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Abstract
This dissertation was written as a part of the MSc in Environmental Management and Sustainability at the International Hellenic University and investigates the precipitation of calcium
carbonate nanoparticles using a hollow fibre gas liquid membrane contactor / precipitator concept.
The current climate challenges and subsequent need for this technology are reviewed, with
emphasis on the cement industry. A summary of CCUS, mineralization, and membrane technologies is presented, as well as a review of current applications in the literature.
Experiments were conducted using a custom precipitator operating in bubbling mode with
titania (TiO2), zirconia (ZrO2), and alumina (Al2O3) single tube ceramic membranes. Membranes
were treated with hexyltrimethoxysilane to increase hydrophobicity, using either immersion
(TiO2, ZrO2) or chemical vapour deposition (Al2O3). Polypropylene polymeric membranes were
also used in two different 3MTM Liqui-CelTM hollow fibre membrane modules, operating in contactor and bubbling modes. The liquid phase was a solution of calcium chloride (CaCl2), ammonium hydroxide (NH4OH3) and double distilled water and the gas phase was pure CO2. Samples
were taken in five-minute intervals to measure pH and temperature, and experiments were terminated when a plateau of pH variation was observed. All liquid was vacuum filtered, and the precipitate was dried overnight at 110⁰C then weighed. Scanning electron microscopy (SEM) and XRay Diffraction (XRD) were used to characterize the crystal size and morphology. Comparisons
were made between three groups to assess the effect of changing process parameters, including
differences between ceramic membrane materials, differences between ceramic and polymeric
membranes and finally the effect of only varying liquid flow rate in polymeric membranes.
Reactions progressed similarly for all experiments with a rapid decrease in the first fifteen
minutes before slowing. The production rate for ceramic membranes ranged from ~1-4g/h
whereas polymeric membranes were all less than 1 g/h. SEM images reveal rhombohedral calcite
with crystal sized between 1-4μm for ceramic membranes and less than 3μm for polymeric membranes. Nanoparticles were detected. XRD confirms the presence of pure calcite and no variation
between the calcite main peaks was present. The average crystallite size was similar for all experiments (~52-53nm).
I would like to thank my supervisor Dr. George Skevis for his guidance and support. Dr.
Akrivi Asimakopoulou for her endless knowledge, experience, and patience. Eirini Piperidou and
Dr. Dimitris Koutsonikolas for the treated ceramic membranes and Giannis Pachidis for data related to polymeric membranes
Mackenzie Baert
February 15, 2021
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1 Introduction
1.1 Scope of Study
To control the global average temperature rise within 2⁰C this century as targeted by the 2016
Paris-Agreement (Wang et al., 2020), green-house gas emissions must be reduced. It is not enough
to rely solely on renewable energy sources, making the adoption of innovative technologies across
all industries critical. Carbon capture storage and utilization include a promising array of emission
reducing technologies. Mineralization is a specific type of utilization that provides safe, stable
sequestration (Narahessetti, 2019) by precipitating useful products from captured carbon dioxide
(CO2). While these types of reactions can be conducted in a number of vessels, membrane-based
capture and mineralization is gaining interest because it relies on less energy but has a higher
efficiency then comparable technology (Koutsonikolas et al., 2016).
Carbon capture and mineralization aligns well with the emerging concept of circular economy
which is a model of production that reduces waste and extends the life cycle of products by using
materials that would otherwise be discarded, ultimately creating further value (Duch Guillot,
2020). This concept bridges the gap between technology and the economy and engage industries
who are otherwise slow to consider the needs of the environment and the broader global population. Figure 1 is a schematic representation of the circular economy with an emphasis on the
utilization of CaCO3 nanoparticles as proposed by the RECODE project. Companies such as Titan
Cement Greece are already applying a circular economy approach.: At each phase of production,
natural resources are saved by reducing, reusing, and recycling. Emphasis is placed on the recovery of raw materials, energy, and waste to ultimately increase the life cycle of products and create
a more sustainable mode of production (Titan Greece, 2020).
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Figure 1 Diagram of circular economy practices for the cement industry as proposed by the RECODE project (Liendo et al., 2021).

The cement and concrete industry alone emit 8% of the global annual carbon dioxide emissions, primarily during the production of clinker and because of fossil fuel combustion during
cement formation (Cosentino et al., 2020, Liendo et al., 2021). While efforts have been made to
reduce the percentage of cement used in cement production, mechanical properties and cost are
important factors. Precipitation and subsequent use of calcium carbonate nanoparticles from carbon dioxide capture from the cement factories themselves have the potential to reduce emissions,
provide value added product that maintains the mechanical integrity of the end-product: a perfect
example of circular economy (Cosentino et al., 2020).
This work will focus on the precipitation of CaCO3 nanoparticles using an innovative hollow
fibre gas liquid membrane contactor / precipitator concept.
First the current challenges we as a population are facing with regards to climate change and
the specific implications of the cement and concrete industries will be introduced. A summary of
current carbon capture, storage, utilization with a focus on mineralization will be presented followed by a detailed examination of membrane technology with an emphasis on hollow fibre membrane contactors/precipitators. Current applications of carbon capture and mineralization technologies from the literature will also be reviewed.
Experiments conducted for this dissertation were designed to assess the effect of varying different parameters during the precipitation of calcium carbonate in ceramic and polymeric hollowfibre gas liquid precipitators. The rates of reactions, production yield as well as the crystal size
and morphology of the samples were evaluated. Experiments were compared in three groupings
-8-

based on ceramic membrane material, ceramic vs. polymeric material, and liquid flow rate (only
polymeric).
All tests were conducted at the Center for Research and Technology Hellas (CERTH) at the
Chemical Process and Energy Resources Institute (CPERI). This research was also conducted in
the frame of the RECODE (Recycling carbon dioxide in the cement industry to produce addedvalue additives: a step towards a CO2 circular economy) project which is funded by European
Union's Horizon 2020 research and innovation program, Grant Agreement No. 768583.

1.2 Climate Change
Climate change caused by anthropogenic greenhouse gas emissions is arguably the biggest
global issue facing the human population (Wang et al., 2020) as it encompasses energy, environment and international economics and politics (Zhao et., 2016). The effects of climate change can
include increases in average ocean and air temperatures, changes in sea level (Rubin et al., 2012),
increase in the frequency and number of natural disasters and general change in global ecology
(Youn et al., 2019). Despite these concerning phenomena and the call for urgent and dramatic
action by scientists and organizations such as the Intergovernmental Panel on climate change
(IPCC) and the International Energy Agency (IEA), there remains an enduring apathy from the
global population. Much of this can be explained by the scientific uncertainty surrounding Climate Change, namely the “inability to predict the scale, intensity, and impact of climate change
on human and natural environments” (Mehta et al., 2019). Those with a vested interest in maintaining the status quo argue against the very occurrence of climate change, caused by human
industrial emissions, touting a lack of scientific evidence, and focusing on those areas of uncertainty. In 2016, 97% of publishing scientists agree that human activities are responsible for climate change (Cook, 2016) and there is no uncertainty regarding the mechanism, which is the
greenhouse effect. As concentrations of greenhouse gases in the upper atmosphere increase, the
earth retains more heat and global temperature rises (Gardiner, 2004). These new concentrations
disrupt the thermal equilibrium of the earth’s surface between the energy received from the sun
and that lost from the earth’s surface, ultimately trapping radiated heat (Kang et al., 2017).
Figure 2 shows the average global temperature anomalies across land and ocean surfaces from
1880-2019 compared to the base period of 1901-2000. From 1880-1981 the average annual temperature increase was 0.07⁰C per decade, since 1981 it has doubled to 0.18⁰C. New temperature
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records have also been set on average every 3 years since 1981 when compared to 1900-1980 and
the five warmest years have all been recorded since 2005 (NOAA, 2020).

Figure 2 Annual global temperature anomalies from 1880-2019. The anomaly base period for comparison is 1901-2000. The blue indicates temperatures anomalies below 0⁰C while the red indicates temperatures above 0⁰C (NOAA, 2020)

There are six main greenhouse gases, methane (CH4), sulfur hexafluoride (SF5), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), water vapor (H2O) and carbon dioxide (CO2). Despite
having the lowest global warming potential, carbon dioxide is consistently the focus of climate
change discussions (Kim et al., 2020). This is because anthropogenic CO2 is released in much
larger quantities than any of the other gases and as a result is the greatest contributor to the alteration of the earth’s atmospheric composition (Kim et al., 2020, Wang et al., 2020). Since the
industrial revolution that began in the 1750s, the combustion of fossil fuels for electricity generation, industrial processes, fuel use in transportation and other products (Kang et al., 2017, Young,
2019) has been the primary source for the 40% increase of atmospheric CO2 (Galina et al., 2019).
Anthropogenic emissions grew on average 1.72% per year from 1970-2000 and 2.6% per year
from 2000-20014 (Marocco Stuardi et al., 2019).
In terms of concentrations, the average increase of CO2 concentration was 1.31ppm per year
from 1960 to 2000 compared to 2.17ppm per year from 2000 to 2017 (Wang et al., 2020). In
2017, surface concentrations on the planet reached a global average of 405.14ppm (Galina et al.,
2019). Figure 3 provides a graphical representation of the annual total CO2 emissions from fossil
fuels and cement production per geographical region from 1751 until 2018 (Ritchie and Roser,
2017). While there has been a slight decrease in regions like Europe and the Americas, and a
plateau in India the trend sharply increases for China and the rest of Asia.
-10-

Figure 3 Annual total CO2 emissions from 1751-2018 from fossil fuel and cement industries by
global region (Ritchie and Roser, 2017)

The Intergovernmental Panel on Climate Change (IPCC) was created in 1988 by the United
Nations Environment Program (UNEP) and the World Meteorological Organization (WMO) to
bridge the knowledge gap between scientists and policy makers by providing “regular scientific
assessments on climate change, its implications, potential risks and put forward adaptation and
mitigation options” (IPCC, 2013). In 2018 they issued a special report on the impacts of global
warming of 1.5⁰C suggesting a 45% reduction of global net anthropogenic CO2 emissions from
the 2010 level by 2030 is required to limit a global temperature rise of 1.5⁰C (Di Maria et al.,
2020). They also implored an urgency in developing pathways to remove carbon from the atmosphere in addition to curbing CO2 emissions into the atmosphere (Liu and Gadikota, 2020).
The International Energy Agency (IEA) is an independent intergovernmental agency that provides “analysis, data, policy recommendations, and solutions to help countries provide secure and
sustainable energy for all” (IEA, 2019). The IEA has presented two notable warming scenarios:
•

The 2DS suggests global emissions be reduced to 20GT/year by 2050, or a growth rate of 1.5% per year to prevent a 2⁰C increase in the global temperature above pre-industrial levels
(MacDowell et al., 2017). This implies that 8Gt CO2 per year must be captured/stored by
2050 (120G tones between 2015-2050) (Naraharisetti et al., 2019).
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•

In contrast, the 6DS is a “business as usual” model that projects a 70% growth in energy
demand by 2050 (Naraharisetti et al., 2019) and allows CO2 emissions to reach 60GT per
year, leading to a 6⁰C of warming (MacDowell et al., 2017). This scenario is no cause for
optimism, already in 2014 emissions reached 35.5Gt, suggesting the 60 GT goal is far out of
reach if emissions continue at this rate. A growth rate of emissions up to 1.4 % per year is the
most we can afford (MacDowell et al., 2017).
Figure 4 graphically represents the possible outcomes of greenhouse gas emissions and warm-

ing scenarios by 2100 (Ritchie and Roser, 2017). From 2020, a visible reduction is required to
reach the 1.5⁰C and 2⁰C pathways. There is a large difference between scenarios with no climate
policies, current policies, and pledges.

Figure 4 Global greenhouse gases emission from 1990-2019 and subsequent pathways and warming
scenarios until 2100 if no climate policies are implemented, using the current policies, the pledges, and
targets as well as the CO2 emissions required to obtain only 1.5 and 2⁰C temperature increases (Ritchie
and Roser, 2017).

Climate change linked to global warming can be prevented by reducing the amount of CO2
in the atmosphere (Kang et al., 2017), however global energy production is projected to double at
minimum during this century due to population growth and continued economic development
(Geerlings and Zevenhoven, 2013). Further, energy is related to our quality of life. Our ability to
travel, heat and cool our homes, produce, and cook food and entertain ourselves is dependent on
energy and the more we consume the more greenhouse gases we emit. Industry and governments
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need complementary policies and technologies that strike a balance between social, economic,
and environmental needs (Naraharisetti et al., 2019). This is the foundation of sustainability and
can be further expanded with the concept of sustainable development whereby “development
meets the needs of the present without compromising the ability of future generations to meet
their own needs the needs” (Brundtland Commission, 1987).
This synthesis of economics and environmental protection can be seen through initiatives
such as the Roadmap to 2050. The Roadmap is a manual for nations to decarbonize by midcentury, that defines six pillars for climate mitigation, and outlines decarbonization strategies and
technologies specific to power, industry, transport, buildings, and agriculture sectors. (SDNS and
FEEM, 2019). It was created as a tool and support for governments trying to meet the 1.5⁰C target
set out by the 2016 Paris Agreement. Countries like Cost Rica have already begun using an integrated approach spanning all sectors of the economy to stimulate decarbonization (Costa Rica
Bicentennial Government, 2019).
The overarching message from these documents is that emissions cannot be reduced rapidly
or easily and not through a single approach. It is not a matter of simply using less energy or
replacing fossil fuels with low/no emission energy (Rubin et al., 2012). Achieving any of these
goals requires a massive overhaul of the way we operate on all levels of our lives. The dramatic
reduction in emissions must be combined with a shift from a linear fossil-fuel based economy to
a decarbonized circular economy in a very short time scale (Marocco Stuardi et al., 2019). However, even this aggressive approach is not sufficient. Regardless of shifting the energy mix away
from fossil fuels, continued increase in overall energy demand will continue to cause a rise in the
amount of fossil fuels burned (Geerlings and Zevenhoven, 2013).
Until low- or near zero-emitting technology is developed, and during the transition to the low
carbon circular economy the only option is to continue improving our current technologies which
include carbon capture storage and utilization (Marocco Stuardi et al., 2019). These technologies
have the potential to lower the cost of mitigating climate change (Rubin et al., 2012) in safe,
stable, and environmentally acceptable way (Zhao et., 2016).

