

82. Wu XY, Ghoniem AF. Hydrogen-assisted carbon dioxide thermochemical
reduction on La0.9 Ca0.1 FeO3-delta membranes: a kinetics study.
ChemSusChem. 2018;11(2):483–93.

83. Barber J, Tran PD. From natural to artificial photosynthesis. J R Soc Interface.
2013;10(81):20120984.

84. Fu J, Jiang K, Qiu X, Yu J, Liu M. Product selectivity of photocatalytic CO2
reduction reactions. Mater Today. 2019. https://doi.org/10.1016/j.mattod.
2019.06.009.

85. Nguyen TDC, Nguyen TPLC, Mai HTT, Dao V-D, Nguyen MP, Nguyen VN.
Novel photocatalytic conversion of CO2 by vanadium-doped tantalum
nitride for valuable solar fuel production. J Catal. 2017;352:67–74.

86. Teramura K, Tsuneoka H, Shishido T, Tanaka T. Effect of H2 gas as a
reductant on photoreduction of CO2 over a Ga2O3 photocatalyst. Chem
Phys Lett. 2008;467(1–3):191–4.

87. Meng X, Yu Q, Liu G, Shi L, Zhao G, Liu H, et al. Efficient photocatalytic CO 2
reduction in all-inorganic aqueous environment: cooperation between reaction
medium and cd (II) modified colloidal ZnS. Nano Energy. 2017;34:524–32.

88. Pan YX, You Y, Xin S, Li Y, Fu G, Cui Z, et al. Photocatalytic CO2
reduction by carbon-coated indium-oxide Nanobelts. J Am Chem Soc.
2017;139(11):4123–9.

89. Byrne C, Subramanian G, Pillai SC. Recent advances in photocatalysis for
environmental applications. J Environ Chem Eng. 2017.

90. Shaham-Waldmann N, Paz Y. Away from TiO2: a critical minireview on the
developing of new photocatalysts for degradation of contaminants in
water. Mater Sci Semicond Process. 2016;42:72–80.

91. Fox MA, Dulay MT. Heterogeneous photocatalysis. Chem Rev. 1993;93:341–57.
92. Nikokavoura A, Trapalis C. Alternative photocatalysts to TiO 2 for the

photocatalytic reduction of CO 2. Appl Surf Sci. 2017;391:149–74.
93. Low J, Cheng B, Yu J. Surface modification and enhanced photocatalytic CO2

reduction performance of TiO2: a review. Appl Surf Sci. 2017;392:658–86.
94. Hanaor DAH, Sorrell CC. Review of the anatase to rutile phase

transformation. J Mater Sci. 2010;46(4):855–74.
95. Hernández-Ramírez A, Medina-Ramírez I. Semiconducting materials. In:

Hernández-Ramírez A, Medina-Ramírez I, editors. Photocatalytic
semiconductors, synthesis, characterisation and environmental applications.
Switzerland: Springer International Publishing; 2015. p. 1–40.

96. Kado Y, Hahn R, Lee C-Y, Schmuki P. Strongly enhanced photocurrent
response for Na doped Ta3N5-nano porous structure. Electrochem
Commun. 2012;17:67–70.

97. Chen J, Xin F, Qin S, Yin X. Photocatalytically reducing CO2 to methyl
formate in methanol over ZnS and Ni-doped ZnS photocatalysts. Chem Eng
J. 2013;230:506–12.

98. Khalilzadeh A, Shariati A. Photoreduction of CO2 over heterogeneous
modified TiO2 nanoparticles under visible light irradiation: synthesis, process
and kinetic study. Sol Energy. 2018;164:251–61.

99. Parayil SK, Razzaq A, Park S-M, Kim HR, Grimes CA, In S-I. Photocatalytic
conversion of CO2 to hydrocarbon fuel using carbon and nitrogen co-
doped sodium titanate nanotubes. Appl Catal A Gen. 2015;498:205–13.

100. Park H, Kim H-I, Moon G-H, Choi W. Photoinduced charge transfer processes
in solar photocatalysis based on modified TiO2. Energy Environ Sci. 2016;
9(2):411–33.

101. Zhang L, Jaroniec M. Toward designing semiconductor-semiconductor
heterojunctions for photocatalytic applications. Appl Surf Sci. 2018;430:2–17.

102. Lee YY, Jung HS, Kang YT. A review: effect of nanostructures on
photocatalytic CO2 conversion over metal oxides and compound
semiconductors. J CO2 Util. 2017;20:163–77.

103. Jin B, Yao G, Jin F, Hu YH. Photocatalytic conversion of CO2 over C3N4-
based catalysts. Catal Today. 2018;316:149–54.

104. Dong Q, Mohamad Latiff N, Mazánek V, Rosli NF, Chia HL, Sofer Z, et al.
Triazine- and Heptazine-based carbon nitrides: toxicity. ACS Appl Nano
Mater. 2018;1(9):4442–9.

105. Di T, Zhu B, Cheng B, Yu J, Xu J. A direct Z-scheme g-C3N4/SnS2 photocatalyst
with superior visible-light CO2 reduction performance. J Catal. 2017;352:532–41.

106. Tang J-Y, Guo R-T, Pan W-G, Zhou W-G, Huang C-Y. Visible light activated
photocatalytic behaviour of Eu (III) modified g-C3N4 for CO2 reduction and
H2 evolution. Appl Surf Sci. 2019;467–468:206–12.

107. Reli M, Huo P, Šihor M, Ambrožová N, Troppová I, Matějová L, et al. Novel
TiO2/C3N4 photocatalysts for photocatalytic reduction of CO2 and for
photocatalytic decomposition of N2O. J Phys Chem A. 2016;120(43):8564–73.

108. Tseng IH, Sung YM, Chang PY, Chen CY. Anatase TiO(2)-decorated graphitic
carbon nitride for photocatalytic conversion of carbon dioxide. Polymers
(Basel). 2019;11(1):146.

109. Leblebici ME, Stefanidis GD, Van Gerven T. Comparison of photocatalytic
space-time yields of 12 reactor designs for wastewater treatment. Chem
Eng Process Process Intensif. 2015;97:106–11.

110. Leblebici ME. Design, Modelling and Benchmarking of Photoreactors and
Separation Processes for Waste Treatment and Purification. PhD Thesis. KU
Leuven, Belgium; 2017.

111. Mazierski P, Bajorowicz B, Grabowska E, Zaleska-Medynska A. Photoreactor
Design Aspects and Modeling of Light. In: Colmenares JC, Xu Y-J, editors.
Heterogeneous Photocatalysis. Green Chemistry and Sustainable
Technology. Berlin Heidelberg: Springer; 2016. p. 211–48.

112. Ola O, Maroto-Valer MM. Review of material design and reactor engineering
on TiO2 photocatalysis for CO2 reduction. J Photochem Photobiol C:
Photochem Rev. 2015;24:16–42.

113. Chen H, Chu F, Yang L, Ola O, Du X, Yang Y. Enhanced photocatalytic
reduction of carbon dioxide in optical fiber monolith reactor with
transparent glass balls. Appl Energy. 2018;230:1403–13.

114. Khan AA, Tahir M. Recent advancements in engineering approach towards
design of photo-reactors for selective photocatalytic CO2 reduction to
renewable fuels. J CO2 Util. 2019;29:205–39.

115. Liou P-Y, Chen S-C, Wu JCS, Liu D, Mackintosh S, Maroto-Valer M, et al.
Photocatalytic CO2 reduction using an internally illuminated monolith
photoreactor. Energy Environ Sci. 2011;4(4):1487–94.

116. Carneiro JT, Berger R, Moulijn JA, Mul G. An internally illuminated monolith
reactor: pros and cons relative to a slurry reactor. Catal Today. 2009;147:S324–S9.