1.3 Cement and Concrete Industries
Of the six main economic sectors identified by The Roadmap to 2050, the industrial sector
alone contributes 25% of global emissions (Bui et al., 2018). Within that sector, the concrete and
cement industries are responsible for 5-8% of global anthropogenic emissions (Bjerge and Brevik,
2014, Bui, 2018, Skocek et al., 2020, Liendo et al., 2021). If action is not taken, these numbers
will increase as infrastructure needs grow in response to population growth and further urbanization (GCCA, 2020).
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Though the terms concrete and cement are often used interchangeably, cement is an ingredient of concrete, which is the final product. The generic term for cement is Portland cement and
there are eight varieties that can be manufactured, depending on the physical and chemical requirements for the final application (PCA, 2019). Cement is typically a combination of carbonate
minerals with various ores, shales/clay or blast furnace slag that is heated at high temperature to
form a powder (PCA, 2019). The raw materials are quarried than crushed and ground and mixed
with the other ingredients. Heating takes place in a cement kiln that operates around 1482.2°C.
The small grey balls that leave the kiln are known as clinker, and once they are cooled, they are
ground to form what is known as cement (PCA, 2019). A simplified overview of the cement
manufacturing process is shown in Figure 5 which begins with quarrying the limestone and ends
with the finishing grinding mill, storage, or shipping (Encyclopedia Britannica, 2007).

Figure 5 Simplified diagram of the cement making process. Limestone is quarried, preheated,
crushed, proportioned, crushed again before entering the kiln, cooled, and proportioned again (Encyclopedia Britannica Inc, 2007).

Concrete is the end-product of mixing aggregates such as sand/gravel/crushed stone with a
paste made from water and 10-15% volume of Portland cement (PCA, 2019). During concrete
manufacturing, once cement is mixed with water and aggregate material, hydration occurs. During this process nodes form on each cement particle and expand to link to each other and adhere
to aggregates. Shaping happens soon after, while the concrete is still workable. Curing is the final
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stage and may be done using methods such as sprinkling with water, sealing the surface with
curing compounds or using moisture retaining fabrics. The goal is to ensure continued hydration
to enable continued strength gain (PCA, 2019). The first month is the most rapid strength gain, as
hydration slows afterwards, however concrete continues to strengthen as it ages (PCA, 2019).

Each ton of cement produced releases 600-1,000kg of CO2, 60% of which comes from the
chemical process of limestone calcification to form CaO (CaCO3-CaO). The other 40% comes
from the fuel used to heat the kiln and the clinkering reactions (Bjerge and Brevik, 2014, Hills et
al., 2016, Bui et al., 2018, Skocek et al., 2020, GCCA). Concrete itself has low specific CO2 emissions (less than 150kg CO2eq/ton concrete), however it is the second most used commodity by
mass after water (Ashraf, 2016, Skocek et al., 2020) and global urbanization and economic development continue to increase the demand for new concrete (Skocek et al., 2020). Concrete is a
highly versatile and durable building material that can withstand fire, inclement weather, and
flooding, and when used efficiently can be part of creating safe, sustainable cities for future generations (GCCA, 2020). However, in 2016, global emissions from the cement industry reached
1.45+/- 0.20 Gt of CO2 (Youn et al., 2019), making these industries critical targets for sustainable
practices. Concrete and cement-based materials have the potential to be one of the largest global
CO2 sequestration sectors (Ashraf, 2016). The challenge is reducing emissions while maintaining
costs, international competitiveness and satisfying increasing global demand (Bui et al., 2018).
The concrete and cement industry has been striving to reduce emissions for the past 20 years
and has succeeding in reducing CO2 emissions by 19.2% since 1990. (GCCA, 2020). In 2001 the
Cement Sustainability Initiative was established by leaders of the cement industry in association
with the World Business Council for Sustainable Development (WBCSD) to improved monitoring and reporting protocols (GCCA, 2020). The Global Cement and Concrete Association
(GCCA), which was formed in 2018, promotes measuring and reporting of emissions and provides support and guidance to members to help implement environmental best practices while
promoting research and innovation (GCCA, 2020). The GCCA has developed a climate ambition
statement that notes “[their] member companies’ commitment to drive down the CO2 footprint of
their operations and products and aspire[s] to deliver society with carbon neutral concrete by
2050. [They] will work across the built environment value chain to deliver this aspiration in a
circular economy, whole life context” (GCCA, 2020).
A more detailed roadmap will be published by the GCCA to address the need for transformation across the construction value chain and will “set a long-term vision for the industry and
[their] value chain partners and include a clear plan for linking the technologies, strategies, policies and levers required to achieve this vision. It will also set out the actions [needed to be taken]
now, and in the future, with measurable milestones, to reach the desired destination” (GCCA,
2020). They further acknowledge that for meaningful results a strong partnership must be fostered
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between all stakeholders including governments, policy makers, investors, researchers, innovators, customers, end users and financial institutions (GCCA, 2020).
Within their current ambition statement the GCAA suggests that carbon neutrality can be
achieved by “eliminating direct energy related emissions and maximizing the co-processing of
waste from other industries” and reducing indirect energy emissions though renewable energy
sources where possible. They suggest reducing clinker content in cement, promoting more efficient use of cement buildings as well as the reprocessing of demolition concrete to create recycled
aggregates (GCCA, 2020). Improving the CO2 uptake of concrete through recarbonation as well
as carbon capture and utilization will also play a critical role (GCCA, 2020). Even before the
formation of the Global Concrete and Cement Association, efforts had been made to reduce carbon emissions. Emphasis by industry leaders has been placed on fuel substitution, improving the
efficiency of clinker production, and reducing the percentage of clinker found in the cement product, however, though both approaches have now reached their maximum potential (Bjerge and
Brevik, 2014, Hills et al., 2016, Skocek et al., 2020). Further production efficiency would be
insignificant as energy consumption is approaching the lowest theoretical values (Bjerge and
Brevik, 2014, Skocek et al., 2020). Nearly all suitable cementitious clinker replacement materials
are already in use and replacement is limited by performance and compositional constraints
(Skocek et al., 2020). This suggests that many of the GCCAs’ proposals will have little effect on
achieving carbon neutrality and that more emphasis should be place on carbon capture, storage
and utilization, which are the most promising approaches that could result in substantial
CO2 emission reductions (Bjerke and Brevik, 2014, Skocek et al., 2020). The cost of capture is
lowest when CO2 capture is integrated into normal operations, to create a high-quality stream of
pure CO2 that can be used in other chemical processes (Rubin et al., 2012)

1.4 Carbon Capture Storage and Utilization
One category of promising technology is carbon capture storage and utilization, which is defined by the IPCC as “the capture of carbon from point sources combined with its geological
storage” (Skocek et al., 2020). If applied at a large enough scale it has the potential to decouple
fossil fuel use from atmospheric CO2 emissions (Geerlings and Zevenhoven, 2013) and holds
further appeal because it can be integrated into energy systems without extensive changes to the
system (Bui et al., 2018). Figure 6 taken from Hannula and Reiner, (2017) presents an alternative
to the traditional “reduce, reuse, recycle” hierarchy to highlight the different relationships between conventional handling of CO2 to CCUS. Energy conservation, and conversion, improved
energy efficiency and low carbon technologies are considered traditional mitigation techniques,
and without CCUS they are the only options beyond venting directly to the atmosphere (Hannula
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and Reiner, 2017). CCUS provides other possibilities that include capture and utilization as well
as storage and reuse of CO2 (Hannula and Reiner, 2107).

Figure 6 CCUS hierarchy described by Hannula and Reiner, 2017. The green boxes represent the traditional mitigation approaches. The orange boxes are the possibilities created by CCUS and the red box is
venting directly into the atmosphere.

Carbon capture technologies are at varying scales of technical readiness ranging from lab
tests to pilot scale implementation and demonstration level, but few are commercially ready (Bui
et al., 2018). Most of the capture technologies are still being developed on a laboratory scale or
at a pilot stage, while utilization is only at the pilot stage (Bui et al., 2018). Based on the 2019
Global status report published by the Global CCS Institute there are fifty-one large scale CCSfacilities worldwide. Nineteen are operational, four under construction, ten in advanced development and eighteen in early development (Global CCS Institute, 2019).

1.4.1

Carbon Capture Technologies

Before the issue of storing or using carbon can be addressed it must be removed from a source,
typically flue gas or other industrial emissions. Carbon dioxide capture can be classified based on
the time of removal.
Pre-combustion occurs when carbon is removed before the fuel is burned (Rubin et al., 2012).
Typically primary fuel is placed in a reactor with air and steam to produce a synthetic gas which
is composed of carbon monoxide and hydrogen (Songolzadeh et al., 2014). This is reacted with
steam to increase the concentration of CO2 and hydrogen, which are then separated (IPCC, 2005),
as shown in Figure 7.
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Figure 7 Simplified diagram of Pre-combustion CO2 capture, modified from Vaseghi et al., (2012).

Post-combustion capture is more common and describes the removal of carbon dioxide after
the fuel is burned (Rubin et al., 2012) as shown in Figure 8.

Figure 8 Simplified diagram of Post-combustion CO2 capture. Modified from Songolzadeh et al.,
2014.

There are numerous approaches in the post-combustion phase. Technologies include chemical absorption, physiochemical adsorption, membrane separation, cryogenics, chemical looping
combustion, terrestrial sequestration. Gas liquid contact approaches include packed tower, spray
column, bubble column and a novel approach involving high gravity- based technology was proposed by Zhao et., (2016). Only the most common approaches will be highlighted here.

Solvent Scrubbing
The most mature and commonly adopted method is solvent or amine scrubbing as shown in
Figure 9. Industrial organic amines, such as monoethanolamine (MEA) are diluted with water to
spontaneously fix the CO2 from flue gases (Rubin et al., 2012, Marocco Stuardi, 2019). The capture occurs in an absorber vessel which can capture up to 90% of the CO2 (Rubin et al., 2012).
Conventionally, the new solvent is pumped to a second vessel to release the CO2 using steam.
The gas can then be compressed for transport and storage whereas the solvent can be recycled
back to the absorber (Rubin et al., 2012). It is a convenient approach because plants can be retrofitted and MEA can be used for low CO2 partial pressures. Furthermore, increasing the concentration of MEA from 30wt% to 40wt% has been shown to decrease the thermal energy required
by 5-7% (Luis et al., 2011). Despite its large-scale adoption, amine scrubbing is nearing its maximal thermal efficiency which is around 50%, and its substantial infrastructure costs and energy
requirements make it a less than ideal solution (Murnandari et al., 2017, Marocco Stuardi, 2019).
The degradation of the solvent and its corrosive nature are further limitations (Pillai et al., 2019)
as well as the high toxicity and solvent emissions (Luis et al., 2011).

-18-

Figure 9 Simplified schematic diagram of chemical absorption for CO 2 capture (IPCC, 2005).

Calcium Looping
During calcium looping (Ca-looping) CO2 reacts with a calcium oxide sorbent in a pair of
circulating fluidized beds (Hills et al., 2016, Bui et al., 2018,). Figure 10 shows a simplified schematic of the reactor or carbonator and the calciner where the reactions take place. It is advantageous that the heat can be recovered from the reactors which operate and high temperatures, but
a disadvantage of this technology is the short lifetime of the sorbent (Pillai et al., 2019).

Figure 10 Simplified diagram of Ca looping technology for carbon capture (Ozcan, 2014)

Direct Capture
During direct capture, a stream of carbon dioxide is produced from the indirect radiative heating of limestone with raw meal feed (Bui et al., 2018). Once these large quantities of air are placed
in contact with the sorbent there are two paths that can be taken. If the CO2 dissolves into the
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sorbent material, absorption occurs, whereas if the CO2 molecules bind to the surface of the
sorbent, adsorption occurs (Gambhir and Tavoni, 2019). Treated CO2 can then be utilized or
stored. There are several companies including Carbon Engineering in Canada, ClimeWorks in
Switzerland, and Global Thermostat in the US that all have unique designs. One example by Carbon Engineering is show in Figure 11 whereby CO2 is capture, purified, and compressed. This
technology is promising due to its low ecological impact (ecosystem health, land, and water use)
compared to other technologies, however the amount of carbon that can be capture and the massive cost are currently prohibitive (Gambhir and Tavoni, 2019).

Figure 11 Simplified diagram of the direct air capture technology employed by Concept Engineering.
(Appel, 2015)

Oxyfuel
Oxyfuel technology uses pure oxygen (separated from air) for the combustion of a primary
fuel to create a fuel gas comprised primarily of CO2 and water vapour. The gas stream is cooled
and compressed to remove the water vapour (IPCC, 2005). A separate carbon capture device is
not required with this approach (Rubin et al., 2012). A simplified representation of oxyfuel combustion can be seen in Figure 12. The main limitation of this type of capture is the large energy
requirement of the air separation unit (Pillai et al., 2019).

Figure 12 A simplified diagram of oxyfuel combustion. No additional capture unit is required, and
the end products are carbon dioxide and water vapour (CO 2CRC, 2020)
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Membranes
Membrane technology has been a successful alternative in many applications including reverse osmosis instead of distillation, natural gas purification rather than amine absorption, biogas
purification, and heavy metal removal from water (Kárászová et al., 2020). Membrane technologies have been progressing substantially over the past decade as a promising alternative for CO2
capture (Kárászová et al., 2020). Membranes provide a separation method with high selectivity
and driving force even in conditions with low partial CO2 pressures (Luis et al., 2011). They are
highly stable and involve a relatively environmentally safe process (Bazhenov and Lyubimona,
2016). Modular design is also advantageous for scale up and process intensification and costs are
lower than other technologies (Luis et al., 2011, Kárászová et al., 2020). Membrane contactors
provide a unique compact solution, whereby the membrane acts as the contact for absorption and
desorption processes. This utilizes the efficiency of membranes in conjunction with the high selectivity and capture capabilities of CO2 absorption (Bazhenov and Lyubimona, 2016). Figure
13a provides an example of a commercial Liqui-Cel membrane contactor and Figure 13b is a
close up of a porous hydrophobic membrane. In this diagram the pressure difference between the
liquid and gas phases as well as the membrane hydrophobicity prevents mixing and reactions
would occur at the surface of the phase interphase Bazhenov and Lyubimova, 2016. A detailed
discussion of membrane technology will be discussed in Chapter 2.

b)

a)

Figure 13 a) Commercial 3MTM Liqui-Cel membrane contactor b) a close-up diagram of the phase
interface of a hydrophobic porous membrane. Modified from Bazhenov and Lyubimova, 2016.

1.4.2

Carbon Capture and Storage (CCS)

Once carbon is captured, something needs to be done with it. Storage is one method of handling captured carbon. CO2 captured using a liquid absorbent is then compressed to a supercritical
state in a desorption step. It is then transported like a liquid, typically through a pipeline to a
permanent storage site where high temperatures are used to inject the gas into the deep ocean or
in geological formation deep in the earth (Rubin et al., 2012, Kang et al., 2017, Kim et al., 2020).
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Some examples of sources and end storage locations are presented in Figure 14. It has been suggested that CCS has the potential to capture 32Gt of CO2 annually, however it is still 100x slower
than necessary to achieve the 6DS scenario by 2050 (Marocco Stuardi et al., 2019) and while the
high sequestration potential is appealing it can arguably be considered an end of pipe solution,
dealing with the pollutant just before it enters the atmosphere (Wang et al., 2020). There are several other significant limitations, including a lack of economic incentive (Marocco Stuardi et al.,
2019). The capital costs of CCS are high and there are costs associated with preventing leakage,
large amounts of energy and electricity are needed at all process steps and additional CO2 is still
emitted (Wang, 2020, Skocek et al., 2020). There is also uncertainty about potential storage capacity and the long-term stability of the storage sites (Skocek et al., 2020). There is growing
public concern, particularly those living nearby (Marocco Stuardi et al., 2019, Skocek et al., 2020)
because leakages may cause groundwater acidification, soil damage, toxic mineral dissolution
and surface arching and earthquakes in seismically active areas are a serious concern (Kang et al.,
2017, Kim et al., 2020, Wang et al., 2020). The peripheral oceanic ecosystem can also be affected
in deep water storage sites as aqueous CO2 dissolution lowers the local pH (Kang et al., 2017).

Figure 14 Representation of different industrial CO2 sources and their potential storage locations (geological, deep sea) once carbon has been captured, treated, and transported (IPCC, 2005)

1.4.3

Carbon Capture and Utilization (CCU)

An alternative to managing captured carbon that does not required long term storage, is utilization. CCU not only reduces emissions but utilizes the captured carbon either directly or indirectly by converting CO2 into other chemicals, fuels, or raw material for industrial processes (Kim
et al., 2020, Wang et al., 2020). Figure 15 provides a sampling of different pathways that include
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biomass, fuels, and chemicals. Due to its stability, reactions with CO2 are energy intensive and
prohibitively costly (Kim et al., 2020). Currently CO2 is only converted into organic compounds
such as formic acid or polymers at the lab scale. Inorganic CO2 conversion is more feasible and
most often involves conversion into metal carbonates to be used as the raw material in various
industries. Large quantities of carbon dioxide can be processes quickly and the end-product provides a permanent storage solution. With the appropriate absorbents (e.g. MEA) conversion can
occur at ambient temperatures and pressures which is economically preferable (Kim et al., 2020).
The successful adoption of CCU can already be seen in the food and beverage industry, water
treatment, enhanced oil recovery and chemical production (Wang et al., 2020). Unlike storage,
there is economic incentive and potential profitability (Di Maria et al., 2020). CO2 is non-toxic
and abundant and can be used to secure future chemical and fuel supplies (Marocco Stuardi et al.,
2019). However, currently the market demand for these value-added products is insignificant
compared to the amount of CO2 emitted (Di Maria et al., 2020) and the current scale of deployment suggests CCU only has the potential to mitigate 1% of GHG (Marocco Stuardi et al., 2019).

Figure 15 Chart of different carbon utilization pathways and applications including biomass, fuels,
and organic chemicals, working fluids and inorganic materials such as carbonates (NETL,2020).

Mineralization
Mineral sequestration is a specific form of utilization that involves the chemical conversion
of CO2 into an environmentally stable product (Galina et al., 2019). During mineralization, an
exothermic reaction occurs between captured CO2 and minerals or industrial waste containing
cations such as Ca2+ and Mg2+ to produce metal carbonates (Geerlings and Zevenhoven, 2013,
Kim et al., 2020, Wang et al., 2020). Using industrial waste is particularly advantageous because
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it sequesters carbon directly from the emission source (Galina et al., 2019). The conversion to
carbonates further reduces land fill costs and natural resource use and the end-product can have
valuable uses (Geerlings and Zevenhoven, 2013). Furthermore the conversion process is a thermodynamically downhill pathway, and the long-term storage is environmentally benign (Liu and
Gadikota, 2019).
Several Life Cycle Impact Assessments (LCAs) have been conducted with storage as the final
step, and while many of the findings conclude that CO2 emissions can be reduced, the levelized
cost of electricity increases, or there is an increase in other environmental impacts (Ostavari et
al., 2020). In their comparative lifecycle assessment Ostavari et al., (2020) investigated the carbon
footprint of five direct and two indirect mineralization technologies, whose end products were
used to replace some of the cement in a blended cement. The system boundaries began with the
feedstock supply stage and included all life cycle stages until the stage, where the products were
substituted. A functional unit of 1 Gt CO2 was used (Ostavari et al., 2020). They determined that
as long as the use stage was considered, all methods reduced the carbon footprint. The largest
reduction in emissions was a result of the conversion and permanent storage of CO2 and the product substitution element (Ostavari et al., 2020). The other life cycle stages of mineralization increased the carbon footprint largely due to phases that include carbonation, or reagent recovery
which are energy intensive. The positive impact of the product substitution is highly sensitive
making the end-product and its final use is a significant factor for CCUM (Ostavari et al., 2020).

Categories of Mineralization Technologies
There are several approaches for mineralization than can be categorically broken down based
on where the reactions take place (in-situ or ex-situ) and whether they are direct or indirect as
well as the number of steps involved, this is shown in Figure 16.

Mineralization

Ex-situ

Direct

In Situ

Indirect

Single step

Multistep

Figure 16 Flowchart of different mineralization pathways based upon where the reactions will take
place, whether it is direct or indirect and the number of steps required (Adapted from Galina et al., 2019).

Direct mineralization is a single stage process whereby CO2 is reacted directly with the mineral source. It can be a dry-gas-solid reaction if gaseous CO2 is reacted with a solid cation source,
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or aqueous if the cations are dissolved in solution before the reaction takes place (Romanov et al.,
2015). If mineralization is done in situ, such that CO2 is injected into the pores of specific geological formations transportation and pre-treatment are not required (Galina et al., 2019). If done
ex-situ, additional processes including mining, extraction and pre-treatment of the rocks are necessary unless industrial waste can be used a raw material (Galina et al., 2019). While direct mineralization is simple and requires minimal chemical consumption it is very slow and inefficient
(Wang et al., 2020) because reactions are limited to the small surface area between the rock source
and the dissolved CO2 (Murnandari et al., 2017).
Indirect mineralization separates the process into two or more kinetically faster steps (Romanov et al., 2015). Cations such Mg, Ca, Fe are removed from the raw material then reacted with
the captured CO2 to form carbonate minerals (Galina et al., 2019). Since the dissolution and precipitation are distinct steps raw waste material can be the source of reactive ions (Murnandari et
al., 2017). The precipitation stage can occur with CO2 in a gas or liquid phase (Wang et al., 2020).
In the first stage cations are extracted using various acceleration techniques. Acid ion extraction improves the rate and extent of separation by using acids (Romanov et al., 2015). The pH
swing technique involves distinct additive steps that maximum the conditions required during
each phase of the process. First an acid is added since low pH is preferred for the leaching of
cations. A base is then added because high pH is optimal for the precipitation of carbonate minerals (Romanov et al., 2015, Liu and Gadikota, 2020). Other feed activations can be thermal,
chemical, mechanical or a combination. Each step requires multiple unit operations to be accelerated (Liu and Gadikota, 2020) and while they speed up reactions, they are typically energetically
costly (Romanov et al., 2015)
Another approach is to change the type of reactor. In flow reactors, materials are injected in
micro channels and direct mineralization can occur under ambient temperatures and pressures
(Romanov et al., 2015). Fluidized bed reactors can also be used to improve reaction kinetics at
lower pressures and temperatures in a cost-effective way (Romanov et al., 2015). In this type of
reactor the gas stream that interacts with the cations is fed from below which enables the mixture
to behave as a fluid (Roghair et al., 2014). Packed columns have received attention due to the
high rate of mass transfer. The absorption liquid is dispersed into a large contact area with the gas
(Cui and deMontigny, 2013). However, they are subject to operating problems like flooding,
channeling, foaming and entrainment and can be energy intensive (Cui and deMontigny, 2013).
Currently scientists are investigating single step carbon capture and mineralization. In single
step CCM a solvent captures the CO2 which is then reacted with an alkaline sorbent to produce
the carbonate mineral. Chemical recycling of the solvent happens in situ in a one step. It is further
advantageous because a single temperature can be used, and both reactions can be accelerated
with improves efficiency and ultimately costs. (Liu and Gadikota, 2020).
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Mineralization Reactions
For the precipitation of CaCO3 to occur a saturated solution of Ca2+ and CO32- ions is required,
as shown in Equation 1.
2Ca2+
(aq) +CO3(aq) ↔ CaCO3(s)

Equation 1

Calcium chloride (CaCl2) is the source of Ca2+ ions and the CO32- ions are acquired once CO2
is dissolve in water. The following reactions take place (Equation 2-5).
CO2(g) ↔ CO2(l)

Equation 2

CO2(l) +H2 O ↔ H2 CO3

Equation 3

H2 CO3 +OH- ↔ HCO-3 +H2 O

Equation 4

HCO-3 +OH- ↔ CO23 +H2 O

Equation 5

The overall mineralization reaction as shown in Equation 6 can take place at room temperature in basic conditions because of the addition of ammonia.
CaCl2 +CO2 +2NH4 OH ↔ CaCO3 +2NH4 Cl+H2 Ο

Equation 6

Minerology
Regardless of the mineralization approach, carbonates are produced because Mg, Fe and Ca
are the most common metals that can be found both in the environment and in industrial waste
and once reacted with CO2 the end products have commercial value (Galina et al., 2019, Wang et
al., 2020). There are several categories of characteristics that are relevant to carbonates produced
via mineralization. The group of characteristics of greatest significance for CCM concerns the
appearance or morphology and includes the crystal form and habit. The crystal habit describes
the outward geometric appearance of a mineral and includes terms such as globular, granular, and
massive (Klein and Dutrow, 2008). The crystal form can be a clue to the internal atomic arrangement and describes clear geometric shapes like prismatic, cubic, rhombohedral, whereas the habit
(Klein and Dutrow, 2008). The properties of greatest interest are the internal atomic structure and
the form, habit, and size of individual crystals. The rest of the categories including mechanical
characteristics, mass and density and interactions with light are of less significance for CCM.
There are several process parameters that affect the characteristic features of the mineral
product such as the surfactant, additives, CO2 flow rate during carbonation, pH level, temperature,
initial concentration of CO2, supersaturation intensity of mixing and the way the reaction is conducted (Konopacka-Lyskawa et al., 2017, Murnandari et al., 2017,). The water content also plays
a role in the mineral that is formed (Kang et al., 2017).
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Calcium carbonate is one of the desired precipitates for cement related mineralization reactions and has three crystal morphs: calcite, vaterite and aragonite (Murnandari et al., 2017). A
crystal morph or polymorph describes the atomic arrangement (Kawano et al., 2009) whereby the
components are the same but relationship between protons, and atoms is different.
Calcite is the most stable and requires a high-water content and ambient temperatures to form
(Kang et al., 2017, Murnandari et al., 2017). The crystal structure is typically rhombohedral although four other structures have been observed including rhomboscalenohedral, scalenohedral,
scalenorhombohedral and agglomerations. Figure 17 presents five of the most common calcite
forms (Murnandari et al., 2017). A rhombohedron (Figure 17a) is a closed form with six faces.
The faces are in three alternative pairs that are offset by 60⁰ (Klein and Dutrow, 2008). Scalenohedrons (Figure 17b) can have eight faces (tetragonal scalenohedron) or twelve faces (hexagonal
scalenohedron) grouped in symmetrical pairs and related along a center of symmetry. If perfectly
formed, each face is a scalene triangle (Klein and Dutrow, 2008).

Figure 17 Calcite structural shapes (Murnandari et al., 2017).

Vaterite is the second polymorph and typically exhibits a spherical crystal structure (Figure
17e) and forms at lower temperatures and low water content (Kang et al., 2017).
The third polymorph is aragonite. It has an orthorhombic crystal habit and forms in high
temperature, high pressure, and low water content conditions but is the least stable form (Kang et
al., 2017). Figure 18 provides scanning electron microscope images of calcite, aragonite and vaterite
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Figure 18 SEM images of pure calcium carbonate and the polymorphs calcite, aragonite and vaterite.
Modified from Myszka et al., 2019

In the context of mineralization and utilization for cement and concrete, there are several
critical factors. Research involving the addition of precipitated nanoparticles to make cementitious composites has been conducted using different oxides (Fe2O3, TiO2, Al2O3) however calcium carbonate (CaCO3) is the most common because it provides positive physical and chemical
effects (Cosentino et al., 2020). The size of the crystals is a particularly critical factor. The mechanical properties of the cement are improved with smaller particles, particularly at the nanoscale
(Cosentino et al., 2020). Nanoparticles provide a high surface area to volume ration and wide
contact area between the crystals and the surrounding matrix create a denser microstructure (Cosentino et al., 2020). This translates to composite material with reduced permeability and increased durability rendering its performance superior to conventional cement material (Cosentino
et al., 2020). Agglomeration and aggregation significantly reduce these positive effects, and is the
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main disadvantage of calcium carbonate, as it is commonly observed (Cosentino et al., 2020).
Fortunately, research is being conducted to isolate the factors that effect crystal and growth of
CaCO3. Liendo et al., (2021) studied the influence of experimental parameters on particle size
and morphology in two different reactors. They found that the polymorph of calcium carbonate
was not affected by initial calcium ion concentrations or the gas flow rate. Particle size was affected by the synthesis time; and increased with longer reaction times. They also determined that
high supersaturation of CaCO3 led to small particles with uniform concentration and that this was
a result of macro and micromixing. Finally, Liendo et al., (2021) found that the performance of
the packed bed reactor was better than the continuously stirred bubble reactor because of the
ability to control the process parameters mentioned above and thus control the properties of the
crystals. Not only does this study highlight the significant parameters that affect crystal growth
but the importance of selecting an appropriate technology that allows the control of those parameters.
While mineralization can reduce waste treatment (Wang et al., 2020) and potentially store up
to 104-106 gigatons of CO2 annually (Liu and Gadikota, 2020), there are several challenges associated with current methodologies that limit their potential large scale industrial deployment
(Skocek et al., 2020). Reactions must be accelerated due to slow kinetics, resulting from the low
solubility of CO2 in water, and the mass transfer limitations of cation dissolution and carbonate
precipitation (Marocco Stuardi et al., 2019, Liu and Gadikota, 2020). Mechanical, thermal and/or
chemical treatment along with high pressure are often needed for reactions to occur on an accelerated time scale (Skocek et al., 2020). Currently the lack of pilot projects and commercial use
make accurate cost assessment challenging and promotes the idea that costs are prohibitive for
large scale adoption (Galina et al., 2019). Membrane based capture and mineralization has the
potential to overcome many of these challenges and will be examined in the following chapters.
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2 Membranes
Membranes have been used for decades in numerous applications spanning diverse industries
from wastewater treatment, metal ion extraction and osmotic distillation to protein extraction,
fermentation and enzymatic transformation and pharmaceutical applications. Membranes also
play a critical role in gas absorption and stripping as well as other liquid/liquid and dense gas
extraction in industrial settings (Gabelman and Hwang, 1999). In the past several years their potential for carbon capture and mineralization has been gaining attention. A membrane is “an assembly of small particles laid down in a bed or sintered formation with pores forming from the
interstices between solid particles” (Eykamp, 2003). For membrane-based capture, its function is
to selectively allow carbon dioxide to permeate through the membrane material (Rubin et al.,
2012). During mineralization, the reaction between CO2 and the liquid solution occurs at the
openings of the pores. Effectiveness of a membrane can be determined by the rate at which they
produce permeate and how well they select what can pass and what is retained (Eykamp, 2003).