Adamu et al. BMC Chemical Engineering             (2020) 2:2 Page 17 of 18

https://doi.org/10.1016/j.mattod.2019.06.009
https://doi.org/10.1016/j.mattod.2019.06.009


117. Xiong Z, Lei Z, Ma S, Chen X, Gong B, Zhao Y, et al. Photocatalytic CO2
reduction over V and W codoped TiO2 catalyst in an internal-illuminated
honeycomb photoreactor under simulated sunlight irradiation. Appl Catal B
Environ. 2017;219:412–24.

118. Tahir B, Tahir M, Amin NS. Performance analysis of monolith photoreactor
for CO2 reduction with H2. Energy Convers Manag. 2015;90:272–81.

119. Lokhat D, Domah AK, Padayachee K, Baboolal A, Ramjugernath D. Gas–liquid
mass transfer in a falling film microreactor: effect of reactor orientation on
liquid-side mass transfer coefficient. Chem Eng Sci. 2016;155:38–44.

120. Matsushita Y, Ichimura T, Ohba N, Kumada S, Sakeda K, Suzuki T, et al.
Recent progress on photoreactions in microreactors. Pure Appl Chem. 2007;
79(11):1959–68.

121. Gorges R, Meyer S, Kreisel G. Photocatalysis in microreactors. J Photochem
Photobiol A Chem. 2004;167(2–3):95–9.

122. Su Y. A general introduction to transport phenomena in continuous-flow
microreactors for photochemical transformations: from engineering
principles to chemical applications; 2017. p. 37–67.

123. Li L, Wang G, Chen R, Zhu X, Wang H, Liao Q, et al. Optofluidics based
micro-photocatalytic fuel cell for efficient wastewater treatment and
electricity generation. Lab Chip. 2014;14(17):3368–75.

124. Delacour C, Lutz C, Kuhn S. Pulsed ultrasound for temperature control and
clogging prevention in microreactors. Ultrason Sonochem. 2019;55:67–74.

125. Ramos B, Ookawara S, Matsushita Y, Yoshikawa S. Low-cost polymeric
photocatalytic microreactors: catalyst deposition and performance for
phenol degradation. J Environ Chem Eng. 2014;2(3):1487–94.

126. Corbel S, Becheikh N, Roques-Carmes T, Zahraa O. Mass transfer
measurements and modeling in a microchannel photocatalytic reactor.
Chem Eng Res Des. 2014;92(4):657–62.

127. Visan A, Rafieian D, Ogieglo W, Lammertink RGH. Modeling intrinsic kinetics
in immobilized photocatalytic microreactors. Appl Catalysis B Environ. 2014;
150–151:93–100.

128. Okawa A, Yoshida R, Isozaki T, Shigesato Y, Matsushita Y, Suzuki T.
Photocatalytic oxidation of benzene in a microreactor with immobilized
TiO2 thin films deposited by sputtering. Catal Commun. 2017;100:1–4.

129. Fabry DC, Ho YA, Zapf R, Tremel W, Panthöfer M, Rueping M, et al. Blue light
mediated C–H arylation of heteroarenes using TiO2 as an immobilized
photocatalyst in a continuous-flow microreactor. Green Chem. 2017;19(8):1911–8.

130. Rehm TH, Gros S, Löb P, Renken A. Photonic contacting of gas–liquid
phases in a falling film microreactor for continuous-flow photochemical
catalysis with visible light. React Chem Eng. 2016;1(6):636–48.

131. Durst J, Rudnev A, Dutta A, Fu Y, Herranz J, Kaliginedi V, et al.
Electrochemical CO2 reduction - a critical view on fundamentals, materials
and applications. Chimia (Aarau). 2015;69(12):769–76.

132. Whang HS, Lim J, Choi MS, Lee J, Lee H. Heterogeneous catalysts for catalytic
CO2 conversion into value-added chemicals. BMC Chem Eng. 2019;1(1):9.

133. Lu Q, Jiao F. Electrochemical CO2 reduction: electrocatalyst, reaction
mechanism, and process engineering. Nano Energy. 2016;29:439–56.

134. Yin Z, Palmore GTR, Sun S. Electrochemical reduction of CO2 catalyzed by
metal nanocatalysts. In: Trends in Chemistry; 2019.