2.1 Gas diffusion
The way gas travels through the membrane pores can be affected by the size and chemical
affinity of the pores (Cussler, 2007). Figure 19 shows the effect of decreasing pore size. Viscous
flow or convective flow occurs when there is a pressure drop that drives the movement of the
molecules. If there is a concentration gradient rather than a pressure drop bulk diffusion occurs,
whereby molecules move from areas of high concentration to low concentration. Knudsen diffusion occurs if gas molecules collide with the pore walls more than other gas molecules. As pore
size continues to decrease surface diffusion is possible and if the gas molecules absorb on the
pore walls before diffusion and they condense within the pores to move as a liquid capillary condensation is said to occur. In the case of molecular sieving, when pores are on a molecular scale,
a solute may dissolve in the solvent held in pores that are filled with liquid and diffuse through a
diffusion solubility mechanism. (Cussler, 2007). The selectivity is typically larger for smaller
pores.
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Figure 19 Different types of flow through the membrane depending on pore size. Selectivity increases with decreased pore size. (Modified from Cussler, 2007).

2.2 Membrane Material
Membranes can be categorized based upon the materials from which they are derived and
include microporous media, solid films, solution, or composite structures (Eykamp, 2003). The
microporous material category can further be broken down into the specific material such as ceramics, sintered metal or polymers and wound wire (Eykamp, 2003). Selecting the appropriate
membrane is critical for its efficient operation. Typically high hydrophobicity and high gas permeability are the most desirable characteristics, but chemical and physical stability are also important to minimize degradation over time (Nogalska et al., 2017).

2.2.1

Polymeric Membranes

Porous polymeric membranes are the most common type of membrane due their low manufacturing cost, availability (Abdullayev et al., 2019) and their inherent hydrophobicity (Khalilpour
et al., 2015, Nogalska et al., 2017). Companies such as 3MTM, Pentair etc. are currently manufacturing them at a commercial scale (Bazhenov and Lyubimova, 2016, Abdullayev et al., 2019).
Membranes can be made from a variety of polymers such as polytetrafluoroethylene (PTFE),
polypropylene (PP), nylon and polyvinylidene fluoride (PVDF) (Nogalska et al., 2017). When
employed in a membrane contactor hundred to thousands of fibres can be used which provides a
very large surface area to volume ration. The main disadvantage is they are easily wetted, and
fouling decreases the stability and ultimately increases the cots over the products lifespan (Bazhenov and Lyubimova, 2016, Abdullayev et al., 2019). Treatments and modifications such as
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longitudinal stretching or nitric acid impregnation have been shown to increase the CO2 absorption rate and carefully selecting the liquid absorbent can decrease the amount of wetting (Bazhenov and Lyubimova, 2016). Figure 20 demonstrates a common cylinder-shaped membrane
module and the bundle of hollow fibres that are inside.

Figure 20 Schematic of polymeric hollow fiber bundle and the module that holds them. Modified
from Huang et al., 2021.

2.2.2

Ceramic Membranes

Ceramic membranes are chemically resistant, mechanically strong and can withstand high
temperature, they do not swell and are easy to clean, and furthermore the hollow fibre structure
provides a high surface area to volume ratio (Oliveira et al., 2019, Abdullayev et al., 2019). Their
superior chemical and thermal stability make them preferable over polymeric membranes however they are hydrophilic (Nogalska et al., 2017). To overcome this limitation, ceramic membranes can be treated to modify hydrophobicity This is typically done with silanes, which are
silicon compounds that can be reacted with both inorganic and organic substrates to alter the
substrate (Arkles, 2011, Gao, et al., 2016). Despite these advantages, the raw materials and subsequent manufacturing are expensive, making the scale up to industrial application limited
(Oliveira et al., 2019, Abdullayev et al., 2019), Tan et al., 2020b). The most common materials
for porous ceramic membranes are metal oxides such as alumina, zeolites, and silicates (Nogalska
et al.,2017, Míguez et al., 2018). Titania (TiO2) is non-toxic and less expensive than some of the
other metal oxides (Li et al., 2020) whereas Alumina (Al2O3) is mechanically strong and can
withstand high pressures and flow rates (Wang, 2015). Zirconia is advantageous in liquid phase
application and its higher chemical stability enables it to withstand harsher conditions than both
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alumina and titania, though much costlier (Gao et al., 2016). Figure 21show a selection of different ceramic membrane configurations.

Figure 21 Image of different configurations of ceramic hollow fibre membranes developed by Fraunhofer IKTS (Gocha, 2017).

2.3 Hollow Fibre Membrane Contactors
A hollow fibre membrane contactor enables mass transfer between gas/liquid or liquid/gas
without dispersing one phase within another (Gabelman and Hwang, 1999). Fluids are passed on
opposite sides of the membrane, which act as a barrier between phases (Gabelman and Hwang,
1999, Cui and deMontigny, 2014, Bazhenov and Lyubimova, 2016). The membrane is typically
comprised of hydrophobic hollow fibres with high selectivity which creates a combination of
chemical absorption with membrane separation (Cui and deMontigny, 2014). This means that a
concentration gradient drives gas separation instead of the conventional pressure, and it is the
liquid solution (absorption liquid) that provides the selectivity, rather than the membrane itself
(Gabelman and Hwang, 1999, Cui and deMontigny, 2014). The pressure difference between the
phases is controlled to immobilize one of the fluids at the pores of the membrane so that the
gas/liquid interface remains at the mouth of each pore but unlike most equipment the pressure
drop required to maintain immobilization is minimal (Gabelman and Hwang, 1999, Jia et al.,
2009).
Membrane contactors are considered a promising technology with higher scale up feasibility
because of their increased efficiency, lower energy demand, lower capital and maintenance cost
and compactness (Reed et al., 2003, Koutsonikolas et al., 2016). The surface area to volume ratio
is high per unit of volume allowing high mass transfer rates and complete loading with no flooding
and solvent entrainment (Reed et al., 2003Cui and deMontigny, 2014). Furthermore since the
phases are separated the available surface area does not change regardless of the flow rates, which
themselves can be controlled separately (Gabelman and Hwang, 1999). The efficiency is much
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higher than other technologies such as dispersive contactors (Gabelman and Hwang, 1999) and
required “less electricity to achieve the same absorption efficiency” (Cui and deMontigny, 2014).
A membrane contactor can be up to 60% smaller than a packed column and its modularity and
linearity makes scale up more straightforward as capacity can be predicted and increased by adding membrane modules (Gabelman and Hwang, 1999, Cui and deMontigny, 2014) Other advantages include the prevention of emulsion since phases do not mix, and the increased performance predictability since the interfacial area is known and constant as well as the lack of moving
equipment as seen in mechanical agitated units (Gabelman and Hwang, 1999).
There are two main disadvantages of membrane contactors. The first is the presence of the
membrane itself because it adds resistance to the mass transfer, although it can be overcome by
the sufficiently high mass transfer rate (Gabelman and Hwang, 1999, Cui and deMontigny, 2014).
The more significant problem and limiting factor for large scale industrial implementation is fouling or membrane wetting. This occurs when the membrane becomes chemically or physically
altered by the process fluid (Reed et al., 2003). Typically pores become partially or fully filled
with the liquid solution which reduces performance substantially and cannot be reversed while
the process is running (Reed et al., 2003, Cui and deMontigny, 2014).
There are several critical design elements that affect the performance of a membrane contactor including the fibre material, the spacing of the fibres, how densely they are packed as well as
the relative flow direction of the phases on the shell and lumen sides (Cui and deMontigny, 2014).
Gas can be fed in the shell side (outside) of the membrane and liquid flows through the lumen
side (inside), as shown in Figure 22 or the other way around which will also affect the membrane
performance.

Figure 22 Diagram of possible flow direction, with the liquid fed in the shell side and the gas phase
fed in the lumen side.

2.3.1

Flow configuration

There are two types of flow configuration as shown in Figure 23. In parallel flow modules,
the gas, and the liquid flow parallel to one another on their respective sides of the membrane. This
structure allows for mass transfer rates to be easily predicted and they are easier to manufacture
(Cui and deMontigny, 2014). In contrast, in cross flow modules the liquid flows through the lu-
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men side and the gas stream flows perpendicular to the fibres on the shell side. This type of module is more efficient than parallel flow because turbulence is increased and fluid channelling is
reduced (Cui and deMontigny, 2014), however it is more costly and most suitable when “permeation resistance is determined by the fluid boundary layers and not by the membrane” (Futselaar
et al., 1993).

Figure 23 Diagram of a commercial parallel flow contactor and a cross flow contactor (modified from
Reed et al., 2003).

2.3.2

Flow types

Regardless of the module type, flow can be either co-current, crossflow or counter current.
Figure 24 presents a simplified diagram of each type of flow. In co-current, the gas and liquid
flow in the same direction. In crossflow, the gas is fed perpendicular to the liquid and in counter
current the gas and the solvent flow in the opposite direction. In the parallel flow modules, counter current is more efficient and gives the most complete reactions (Sengupta and Sirkar, 2003).
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Figure 24 Diagram of the three types of flow (i) co-current (ii) crossflow (iii) countercurrent

2.3.3

Aqueous Solution

Hollow fiber membrane contactors employed for carbon capture and mineralization require
a solvent to selectively capture the CO2. Since the membranes do not provide the selectivity it is
the solvent that drives the selectivity of the system (Khalilpour et al., 2015). The other critical
element is the cation source for mineralization reactions to occur.

Solvent Selection
Selecting an appropriate absorbing liquid is crucial and must be considered at the same time
as the membrane material is being selected. The solvent should have high surface tension, a strong
affinity to CO2 and high compatibility with the rest of the unit material (Nogalska et al., 2017).
Amine based solutions are commonly used. An amine is an organic compound derived from ammonia that is prepared either by replacing oxygen molecules with hydrogen atoms or by reacting
ammonia with other organic compounds (Block and Smith, 2018). The benchmark amine is 30%
weight monoethanolamine (MEA) because it is highly effective at absorbing CO2, however its
limitations include a high energy requirement, corrosivity and degradation potential (Porcheron
et al., 2011, Nogalska et al., 2017). Other common amines that suffer the same limitations include
diethanolamine (DEA). 2-amino-2-methyl-1-propanol (AMP) and N-methyl diethanolamine (Ullah et al., 2019). Figure 25 shows the structure of the most common amines. Of these amines,
MEA has the highest absorption capability followed by AMP, DEA and MDEA but the cost is
lowest for MEA and DEA (Ullah et al., 2019). An alternative approach that minimizes these limitations is ammonia. Aqueous ammonia (NH3) has a high absorption rate, a low degradation rate
and lower operating temperatures than amines like MEA (Ma et al., 2013, Ullah et al., 2019). It
is also advantageous because useful products such as ammonia sulfate and ammonia nitrate can
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be produced depending on the pollutants being captured and its cost is relatively low (Ma et al.,
2013). Its increased efficiency also means that a smaller amount can be used, recycling is more
feasible, and the corrosion level is less than amines like MEA, making it easier for scaled up
operation (Ma et al., 2013). Despite these advantages’ ammonia escape poses a risk and solvent
regeneration is very energetically expensive (Ullah et al., 2019). Ammonia escape can occur when
physical desorption of the diffused ammonia occurs and vaporizes due to a gas phase pressure
balance, resulting from an increasing rate as temperatures rise (Ma et al., 2013). This phenomenon
arises because ammonia is highly volatile, with a low boiling point, small density but a high
evaporation rate (Ma et al., 2013). This is a limitation because escaped ammonia decreases the
amount available for the reactions and as such decreases the efficiency and its toxic nature makes
it harmful to human health (Ma et al., 2013). In the context of simultaneous capture and mineralization it is less of a concern because of the low concentration of ammonia in the capture solvent.

Figure 25 Chemical structure of usual amines employed in CO2 capture (adapted from Nogalska et
al., 2017).
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3 Recent applications in CO2
mineralization – A review
Jia et al., (2009) were the first to produce inorganic nanoparticles in semi-batch with a nondispersive gas-liquid membrane contactor. A module comprised of polypropylene hollow fibers
was employed as a membrane contactor. Pure CO2 was fed into the shell side of the module and
the liquid was fed into the membrane lumen side. Tests were conducted with Ca(OH)2, Sr(OH)2
and NaAlO2 solutions mixed with degassed pure water. To precipitate calcium carbonate,
Ca(OH)2 with varying concentrations was used and corresponding initial pH values were measured. It was found that with low concentration of Ca(OH)2, pH decreased slowly and consistently
whereas at higher concentrations of Ca(OH)2, the pH remained constant initially until it began to
be consumed and decreased quickly. Powder XRD analysis showed that calcite was produced
with a rhomb-centered lattice. The SEM images demonstrate that particle size increase from 60
to 70nm when Ca(OH)2 concentration increased from 1.35 to 11.74 mmol dm_3.
In their following study, Jia et al., (2010) tested the effect of Ca(OH)2 concentration variation,
CO2 partial pressure and liquid flow rate on the precipitation of calcium carbonate in a continuous
membrane contactor. A liquid mixture of Ca(OH)2, NaOH and degassed pure water was fed into
the lumen side, while pure CO2 was fed in the shell side. It was found that the initial Ca(OH)2
concentrations can affect the absorption rate: as concentration increases, the initial pH values
increase, and the absorption rates slowly increase. Experimental rates agree with the calculated
values although they were slightly higher than what was observed. It was found that the partial
pressure of CO2 had little influence on the absorption rates under their experimental conditions
since the values remained similar, although theoretically the CO2 could be the driving force of
mass transfer and as such the absorption rate should increase proportionately to the partial pressure of the gas. The absorption rate also increases with the liquid flow velocity.
In their next experiments, Jia et al., (2011) used a semi batch gas-liquid hollow fibre membrane contactor to investigate the influence of CO2 partial pressure, Ca(OH)2 concentration and
the use of additives on the characteristics of the calcium carbonate produced. Pure CO2 gas was
permeated through the membrane pores and the aqueous solution of Ca(OH)2, NaOH, polyethylene glycol and polyvinylpyrrolidone and degassed pure water were fed into the lumen side. The
initial pH of the solutions was in the range of 12 to12.26 and the time required for the reactions
to occur also increased from 457s to 1786s, respectively. It was found that three reaction stages
exist. The first stage is when pH is greater than 12 and there are substantial amounts of Ca(OH)2
which keeps the pH high. As it is consumed, a second phase (pH 7.5-12) begins, and pH decreases
more rapidly. The final stage is when pH is less than 7.5 fewer Ca cations remain and pH begins
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to plateau. Calcite with a rhombohedral lattice was produced with particle sizes of approximately
70nm. Ca(OH)2 and CO2 partial pressure did not appear to affect the characteristics of the particles, while to the contrary, membrane additives PEG and PVP had a significant effect on particle
growth. These water-soluble linear polymers absorb on the particle surface making a hydrophobic
film, which restricts growth and aggregation and leads to particle size reduction. However, membrane fouling was also observed due to Ca(OH)2 absorption and CaCO3 on the pore surface.
To address the resistance created by the membrane in membrane-based CO2 capture, Hosseini
et al., (2020) used a novel approach of oscillating gas flow conditions in a polymeric hollow fibre
membrane contactor, to create a pressure wave that alters the flow dynamics. Compared to nonoscillating gas flow conditions, the overall mass transfer coefficient was 19% higher and the gas
phase boundary layer impacts the overall mass transfer within the larger system.
Murnandari et al., (2017) used a conventional semi batch reactor to investigate the effect of
temperature, mixing rate and calcium ions concentration on carbonate precipitation in a simultaneous capture and mineralization approach. A 30% CO2 and 70% N2 gas mixture was fed into the
reactor with 10 weigh t% 2-amino-2methyl-1propoanol (MEA) and calcium chloride as the absorbent solution. The authors observed a strong effect of temperature on calcite crystallization.
Even though all experimental parameters produced pure calcite, the crystal size and the degree of
agglomeration varied without following a clear trend, as temperatures increased. Higher stirring
speed promoted crystal growth rather than the formation of new crystals, while at the same time
the calcite cubic shape did become distorted. At low initial Ca2+ concentration, vaterite and calcite
were formed, whereas higher concentrations of calcium produced only calcite. The Ca 2+/CO2 =1
produced rhombohedral calcite whereas at Ca2+/CO2 =2, irregular growth on the crystal surface
was observed.
Kang et al., (2017) proposed a novel approach for carbon capture and precipitation of calcium
carbonate (calcite) using industrial wastewater with high ion concentrations. This is a low energy
approach to separating CO2 that simultaneously treats wastewater while providing the necessary
cations for the carbonation reactions to take place.
Another - three step - approach was employed by Youn et al., (2019), who first extracted KCl
and CaCl2 from cement by-products, then used KCl membrane electrolysis to form KOH which
was subsequently used with the CaCl2 for CO2 capture and mineralization in a plug flow reactor
with aqueous CO2 sorbent (KOH and CaCl2). It was determined that the optimal Ca/CO2 ratio
was between 2.1-3.2 to obtain high purity CaCO2 and high removal efficiency. They also found
that longer retention times increased CO2 conversion but would require greater reactor volume
and higher capital costs. Finally, Youn et al., (2019) demonstrated that 93% purity calcite could
be produced at 92% efficiency with the reactor in continuous operation.
Cosentino et al., (2019) employed a packed bed reactor, under continuous operation to precipitate CaCO3 nanoparticles from the captured carbon using a 0.015M CaO slurry. Pure cubic
-39-

nano-aggregated calcite particles were produced and teste as cement nanofillers. At a concentration of 2% of the precipitated filler, cement demonstrated that after 7 days of curing the flexural
strength and compressive strengths both increased. However, after 28 days, mechanical properties
decreased suggesting the addition of CaCO3 increases the early-age strength.
Santa Cruz-Navarro et al., (2020) used 0.02 M Sr(OH)2.and 0.02M Ba(OH)2 solutions for
CO2 capture and mineralization in a semi-continuous batch reactor / crystallizer and they confirmed the production of high purity solid carbonate particles. In addition, the authors observed
that for both solutions the pH decreased as the reaction time increased and that the volumetric
rate of CO2 affects carbonate production and that 15.2 ml min_1 is optimal.
In an interesting application proposed by Kim et al., (2020), NaOH was used as an absorbent
for CO2 capture from seawater-based industrial wastewater (SBIW) in a two-step process that
produces two metal carbonates: firstly by mixing Na2SO4 with SBIW to remove Ca2+ in the form
of CaSO4 and then by mixing CO2 gas was with an NaOH aqueous absorbent and with the pretreated SBIW, under highly basic initial conditions (starting pH 13-13.5). High purity and high
conversion yields for NaHCO3 and MgCO3 ·3H2O were successfully obtained. In this approach,
Kim et al., (2020) attempt to tackle the expensive desorption step and to obtain cations for the
carbonation reaction, which can be further ameliorated by using electrolysis of NaCl from seawater to get the NaOH and reduce operating costs substantially.
Another integrated lab scale carbon capture and mineralization strategy was applied by
Aghajanian and Koiranen, (2020). Their approach involved separate CO2 absorption using high
alkaline water, which was considered advantageous as ambient temperatures and pressures could
be employed and no energy was required to recover the solvent. Chemical absorption was conducted by bubbling CO2 into distilled water and CaCl2. Calcium carbonate was precipitated with
vaterite as the dominant polymorph. The flow rate of the absorbent solution had a large impact
on the mass transfer rates and the occurrence of supersaturation and as a result the particle size
and nucleation. Lower flow rates allowed for the growth of larger particles because there was
more time for the crystals to grow. It was observed that as mixing speed increased the particles
had a larger mean diameter. This is likely explained by the supersaturation promoting environment that is generated with higher stirring rates (Aghajanian and Koiranen, 2020). These findings
are contradictory to others reported in the literature that suggest mixing rate decreases particle
size or does not have any effect, although this could be explained by different operational units,
conditions, and kinetics of each unique system (Aghajanian and Koiranen, 2020). The concentration of the absorbent solution was also investigated, and it was found that the absorption rate of
CO2 is highly dependent on the concentration of hydroxide ions and that the overall uptake was
much lower at lower pH, which ultimately affects the carbonate product yield (Aghajanian and
Koiranen, 2020).
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4 Experimental Procedure
Experiments were conducted to assess the production efficiency of different ceramic and polymeric membranes for precipitating calcium carbonate nanoparticles through a membrane-based
process and to determine the morphological characteristics of those particles. The materials and
experimental procedures are described below.

4.1 Materials
The following chapters will present the work conducted with ceramic and polymeric membranes

4.1.1

Ceramic Hollow Fibre Membrane Precipitator

A custom single tube ceramic membrane module (Fraunhofer IKTS) was employed as a
membrane precipitator (MBP) during the experimental period of September 22 until October 16,
2020. Figure 26a shows the membrane contactor in the experimental unit and Figure 26b disassembled with a ceramic membrane. The technical specifications are presented in Table 1.

a

b

Figure 26 a) Picture of the ceramic hollow fibre membrane contactor installed in the experimental
unit at CERTH b) Picture of the ceramic hollow fibre membrane contactor disassembled with a ceramic
membrane
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Table 1 Technical specifications for the single hollow fibre membrane contactor

Technical Specifications
Module length Lmodule (mm)
Shell inner diameter Dshell in (mm)
Membrane/Module Material
Membrane type
Number of fibers Nfibers

4.1.2

NAME
26

11
Ceramic/stainless steel
Single hollow fibre
1

Ceramic Membranes

Mineralization tests were run with three different ceramic membrane materials, titania (TiO2),
alumina (Al2O3) and zirconia (ZrO2) manufactured by Inopor as shown in Figure 34. Silane were
used to modify the surface of the ceramic membranes to control the degree of hydrophobicity
(does not absorb water) and hydrophilicity (tendency to absorb water) (Gelest, Inc). High hydrophobicity is desirable for gas-liquid membranes used for carbon capture and mineralization because it increases the overall mass transfer coefficient by reducing membrane wetting (Tan et al.,
2020). All the treated silanes were the result of Eirini Piperidou’s dissertation work that was being
conducted in parallel to the current work, within the framework of IHU MSc in Energy and Finance.

Figure 27 Pictures of the treated hollow fibre membranes. Including TiO2, ZrO2, Al2O3.

Silane Treatment of Ceramic Membranes
All ceramic membranes were treated with hexyltrimethoxysilane, C9H22O3Si which is a linear
alkyl-silane as shown in Figure 35, with moderate hydrophobicity and moderate organic compatibility (Gelest Inc). It was selected because it is readily available and substantially less costly
than other standard silanes used for increasing the hydrophobicity of ceramic membranes (e.g.

-42-

1H,1H,2H,2H-perfluorodecyltriethoxysilane, which is considered the “gold standard” in the literature).

Figure 28 Chemical structure of hexyltrimethoxysilane

Silane coating was done using immersion and chemical vapour deposition (CVD) techniques.
Immersion is simple process, wheras CVD is “the process in which the substrate is exposed to
volatitle precursors, which react and/or decompose on the subtrate surface to produce the desired
thin film deposit” (Carlsson and Martin, 2009).
For both methods, a grafting procedure was included to prepare the membranes. The ceramic
membranes were cleaned by distilled water and ethanol and then dried overnight at 110°C. Grafting solutions (0.1 M) for the immersion method were prepared by dissolving an appropriate
amount of silane in chloroform (stabilized by 1% ethanol). The membranes were placed in a
sealed volumetric cylinder filled with the grafting solution for 6h and then dried overnight at
110°C. For the CVD methods, the membranes were placed in a sealed membrane cell and the
silane (stabilized by 1% ethanol) was placed in a bubbler. Bubbler and membrane cell temperature
was set at 60 oC and N2 was used as carrier gas to transfer silane vapors to the membrane for 6h.
Then the membrane was dried at 110°C under N2 for 6h. The efficacy of both methods was evaluated by water contact angle measurements and confirmed by monitoring the gas pressure needed
for bubbles formation in the water, in a gas-liquid membrane contactor setup.
Before membrane modification all water contact angle measurements were well below 90o
and the water droplet rapidly penetrated in the membrane porous structure. Moreover, in the gasliquid membrane contactor setup, water penetrated in the membrane pores and no gas bubbles
could be observed for gas overpressures up to 6 bar (the upper limit of the available setup).
The breakdown of the membranes used, and their respective treatments are shown in Table
2. The characteristics of these materials are presented in Table 3. Regardless of the material, all
membranes have an inner diameter of 7mm and an outer diameter of 10mm, it is the pore size and
porosity that differentiates the materials. Titania and zirconia exhibit 30-55% porosity, however
titania has a pore size of 1nm, while zirconia has pore size of 5nm. Alumina has the largest pores,
70nm and a porosity of 40-55%.
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Table 2 A summary of the ceramic membranes used, the silane they were treated with and the treatment technique

Membrane
Code
CER1

Ceramic Membrane
Material
Titania

hexyltrimethoxysilane

Immersed

CER2
CER3

Zirconia
Alumina

hexyltrimethoxysilane
hexyltrimethoxysilane

Immersed
CVD

Silane

Treatment

Table 3 Technical specifications for the three ceramic membrane materials

Ceramic Membrane Material
Technical Specification
Hollow fiber length Lfiber (mm)
Membrane inner diameter Dfiber,in (mm)
Membrane outer diameter Dfiber,out (mm)
Membrane porosity εmembrane (%)
Effective contact area Acontact eff (m2)
Average pore size Dpore ave (nm)

Titania
(TiO2)
250
7
10
30-55
0.005
1

Zirconia
(ZrO2)
250
7
10
30-55
0.005
3

Alumina
(Al2O3)
250
7
10
40-55
0.005
70

4.2 Experimental Unit
Figure 29 is a flowchart of the experimental unit and Figure 30 is a photograph of the unit in
situ at CERTH and in working condition. The unit can be broken down into three parts, the supply
component, the membrane module, and the collection component.
The feed section is comprised of a closed 5 litre stainless steel (SS316) feed vessel and the
required tubing and process instrumentation. Fluid is circulated using a pump (Ismatec ISM446B230V (B-MOUNT) BVP-Z-Analog Gear Pump Drive) which provides pulseless flowing ranging
from 5.5-550 cc/min and can be operated at different pressures up to 5.2 bar. An expansion valve
controls the pressure at the pump outlet which cannot exceed 3 bar. Liquid can pass through a
floating ball flow meter to measure the flow rate or it can be bypassed. A three-way valve then
allows for the liquid phase to return to the mixing vessel or continue to the membrane. The gas
phase is fed by 100 % pure CO2 from a high-pressure metal cylinder controlled by a mass flow
controller (MFC) (Bronkhorst F-201CV-20K-AAD-22V, 1ln/min, 5 bar (g)/3bar(g), CO2) that
can deliver the carbon dioxide from 0-60 slt/h gas flowrates.
The membrane section includes the gas-liquid membrane contactor set in a temperature-controlled water bath. This provides the option of operating at higher temperatures although that was
not done for this series of experiments. A three-way valve controls sample collection. Pressure
gauges are present at the inlets and outlets of the membrane contact for both gaseous and liquid
phases.
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The residue/analysis section is comprised of a tank, where liquid can be collected from the
membrane outlet for further analysis or disposal and vapour is led to the fume vent. Gas can be
fed to a gas flow meter (RITTER GAS METER TG1/5, 2-120 litre/hr +/- 0.5& accuracy) or if a
mixture of gases are used, gas can be led to the gas analyzer (Hubei Cubic-Ruiyi Instruments CO.,
Ltd, Gasboard-3100 Serial Syngas Analyzer). A vent system that includes a droplet trap ensures
the safe disposal of process off-gases. The unit can operate in semi-batch mode if the liquid is
recycled or continuous operation mode if liquid is only passed once through.