135. Olah GA, Goeppert A, Prakash GKS. Chemical recycling of carbon dioxide to
methanol and dimethyl ether: from greenhouse gas to renewable,
environmentally carbon neutral fuels and synthetic hydrocarbons. J Org
Chem. 2009;74(2):487–98.

136. Liu M, Liu M, Wang X, Kozlov SM, Cao Z, De Luna P, et al. Quantum-dot-
derived catalysts for CO2 reduction reaction. Joule. 2019;3(7):1703–18.

137. Wu J, Sharifi T, Gao Y, Zhang T, Ajayan PM. Emerging carbon-based
heterogeneous catalysts for electrochemical reduction of carbon dioxide
into value-added chemicals. Adv Mater. 2019;31(13):1804257.

138. Wang Q, Dong H, Yu H, Yu H. Enhanced performance of gas diffusion electrode
for electrochemical reduction of carbon dioxide to formate by adding
polytetrafluoroethylene into catalyst layer. J Power Sources. 2015;279:1–5.

139. García J, Jiménez C, Martínez F, Camarillo R, Rincón J. Electrochemical
reduction of CO2 using Pb catalysts synthesized in supercritical medium. J
Catal. 2018;367:72–80.

140. Bevilacqua M, Filippi J, Miller HA, Vizza F. Recent technological progress in
CO2 electroreduction to fuels and energy carriers in aqueous environments.
Energy Technol. 2015;3(3):197–210.

141. Lu X, Leung DYC, Wang H, Xuan J. A high performance dual electrolyte
microfluidic reactor for the utilization of CO 2. Appl Energy. 2017;194:549–59.

142. Wang Y, Liu T, Lei L, Chen F. High temperature solid oxide H 2 O/CO 2 CO-
electrolysis for syngas production. Fuel Process Technol. 2017;161:248–58.

143. Zhang W, Zheng Y, Yu B, Wang J, Chen J. Electrochemical characterization and
mechanism analysis of high temperature co-electrolysis of CO 2 and H 2 O in
a solid oxide electrolysis cell. Int J Hydrog Energy. 2017;42(50):29911–20.

144. Call AV, Holmes T, Desai PD, Zimmerman WB, Rothman RH, editors. Plasma
and fluidic oscillation assisted electrolysis of CO2 using a solid oxide cell.
17th international conference on carbon dioxide utilization - ICCDU 2019.
2019; Aachen.

145. Jouny M, Luc W, Jiao F. General techno-economic analysis of CO2
electrolysis systems. Ind Eng Chem Res. 2018;57(6):2165–77.

146. Zhang K, Zhang G, Liu X, Phan AN, Luo K. A study on CO2 decomposition
to CO and O2 by the combination of catalysis and dielectric-barrier
discharges at low temperatures and ambient pressure. Ind Eng Chem Res.
2017;56(12):3204–16.

147. Matsumoto T, Wang D, Namihira T, Akiyam H. Non-thermal plasma technic
for air pollution control. Air pollution - a comprehensive perspective; 2012.

148. Giammaria G, van Rooij G, Lefferts L. Plasma catalysis: distinguishing
between thermal and chemical effects. Catalysts. 2019;9(2):185.

149. Samukawa S, Hori M, Rauf S, Tachibana K, Bruggeman P, Kroesen G, et al.
The 2012 plasma roadmap. J Phys D Appl Phys. 2012;45(25):253001.

150. Chen HL, Lee HM, Chen SH, Chang MB, Yu SJ, Li SN. Removal of volatile
organic compounds by single-stage and two-stage plasma catalysis
systems: a review of the performance enhancement mechanisms, current
status, and suitable applications. Environ Sci Technol. 2009;43(7):2216–27.

151. Michielsen I, Uytdenhouwen Y, Pype J, Michielsen B, Mertens J, Reniers F,
et al. CO2 dissociation in a packed bed DBD reactor: first steps towards a
better understanding of plasma catalysis. Chem Eng J. 2017;326:477–88.