Figure 29 Schematic diagram of the experimental unit, broken into three sections: feed, membrane,
and residue/analysis.

Figure 30 Photograph of the experimental unit at CERTH
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4.3 Experimental Procedure
Work was always conducted on a clean unit, both by running double distilled water through
the entire unit, then by cleaning the vessel and the membrane contactor after experiments were
terminated. The pH and temperature of double distilled water were recorded at the beginning of
each experiment using a pH reader (METTLER TOLEDO, FIVEGOTM pH Meter F2) as seen in
Figure 31. The pH values of the double distilled water used was approximately 7.5.

Figure 31 pH reader used for experiments, regularly calibrated to ensure proper functioning

Two solutions were used to create the final aqueous feed solution. The first was 4.48g of
calcium chloride (CaCl2, Calcium chloride dehydrate powder, Pharmpur®, Scharlay Chemicals)
with 1.0L double distilled H2O. The second was 257.6g of aqueous ammonium hydroxide
(NH4OH, Ammonia solution 25%) with 0.8L double distilled H20. The above quantities were
measured and mixed in separate vessels then fed to the vessel respectively and recycled using the
pump for fifteen minutes to form a homogenous solution. It was not passed through the module,
to avoid wetting.
The flow rate of the gas was set with the mass flow controller between 0.05-0.1L/min. The
pump controls the liquid flow rate which was set between 0.2-0.3 l/min. During experiments, the
flow meter ensured the liquid flow rate remained near the desired level. Liquid phase was fed in
the lumen side, while gas phase was fed in the shell side. In the first four tests, liquid was fed
first, followed by gas. From experiment number 005M and onward the gas phase was fed first as
it was thought to reduce wetting. The initial inlet and outlet pressures of the gas and liquid as well
as the pressure of the supply tank were monitored. The moment both phases began to flow was
considered time=0 and the first sample was taken. The carbonation reaction between CO2,
NH4OH and CaCl2 was monitored by measuring the pH of the solution. Samples were taken approximately every five minutes and continued until the pH change plateaued or remained almost
constant, at this point the test was terminated. The liquid flow rate and all the inlet and outlet
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pressures were also recorded with each sample. At the end of each experiment the time was recorded. The raw data collected for all experiments is included in Appendix A.
Vacuum filtration with three filter papers (Whatman 589/3 Blue ribbon filter paper circles,
ashless, diameter 150mm) and a Büchner funnel (11.6cm diameter) connected to a 2L Büchner
container were used to collect the product as shown in Figure 32. All samples as well as the
remaining liquid in the vessel were filtered. Double distilled water was run through to collect any
residual product which was also filtered. This also cleaned the unit and ensured no trace of
NH4OH remained. Throughout the experiment, an ammonia sensor (NH3, IBRID MX6 Multi Gas
Monitor, NH3, H2, CO/H2) as seen in Figure 33 was used to ensure the safety of those in the
laboratory. Double distilled water was used to rinse the final calcium carbonate produced to remove and any residual ammonia. Each paper was placed on a separate dish and dried in the oven
overnight at 110oC. Once dry it was weighed on a three decimal digital scale before being stored
with a corresponding sample code. To measure the product, each of the papers were weighed
without product. After drying, each sample was measured and summed. The weight of the dry
papers was then subtracted from the total product weight. To minimize product loss between
weighing and storage the empty sample bag was weighed and subtracted from the weight of the
full bag. The filter papers were scraped until the final values were approximately the same.

Figure 32 Büchner funnel and 2L Büchner container used to vacuum filter the calcium carbonate

Figure 33 Portable ammonia sensor used for the entire duration of each experiment
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4.3.1

Modes of Operation

Different modes of operation can be selected based upon the hydrophobicity of the membrane
and the operating pressures. Figure 34 shows the two operating modes, contactor, and bubbling.
Ceramic membranes are typically hydrophilic, which means that the membrane pores fill with
liquid, however once they have been treated with silane to render them hydrophobic the membrane pores are filled with gas. This hydrophobicity also decreases the mass transfer resistance
from the membrane itself (Bazhenov and Lyubimova, 2016).

Figure 34 Diagram representing (i) contactor mode, where gas does not inter the liquid phase and (ii)
bubbling mode where gas enters the liquid phase and forms nano bubbles

Contactor Mode
The device operates as a membrane contactor when liquid pressure is maintained above gas
pressure but lower than the breakthrough pressure which is the pressure required for liquid to
enter the pores of a hydrophobic membrane. It is dependent upon the material of the membrane,
the pore size and the properties of the gas and liquid phases as well as the surface tension of the
liquid and the contact angle of wetting of the particular membrane (Bazhenov and Lyubimova,
016). When these pressure conditions (Pbr>Pliq>Pgas) are met, an immobilized gas-liquid interface
is formed at the mouth of the pores in the liquid side (Kreulen et al., 1993, Bazhenov and Lyubimova, 2016). Since bubbles do not form there is no emulsion, foaming, unloading, and flooding
and the interfacial area is known and constant (Jia et al., 2009).

Bubbling Mode
In contrast, the device operates as a membrane bubbling reactor when the gas pressure stays
higher than the liquid pressure but lower than the breakthrough pressure. This allows gas to enter
the liquid phase and the formation of nano-bubbles (Kreulen et al., 1993, Bazhenov et al., 2018).
Reactions take place at the bubble/liquid interface.
The first ceramic membrane experiment was conducted in contactor mode but was abandoned. Bubbling mode was used for all other experiments, as well as in both co-current gas-liquid
flow direction. Table 4 summarizes the operating conditions applied for each mode of operation.
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Table 4 Operation parameters for contactor and bubbling modes

Operating condition /
parameter
[CaCl2]0
[NH4OH]0
Batch liquid volume (L)
Synthesis Time (min)

4.3.2

Contactor mode
0.015 M / 0.04 M
0.9
2
60-150

Bubbling mode
0.015 M /0.04 M
0.9
2
30-60

Experimental Coding

Based on the set of experimental parameters selected, each test was given a test code which
declares in a standardized way the basic characteristics of the test. The different codes and their
meanings are presented in Table 5.
Mode of operation – [Ca]2+0 concentration – Liquid flowrate – Gas flowrate – Membrane
Material
Table 5 The breakdown of the test codes given to each experiment and the possible variations of the
characteristics

Mode of operation:
Initial [Ca]2+ concentration:

Liquid flowrate:

Gas flowrate:

Membrane Material:

CON = Contactor Mode
BUB = Bubbling Mode
LOW = [Ca]2+= 0.015M
HIGH: [Ca]2+= 0.04M
QLl = Low Liquid flowrate
QLm = Medium Liquid flowrate
QLh = High Liquid flowrate
QGl = Low Gas flowrate
QGm = Medium Gas flowrate
QGh = High Gas flowrate
POL = Polymeric Membrane
CER = Ceramic Membrane

The experimental codes given to the experiments conducted during the experimental period
are provided in Table 6. The mode of operation, flow direction and the initial pH and flow rates
are also presented.
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Table 6 Test coded names and operating parameters for each experiment.

Test no

Test code name

Mode of Operation

pH
(t=0)

QL (ml/min)

QG (ml/min)

Flow
direction

Liquid Recycle

Membrane Contactor

001M
002M
003M
004M
005M
006M
012G

CON-LOW-QLmQGl-CER1
BUB-LOW-QLmQGl-CER1
BUB-LOW-QLmQGl-CER1
BUB-LOW-QLmQGl-CER2
BUB-LOW-QLmQGl-CER2
BUB-LOW-QLmQGl-CER3
BUB-LOW-QLlQGl-POL

Contactor
Bubbling
Bubbling
Bubbling
Bubbling
Bubbling
Bubbling

11.96
11.94
12.01
11.28
12
11.32
12.09

166.64
166.64
200.53
200.53
200.53
200.53
457

100
100
100
100
100
100
434

Co-current
Co-current
Co-current
Co-current
Co-current
Co-current
Co-current

yes
yes
yes
yes
yes
yes
yes

CER1
CER1
CER1
CER2
CER2
CER3
MBP2

004G

CON-LOW-QLlQGm-POL

Contactor

12.25

110

500

Co-current

yes

MBP1

002G
006G

CON-LOW-QLmQGm-POL
CON-LOW-QLhQGh-POL

Contactor
Contactor

11.83
12

330
510

500
1000

Co-current
Co-current

yes
yes

MBP1
MBP1
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4.4 Polymeric Membranes
Data was used from carbonation experiments conducted on polymeric membranes by Giannis
Pachidis from the department of Chemical Engineering at Aristotle University for his undergraduate thesis. His experiments used the same experimental unit and followed the same experimental
procedures. The coding and operating parameters for the four experiments including in this work
are presented above in Table 6.

4.4.1

Polymeric Hollow Fibre Membrane Precipitator

Two different types of hollow fibre membrane modules were used as membrane precipitators
as shown in Figure 35. a) MBP1: 3M™ Liqui-Cel™ MM-1x5.5 Series Membrane Contactor,
G542, Polypropylene X50 and b) MBP2: 3M™ Liqui-Cel™ MM-1.7x5.5 Series Membrane Contactor, G542, Polypropylene X50.

a)

b)

Figure 35 Types of membrane modules used a) 3M™ Liqui-Cel™ MM-1x5.5 Series Membrane
Contactor, G542, Polypropylene X50 and b) 3M™ Liqui-Cel™ MM-1.7x5.5 Series Membrane Contactor, G542, Polypropylene X50 (3M, 2021)

Their technical specifications are provided in Table 7. The modules are distinguished by their
inner and outer diameters. The first module (MBP1) is smaller with an inner diameter of 22mm
and outer diameter of 25.4mm compared to the second module (MBP2) whose diameters are
40mm and 43mm.
Table 7 Technical specifications of MM-1x5.5 Membrane Contactor and MM-1.7x5.5 Membrane
Contactor by 3M™ Liqui-Cel™

Technical Specifications
Module outer diameter Dmodule out
Module length Lmodule
Shell inner diameter Dshell in
Shell effective inner surface
Ashell eff

3M™ Liqui-Cel™
MM-1x5.5 Series Membrane Contactor
MBP1
25.4 mm
176 mm
22 mm
2.174∙10-4 m2

3M™ Liqui-Cel™
MM-1.7x5.5 Series Membrane Contactor
MBP2
43 mm
182 mm
40 mm
9.03∙10-4 m2
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Both contactor and bubbling modes were used, and liquid phase is fed first in the shell side,
followed by gas phase fed in the lumen side. Table 8 summarizes the operating conditions applied
for each mode of operation.
Table 8 Operating conditions applied for contactor and bubbling mode of operation

Operating condition / parameter
[CaCl2]0
[NH4OH]0
Batch liquid volume (L)
Synthesis Time (min)

4.4.2

Contactor mode
0.015 M / 0.04 M
0.9
2
60-150

Bubbling mode
0.015 M /0.04 M
0.9
2
30-60

Polymeric Membranes

The technical specification of the porous hollow membranes held within the contactors are
presented in Table 9. They are made of polypropylene with an inner diameter of 240μm, an outer
diameter of 300μm and an average pore size of 0.03μm. The main difference is the capacity of
the contactors. MBP1 holds 2300 fibres whereas MBP2 holds 5000. The fibres are arranged in a
bundle and are parallel to one another as seen in Figure 36.
Table 9 Technical specification of polymeric membranes held within the modules

Technical Specifications
Membrane/Potting Material
Membrane type
Number of fibers (Nfibers)
Hollow fiber length Lfiber
Membrane inner diameter Dfiber,in
Membrane outer diameter Dfiber,out
Membrane porosity εmembrane
Effective contact area Acontact eff
Average pore size Dpore ave
Membrane tortuosity τmembrane
Shell side volume Vshell
Lumen side volume Vlumen
Maximum liquid working
Temperature/ Pressure
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MBP 1
Polypropylene/
Polyurethane
X50 Fiber
2300
100 mm
240 μm
300 μm
40 %
0.087 m2
0.03 μm
2.6
25 ml
16 ml
5-20°C, 4.1 barg
40°C, 2.1 barg

MBP 2
Polypropylene/
Polyurethane
X50 Fiber
5000
114 mm
240 μm
300 μm
40 %
0.215 m2
0.03 μm
2.6
78 ml
53 ml
5-20°C, 4.1 barg
40°C, 2.1 barg

Figure 36 Example of a bundled polymeric hollow fibre membranes inside a module (GP System,
2019).

4.5 Sources of Error
Attention was paid to minimize human error, however there are several possible sources of
error.

Unintentional pH variation
The pH of the double distilled water is variable and ranged from 7.00 +/- 0.8 although the pH
of double distilled water used for experiment 003M was 8.27. This could influence the pH value
recorded at t=0. Since the solution was recycled it was common to observe a temperature increase
with time (ΔΤ~2-3οC). This may also affect the pH values. A set of certified buffer solutions was
used to verify and calibrate the instrument regularly.

Membrane Wetting
The most significant source of error is membrane wetting. This occurs when the membrane
pores become filled with liquid (Mosadegh-Sedghi et al., 2014). Running back-to-back experiments or running liquid through the membrane before the gas can increase the risk of wetting.
This was observed during experiment 004M, as a bubbling point test was run before the carbonation experiment which led all subsequent tests to be run with the gas flowing before the liquid.
Improving the hydrophobicity of the membrane can also reduce “capillary condensation in the
pores” (Tan et al., 2020a).

Loss of calcium carbonate
Mass of calcium carbonate could be lost due to the deposition of solid particles throughout
the unit (e.g. tubing, connectors, valves. module, vessels etc.). Attempts to mitigate this type of
error include rinsing of the module and thorough cleaning after each use as well as the filtration
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of all liquid taken from the experimental unit. It is also possible to lose deposits during the weighing and transferring. To ensure the most accurate production mass is taken the product is weighed
inside the hood and before being scraped off the filter paper.

4.6 Characterization Analyses
Calcium carbonate particles were analyzed and characterized morphologically by employing
standard analytical methods. Morphological characterization of the produced CaCO3 particles
was obtained using Scanning Electron Microscopy (SEM)/EDS (JSM-6300 JEOL Ltd., Tokyo,
Japan), operating at an accelerating voltage of 20 kV. Structural parameters of the samples, such
as crystallinity and average crystal size, were examined by X-Ray diffraction (XRD D500/501,
Siemens, Berlin, Germany), equipped with Cu Ka radiation source from 10–80 2θ angle with 0.04
step.

4.6.1

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is used to examine the morphology and surface features
including crystal intergrowths and textures (Klein and Dutrow, 2008) of the precipitated samples.
SEM images have a resolution from 5-2.5 nm and are obtained from the electron beam projected
from the electron optical column, which scans the specimen (Klein and Dutrow, 2008). Figure 37
provides a basic schematic. The electrons released from the electron gun travel through the anode,
a series of electromagnetics lenses, followed by scanning coils and detectors before striking the
specimen which is first coated with gold (Tare et al., 2009). The image is formed as the lenses
focus the beam on specific plane relative to the sample (Tare et al., 2009). Finally as the electrons
strike the specimen, secondary electrons are formed which are detected by the secondary electron
detector and converted into a signal that is sent to a TV scanner to be viewed (Tare et al., 2009).
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Figure 37 Basic schematic of scanning electron microscope Tare et al., 2009.

4.6.2

X-Ray Diffraction

X-Ray Diffraction (XRD) was used to perform crystal structure analysis. XRD “provides information on the location of all the atoms, bond positions and bond types, space group symmetry
and the chemical content and size of the unit cell” (Klein and Dutrow, 2008). The constructive
interference of monochromatic X-ray beams, dispersed at certain angles from each set of lattice
planes produce the X-Ray diffraction peaks and the intensities of these peaks is controlled by the
distribution of atoms within the lattice (Bunaciu et al., 2015). This data provides support for distinguishing between calcite, vaterite and aragonite present in each sample. Figure 38 provides a
basis schematic of the XRD diffractor and its components.

Figure 38 Basic schematic diagram of an XRD diffractometer Bunaciu et al., 2015
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The Debye-Scherrer Equation (Equation 7) was used on the Full Width at Half Maximum
(FWHM) of the crystallite main peak to calculate the crystallite size from the X-Ray diffraction
peaks whereby,

Dhkl = 0,89


 cos 

Equation 7

Dhkl = crystallite size perpendicular to the lattice planes
hkl: Miller indices of the planes
k= crystalline shape factor of 0.89
λ= X-Ray wavelength in m
β= the full width at half maximum of the X-ray refraction peak in radians
θ= the Bragg angle which is half of the refraction angle in degrees (Holzwarth and Gibson,
2011).

-56-

5 Results and Discussion
In this section, experimental results related to the progression of carbonation reactions in each
experiment, as well as the analysis of the products produced, are presented. SEM and XRD analyses have been employed to determine the particle average size, the crystallite structure and size,
and the dominant polymorph in each sample. Comparisons have been made between different
groups to assess the effect of changing different process parameters, including differences between ceramic membrane materials, differences between ceramic and polymeric membranes and
finally the effect of only varying liquid flow rate in polymeric membranes.

5.1 Progression of Carbonation Reactions
During each experiment, samples were taken approximately every five minutes to measure
the pH and temperature. These parameters are used to evaluate the progression of the carbonation
reaction. A drop in pH indicates the reaction is occurring, and when the pH values begin to plateau
the reaction is considered complete. Figure 44 presents the pH vs time graphs for each experiment.
Experiment 001M was not included because there was no pH difference observed between the
first three samples, it was abandoned after 10 minutes and no precipitate was collected. As a
result, all subsequent experiments were conducted in bubbling mode.
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Figure 39 Progression of carbonation reactions for all experiments, measured by pH vs Time (min)
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After each experiment samples were filtered, dried, and weighed to determine the amount of
calcium carbonate produced, the values can be seen in Table 7. The production rate was calculated
using equation 8 and the process yield in percentages was calculated using equation 9.
Mass (g)/ (60x Time(min))

Equation 8

[Production rate (g/h) / 3] x 100

Equation 9

Table 10 Production rate and yield of samples

Sample

Mass (g)

Time (min)

Production

Process

rate (g/h)

yield (%)

002M

BUB-LOW-QLmQGl-CER1

1.737

80.00

1.303

43.43

003M

BUB-LOW-QLmQGl-CER1

1.591

100.00

0.955

31.82

004M

BUB-LOW-QLmQGl-CER2

2.331

60.00

2.312

77.07

005M

BUB-LOW-QLmQGl-CER2

2.305

33.00

4.191

139.70

006M

BUB-LOW-QLmQGl-CER3

1.939

73.00

1.594

53.12

012G

BUB-LOW-QLlQGl-POL

1.115

62.00

0.743

24.78

004G

CON-LOW-QLlQGm-POL

2.076

150

0.830

27.68

002G

CON-LOW-QLmQGm-POL

2.059

65.00

1.901

63.35

006G

CON-LOW-QLhQGh-POL

0.899

62.00

0.870

29.00

Immediately after the first experiment (001M) was abandoned the pressure of the gas was
increased to 1.8 bar to shift from contactor mode to bubbling mode and experiment 002M began.
The initial pH was 11.94 and took 80 minutes to reach 10.77. The pH dropped during the first 4
samples before plateauing and then continuing to slowly decrease. The pH change was gradual
throughout the entire duration of the experiment. The production rate is 1.303 g/hr which converts
to a process rate of 43.43%.
Experiment 003M was also conducted with the titania membrane in bubbling mode, however
gas pressure at the inlet rose for 10 minutes and reached 4.8 bar to observe bubbles, after that it
stabilized around 3 bar. It is possible that the small pore size made the presence of bubbles difficult to observe even if they were still there. The initial pH was 12.01 and plateaued at 10.39 after
100 minutes. The pH decreased rapidly during the first 20 minutes before slowing for the duration
of the experiment. The production rate was 0.955 g/hr with a process rate of 31.82%.
Experiment 004M was the first experiment with zirconia, so a bubbling point test was conducted before the carbonation test. As a result, no bubbles were observed even after 10 minutes
and pressure continue to rise during the carbonation experiment. At 52 minutes the Pgas inlet
reached 4.8 bar and the experiment was abandoned. The initial pH was 11.28 which was lower
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than other tests, and the final pH was 10.63. The first sample was taken after 12 minutes so the
decrease in the pH appears the greatest during this time. After that the pH values decreased gradually. Despite the short duration of the experiment, the production rate was 2.312 g/h and the
process rate was 77.07%. We suspect that conducting an experiment immediately before led to
wetting and created a hybrid contactor-bubbling mode, since bubbles were not observed when the
gas outlet was blocked. The very small pore size could also affect our ability to see the bubbles.
Experiment 005M was conducted using the same zirconia membrane under the same parameters, however gas was fed into the vessel before the liquid and the unit was thoroughly cleaned
prior to the experiment, to decrease the chance of wetting. Again pressure did not stabilize and
reached 4.5 bar after 33 minutes when the experiment was stopped. Gas did not disperse as was
expected and could be due to a non-uniform inner membrane surface or the small pore size. The
initial pH was 12 and the final pH was 11.07. The pH decrease was slightly steeper than other
experiments. The production rate was 4.191 g/hr with a process rate of 139.70%, which was the
highest observed among all ceramic membrane tests.
Experiment 006M was the only test conducted with the alumina membrane and the only CVD
treated membrane tested. Gas was fed into the cell side before the liquid. The initial pH was the
lowest for this test at 11.32 and was terminated after 70 minutes when the pH reached 10.61. The
pH values decreased gradually throughout the entire experiment, with a brief plateau at 40
minutes. The production rate was 1.596 g/hr and the process rate was 53.12%.
In polymeric membrane-based experiment 012G, the second membrane module (MBP2) was
used and operated in bubbling mode. During the experiment liquid escaped the loop and was
caught in the trap but this was not expected to have affected the experiment. The initial pH was
12.09 and took 90 min to reach 9.41. This is the lowest pH value that was obtained for any experiment and a steep decrease of 12.09 to 11.25 was observed in the first 5 minutes. After 20 minutes
the progress of the reaction slowed. The production rate is the lowest observed within the polymeric membrane data set, at 0.743 g/hr and a process rate of 24.78%.
Experiment 004G had the longest running time, as it took 150 minutes to progress from pH
12.25 to 10.87. The pH dropped quickly for the first 20 minutes before reducing more gradually.
The production rate was 0.830 g/hr with a process yield of 27.68%.
The starting pH was the lowest for this experiment 002G, at 11.83 and dropped to 11.28
within the first 5 minutes. The sharp decrease continued for 15 minutes before slowing. The experiment was terminated at 61 minutes and the final pH was 10.44. The production rate was substantially higher for this sample, at 1.901 g/hr and a process yield of 63.35%
Experiment 006G had an initial pH of 12 and took 62 minutes to reach 10.55. Again, the pH
dropped quickly from 12 to 10.55 in the first 5 minutes and stabilized after 20 minutes. The production rate was 0.870 g/hr and the process yield was 29.1%.
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5.2 Characterization of CaCO3 particles at microand nano- scale
The first sample taken from experiment 002M, shown in Figure 46, reveals only calcite with
its typical rhombohedral crystal form and primarily well-defined sharp edges. Figure 46b also
shows a light tendency for a layered rhombohedral structure. The crystal facets are mostly smooth
(Figure 46b, c). The crystal size is variable but consistently less than 5 μm, many approximately
2.5 and 1 μm. Aggregates are present (Figure 46a) and Figure 46d confirms the presence of nanoparticles.

Figure 40 Scanning electron micrograph of sample 002M: at magnifications a) x2 000 b) x5 000 c)
x10 000 d) x40 000

SEM pictures from experiment 003M, shown in Figure 41, also display rhombohedral calcite
crystals with smooth and stepped features on the crystal facets (41b, c). More aggregates are observed (Figure 41a), and the crystal size is slightly smaller, with a maximum size of 4μm and
most within 2-3μm. There are also more crystals with softer less defined edges than in the previous sample (Figure 41b, c). Figure 41d indicates nanoparticles are also present.
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Figure 41 Scanning electron micrograph of sample 003M: at magnifications a) x2 000 b) x5 000 c)
x10 000 d) x30 000

The images presented in Figure 42 from experiment 004M, show only rhombohedral calcite
polymorph. The crystal sizes vary with larger crystals nearing 5μm but most ranging from 1 to
3μm. Smooth and stepped crystal facets are observed, and the edges of most crystals are sharp
and well defined with some of the larger particles exhibiting smoother edges (Figure 42b, c).
Aggregates are also observed (Figure 42a) and Figure 42d confirms the presence of nanoparticles.
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Figure 42 Scanning electron micrograph of sample 004M: at magnifications a) x2 000 b) x5 000 c)
x10 000 d) x30 000

SEM pictures of samples taken from experiment 005 shown in Figure 43 reveal rhombohedral
calcite, with similar features to previous samples (Figure 43b, c), although the unusual structure
observed in Figures 43b, c, are unidentified but could possibly be amorphous calcite. Fewer aggregates are observed (Figure 43a), and the average crystal size is between 2-3 μm. Figure 43d
also indicates the presence of nano particles.
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Figure 43 Scanning electron micrograph of sample 005M: at magnifications a) x2 000 b) x5 000 c)
x10 000 d) x30 000

SEM pictures of samples taken from experiment 006M shown in Figure 44 also display rhombohedral calcite crystal with smooth and stepped facets with am crystal sizes around 1 and 3 μm.
More aggregates are observed (Figure 44a), and the crystal edges are typically softer and less
defined than other samples (Figures 44b, c). Nanoparticles are also present as shown in Figure
44d.
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Figure 44 Scanning electron micrograph of sample 006M: at magnifications a) x2 000 b) x5 000 c)
x10 000 d) x30 000

SEM images of sample taken from experiment 012G show aggregates of calcite, vaterite and
aragonite (Figures 45 a, b). Calcite crystals are the smallest, and measure between 1- 5μm. They
are typically rhombohedral with smooth surfaces and sharp well-defined edges (Figures 45b, c).
The aragonite crystals are just under 10 μm and the vaterite stars observed in Figure 45b are
almost 10 μm. Nanoparticles are present (Figure 45d). Despite the presence of all calcium carbonate polymorphs in these images, they are not observed in a quantity significant enough to be
detected by the XRD.
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Figure 45 Scanning electron micrograph of sample 012G: at magnifications a) x2 000 b) x10 000 c)
x15 000 d) x40 000

SEM pictures for experiment 004G show well-defined and layered rhombohedral calcite (Figure 46b). The surfaces are smooth, and the edges are sharp and well-defined (Figures 46b, c) and
the crystal size is uniformly between 1 and 2 μm. Aggregates are observed in Figure 46a, and it
was not possible to obtain images at high enough magnification to detect nanoparticles.
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Figure 46 Scanning electron micrograph of sample 004G at magnifications a) x3 000 b) x10 000 c)
x20 000

The SEM images of samples taken from experiment 002G, show calcite. While the typically
rhombohedral form is observed there is a tendency for layering and amorphous shapes are present
(Figure 47a). The edges are generally soft with either smooth or stepped facets (Figure 47b) and
the crystals are either large (>3μm) or approximately 1μm or less. Aggregates are observed (Figure 47a) and nanoparticles are observed at magnification x30 000 (Figure 47c).
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Figure 47 Scanning electron micrograph of sample 002G at magnifications a) x3 000 b) x10 000 c)
x30 000

Images of samples taken from experiment 006G show well-formed rhombohedral calcite with
well-defined edges and smooth facets (Figure 48b). The average crystal size is approximately 3
μm although smaller crystals are observed. There are fewer aggregates than other samples (Figure
48a) and nanoparticles are present (Figure 48d).
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Figure 48 Scanning electron micrograph of sample 006G at magnifications a) x3 000 b) x10 000 c)
x25 000 d) x 60 000

5.3 Crystallinity and crystallite size
The results of the XRD analysis as shown in Figure 49, confirm the presence of the calcite
polymorph of calcium carbonate. For each sample peaks are only observed at the 2θ angles characteristics of calcite, and there no peaks and the angles for vaterite or aragonite.
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Figure 49 Result of XRD analysis indicating that only calcite is present in the samples taken from each of
the experiments with ceramic membranes

The main calcite peak was then compared between membranes in three groupings. The ceramic membranes (Figure 50), ceramic and polymeric membranes (Figure 51) and polymeric
membranes with different liquid flow rates (Figure 52).
For the ceramic membranes, each type of membrane was given a distinct colour, yellow for
titania, purple for zirconia and bright blue for alumina. Dashed and dotted lines were used to
distinguish the different tests conducted with the same membrane material. There is little variation
between the calcite main peaks of the different ceramic membrane material as shown in Figure
50. Only experiment 003M which was a titania immersed membrane was lower than the others,
but the reason is unclear.
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Figure 50 Calcite main peak at angle 29.38 (2θ) for samples from ceramic membrane experiments

Figure 51 is the calcite main peaks for the ceramic membranes and the single experiment
conducted with a polymeric membrane in bubbling mode (0012G). There is no difference observed between the polymeric membrane (designated by the red line) compared to the ceramic
membranes.