152. Ashford B, Tu X. Non-thermal plasma technology for the conversion of CO
2. Curr Opin Green Sustain Chem. 2017;3:45–9.

153. Mei D, Zhu X, He Y-L, Yan JD, Tu X. Plasma-assisted conversion of CO2 in a
dielectric barrier discharge reactor: understanding the effect of packing
materials. Plasma Sources Sci Technol. 2014;24(1):015011.

154. Pou JO, Colominas C, Gonzalez-Olmos R. CO2 reduction using non-thermal
plasma generated with photovoltaic energy in a fluidized reactor. J CO2
Util. 2018;27:528–35.

155. Tesser R, Bottino A, Capannelli G, Montagnaro F, Vitolo S, Di Serio M, et al.
Advantages in the use of membrane contactors for the study of gas−liquid
and gas−liquid−solid reactions. Ind Eng Chem Res. 2005;44(25):9451–60.

156. Han Y, Ho WSW. Recent advances in polymeric membranes for CO2
capture. Chin J Chem Eng. 2018;26(11):2238–54.

157. Nagy E. Membrane Contactors. In: Nagy E, editor. Basic Equations of Mass
Transport Through a Membrane Layer (Second Edition). Amsterdam:
Elsevier; 2019. p. 337–45.

158. Moullec YL, Neveux T. Process modifications for CO2 capture. In: Feron
PHM, editor. Absorption-Based Post-combustion Capture of Carbon Dioxide.
Duxford: Woodhead Publishing; 2016. p. 305–40.

159. Freeman B, Hao P, Baker R, Kniep J, Chen E, Ding J, et al. Hybrid membrane-
absorption CO2 capture process. Energy Procedia. 2014;63:605–13.

160. Brunetti A, Pomilla FR, Marcì G, Garcia-Lopez EI, Fontananova E, Palmisano L,
et al. CO2 reduction by C3N4-TiO2 Nafion photocatalytic membrane reactor
as a promising environmental pathway to solar fuels. Appl Catal B Environ.
2019;255:117779.

161. Molinari R, Lavorato C, Argurio P, Szymański K, Darowna D, Mozia S.
Overview of photocatalytic membrane reactors in organic synthesis, energy
storage and environmental applications. Catalysts. 2019;9(3):239.

162. Endrődi B, Bencsik G, Darvas F, Jones R, Rajeshwar K, Janáky C. Continuous-flow
electroreduction of carbon dioxide. Prog Energy Combust Sci. 2017;62:133–54.

163. Christgen B, Scott K, Dolfing J, Head IM, Curtis TP. An evaluation of the
performance and economics of membranes and separators in single chamber
microbial fuel cells treating domestic wastewater. PLoS One. 2015;10(8):e0136108.

164. Basile A, Gallucci F, Morrone P. Advanced carbon dioxide (CO2) gas
separation membrane development for power plants. In: Roddy D, editor.
Advanced Power Plant Materials, Design and Technology. Cambridge:
Woodhead Publishing; 2010. p. 143–86.

165. Karoor S, Sirkar KK. Gas absorption studies in microporous hollow fiber
membrane modules. Ind Eng Chem Res. 1993;32(4):674–84.

166. Iaquaniello G, Centi G, De Falco M, Basile A. Membrane reactors. Membrane
Reactor Engineering; 2016. p. 1–21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Adamu et al. BMC Chemical Engineering             (2020) 2:2 Page 18 of 18


	Abstract
	Background
	Role of process intensification in CO2 capture and conversion

	Intensification of CO2 capture and sequestration
	Chemical absorption
	Absorbent selection
	Rotating packed bed absorbers

	Adsorption
	Biochemical capture

	Intensification of CO2 chemical conversion
	Photocatalysis
	Photocatalysts
	Photocatalytic reactors

	Electrochemical conversion
	Electrochemical reactors

	Plasma conversion

	Intensification using membrane separators and reactors
	Conclusions and outlook
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Competing interests
	References
	Publisher’s Note