Figure 51 Calcite main peak at angle 29.38 (2θ) for samples from ceramic membrane experiments and
experiment 012G
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Figure 52 is the main calcite main peak for the three experiments that used polymeric membranes in contactor mode but with low, medium, and high flow rates (04G, 02G, 06G). No variation is observed.

Figure 52 Calcite main peak at angle 29.38 (2θ) for samples taken from polymeric membrane experiments conducted in contactor mode but with varying liquid flow rates

The crystallite size was also calculated as described in Chapter 4, Equation 7. The full calculations are included in Appendix B.
The crystallite sizes for ceramic membranes range from 51.40 nm to 61.53 nm as shown in
Table. Sample 002M, which was a TiO2 immersed membrane had the largest crystallite size, although sample 003M which was the same membrane had a crystallite size of 53.44 nm. The smallest crystals were observed in the alumina membrane, sample 006M at 51.40 nm. Both zirconia
membranes produced samples with crystallite sizes of 52nm.
The crystallite sizes for samples taken from polymeric membranes range from 50.76 nm to
56.02nm. The smallest size was obtained from experiment 012G which was with the larger membrane module (MBP2) and operating in bubbling mode. The largest particles were observed in
experiment 004G with a low liquid flow rate.
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Table 11 Crystallite sizes

Crystallite Size
Sample
Ceramic Membranes
002M-BUB-LOW-QLmQGl-CER1
003M-BUB-LOW-QLmQGl-CER1
004M- BUB-LOW-QLmQGl-CER2
005M- BUB-LOW-QLmQGl-CER2
006M- BUB-LOW-QLmQGl-CER3
Polymeric
12G-BUB-LOW-QLlQGl-POL
04G-CON-LOW-QLlQGm-POL
02G-CON-LOW-QLmQGm-POL
06G-CON-LOW-QLhQGh-POL

5.3.1

Diameter (nm)
61.53
53.44
52.06
52.40
51.40
50.76
56.02
52.40
54.15

Comparison between membrane materials

To compare the rate of reactions between experiments conducted with different membrane
materials, the pH and time (min) were plotted in Figure 53. The same colour scheme is applied to
this graph. Since the initial pH values for experiments 004M and 006M were much lower than
the rest, an offset of 0.7 was introduced to all pH values of these experiments to better compare
the rate of reaction with the other experiments. Faded lines with the same colours as the originals
are used to indicate the adjusted pH values.

Figure 53 Progression of the reactions for experiments using ceramic membranes
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The progression of experiments 003M and 005M are similar. There is also no significant
difference between the first 15 minutes of the reactions for experiments 002M, 003M and 005M.
The slowest rate of pH reduction is observed in experiment 006M, followed by 004M.

5.3.2

Comparison between ceramic and polymeric membranes

To observe the difference between experiments conducted with ceramic membranes to one
conducted with a polymeric membrane in bubbling mode, data for experiment 0012G was added
to the pH vs time graph, as shown in Figure 54. Experiment 012G progressed much faster than
any of the ceramic membrane experiments and despite have the highest pH of the tests under
study, all subsequent values were lower, and the final pH is substantially lower.

Figure 54 Progression of the reactions for experiments using ceramic membranes and polymeric
membrane experiment 012G.

5.3.3

Effect of the liquid flow rates in polymeric membranes

Observations were also made on the rate of reaction when the liquid flow rate was changed
in experiments conducted with polymeric membranes in contactor mode. Figure 55 shows that
experiments 002G and 006G which had medium and high liquid flow rates respectively progressed similarly. Experiment 004G which had a low liquid flow rate was the slowest and did not
reach the pH values of the other experiments despite running the longest.
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Figure 55 Progression of the reactions for experiments using polymeric membrane experiment at
low, medium, and high liquid flow rates
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6 Conclusions
To achieve the climate targets set out by the 2016 Paris Agreement widespread cooperation
among governments, industries and citizens is required. The concept of circular economy
whereby carbon is reused and kept out of the atmosphere is critical (Lehtonen et al., 2019). While
carbon neutral energy will play an important role, carbon capture and utilization technology must
be at the forefront. For industries like the cement and concrete, who emit 7% of annual global
emission (Ostavari et al., 2020), mineralization provides an opportunity for long term CO2 sequestration and value-added products. The main disadvantage of mineralization is the slow reaction kinetics that demand high energy and pressure inputs (Ostavari et al., 2020). Membranes are
a promising technology that does not face these same limitations. Hollow fibre membranes contactors in particular have high scale up feasibility and are very efficient due to their high surface
area to volume ratio (Koutsonikolas et al., 2016, Cui and deMontigny, 2014). It has also been
demonstrated that integrating precipitated nanoparticles of CaCO3 into cement nanofiller, can
improve the quality of cement, reduced the energy intensity of cement production, and positively
impact the purification of CO2 from combustion gases (Cosentino et al., 2019). The sooner industries embrace these technologies and governments send the proper policy signals the sooner we
will see the economical and environmental benefits of the circular economy.
This final chapter will provide a summary of the results obtained from the present mineralization experiments that were conducted using hollow fibre ceramic and polymeric membranes.
Silane treated TiO2, ZrO2 and Al2O3 ceramic membranes used, in a custom single tube ceramic
membrane module. All tests were conducted in bubbling mode with low gas and liquid flow rates.
Two 3MTM InoporTM were used with bundles of polymeric membranes, both in contactor and
bubbling modes and with variable liquid flow rates (low, medium, high). The results will also be
compared to other similar published data. Finally suggestions for future study to strengthen our
conclusions and expand the study to additional key operational parameters will be made
All experiments successfully produced precipitated calcium carbonate and carbonation reaction and precipitation occurred in both bubbling and contactor modes. All reactions progressed at
a similar rate, with a rapid decrease in the pH in the first 15-20 minutes before slowing for the
remaining running time. Experiments were terminated when rate of pH change plateaued. This
observation agrees with recent literature data (Liendo et al, 2021, Cosentino et al, 2020), obtained
using reactors other than membrane-based precipitators (i.e. packed bed reactors). In Jia et al,
2009, where a gas-liquid membrane contactor was used, similar observations were reported, and
even apply to the formation of other nanoparticles (e.g. SrCO3, Al (OH)3), in addition to CaCO3.
On the contrary, in related work using a semi continuous batch reactor/crystallizer, Santa Cruz-
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Navarro et al., (2020), described a moderate decrease in pH during the reaction first 10 min and
a sharper pH change as the reaction progressed until a value of 6.15 after 40 minutes was observed.
In the present study, it was observed that ceramic membranes from experiments 004M with
TiO2 and 006M with Al2O3 progressed slower than the other ceramic based experiments, and
polymeric membrane experiment 012G operating under bubbling conditions, progressed much
faster than any of the ceramic membranes. It was also found that polymeric experiments, with
medium (002G) and high (006G) liquid flow rates, progressed faster than when the liquid flow
rate was low (004G).
The production rate was the highest for experiment 005M (ZrO2 membrane) followed a similar trend as experiment 003M (TiO2 membrane). Both tests were performed at low flowrates for
both liquid and gas phases. Even though membrane materials are different for these two experiments the key controlling parameter related to the morphological structure of the membrane, i.e.
pore size, is almost the same (a few nanometers) for both cases. When considering the production
in grams, the highest yields (~2.3g) came from ZrO2 ceramic membrane tests 004M, 005M and
polymeric membranes tests with low (004G) and medium (002G) liquid flow rates (2.1g). When
converted to production rate (g/h) and conversion yield (%) the best performance was observed
during experiment 005M (4.19g/h) which was stopped after 33 minutes. The lowest rate observed
was during experiment 006G (0.899g/h), where high flowrates were employed for both gas and
liquid phases. The average production yield was between 25 and 50%, although experiments
004M and 002G reached 77% and 63%, respectively. This process yield is close to the desired
production rate of 3g/h, which is based on ASPEN simulation of the process, within the RECODE
project. Higher efficiencies have been reported (i.e. 92%) in the literature (Youn et al., 2019) with
the plug flow reactor in continuous operation, as a result of increased CO2 conversion with longer
retention times, but this operation would require greater reactor volume and higher capital costs.
Ceramic membranes produced rhombohedral calcite crystals with an average size between 14μm and nanoparticles were observed in all samples. The polymeric membranes also produced
rhombohedral calcite with an average size less than 3μm, although vaterite and aragonite polymorphs were observed in sample 012G. A similar degree of aggregation is present in all samples
from both membrane groups, i.e. ceramic and polymeric, independently of the mode of operation,
(contactor of bubbling). Average aggregate sizes reported in the literature vary within a wide
range, from nanometer scale (~100-500 nm), (Jia et al, 2009, 2011) to micrometer scale (~1-5
μm) (e.g. Liendo et al, 2021, Cosentino et al, 2020).
XRD analysis confirmed the presence of pure calcite in all samples obtained by ceramic membranes. There was no difference between the main calcite peak for any of the experiments except
for experiment 003M, which was lower than expected, a fact that cannot be directly attributed to
the experimental conditions employed. The crystallite size for most of the ceramic membranes
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was around 52 nm, although it was much higher for experiment 002M (61.53nm), in which the
smallest membrane pore size was used (average pore size 1 nm). The small pore size probably
prolongs the crystal growth stage, rather than promotes the creation of new crystals. The average
crystallite size of the polymeric membranes was 53nm, in agreement with samples obtained from
ceramic membranes.
XRD analysis confirmed that only pure calcite was produced, although SEM pictures reveal
some aragonite and vaterite polymorphs in 012G, however in such low frequencies that they were
not detectable by XRD.
This study is a promising starting point for future study. Further experiments could be conducted to compare the effect of the membrane surface treatment methods. Alternative membrane
materials and other silanes could also be tested and other process parameters such as the liquid
flow rate can be varied. An important area of study that needs to be investigated is the effect of
CO2 concentrations and the effect of other gaseous pollutants (e.g. NOx, SOx) on the mineralization reactions. Experiments could be done use varying CO2 levels and gaseous mixture composition (in terms of additives and trace species) to simulate real exhaust gas composition. Conducting
consecutive studies with operating times similar to commercial application would also be valuable
to study wetting and the lifespan of treated ceramic membranes. Another interesting variable to
consider, is adding oscillating gas flow as was done by Hosseini et al., 2020. Their study focused
on the effect of oscillating on mass transfer, which would be interesting to compare in ceramic
membranes but studying its effect on CaCO3 production and the morphology of the crystals produced would also be valuable.
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Appendix A: Raw data from experiments
Ceramic Membranes
Time
pH
︒C
(min)
001M: CON-LOW-QLmQGlCER1

0
5
10

11.96
11.97
11.94

25.3
25.1
24.7

002M: BUB-LOW-QLmQGl-CER1

0
11.94
24.7
5
11.76
25.9
10
11.58
25.1
15
11.46
25.2
20
11.46
25
25
11.29
25.6
30
11.2
23.6
35
11.14
24.9
40
11.08
25
45
11.05
24.8
50
11
25.1
55
10.95
25
60
10.93
24.6
65
10.87
25.3
70
10.82
25.9
75
10.81
25.3
80
10.77
25.4
Time
QL
PG, inlet
pH
︒C
(min)
(l/min) (bar)
003M: BUB-LOW-QLmQGl-CER1
0
12.01
23.9
0.2
0
10
11.58
24.4
0.2
2.9
15
11.37
24.6
0.2
2.9
20
11.24
24.3
0.2
3
25
11.11
25.1
0.2
3.2
30
11.04
24.7
0.2
3.2
35
10.96
24.8
0.2
3.1
40
10.89
24.7
0.2
3.1
45
10.83
24.8
0.2
3
50
10.77
25.4
0.2
2.9
55
10.72
25.4
0.2
2.8
60
10.67
25.4
0.2
2.4
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65
10.64
25.2
0.2
2.2
70
10.58
25.7
0.2
2
75
10.56
25.4
0.2
2
80
10.51
25.7
0.2
1.9
85
10.48
25.7
0.2
1.9
90
10.45
25.6
0.2
1.9
95
10.42
25.5
0.2
1.9
100
10.39
25.5
0.2
1.9
Time
QL
PG, inlet
pH
︒C
(min)
(l/min) (bar)
004M: BUB-LOW-QLmQGl-CER2
0
11.28
26.8
0.2
0
12
10.98
26.4
0.2
2
17
10.87
26.8
0.2
2.21
22
10.82
26.9
0.2
2.6
27
10.78
26.8
0.21
2.7
32
10.73
27.1
0.21
3
42
10.67
27.3
0.2
4
47
10.65
27.2
0.2
4.4
52
0.21
4.8
10.63
27.2

PL, inlet
(bar)

PL, outlet
(bar)

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

005M: BUB-LOW-QLmQGl-CER2
0
12
22.8
6
11.64
23
10
11.49
22.9
15
11.32
22.9
20
11.2
23
25
11.11
23
23.4
30
11.07

0.21
0.21
0.21
0.21
0.21
0.21
0.21

0
1.2
1.8
2.4
3
3.6
4.4

0.44
0.55
0.55
0.55
0.55
0.55
0.55

0.4
0.4
0.4
0.4
0.4
0.4
0.4

006M: BUB-LOW-QLmQGl-CER3
0
11.32
24
5
11.24
24.1
10
11.17
23.9
15
11.09
24.1
20
11.03
24.3
25
10.97
24.3
30
10.92
24.5
35
10.88
24.6
40
10.84
24.6
45
10.76
26.1
50
10.75
25.1
55
10.72
25.2
60
10.68
25.1
65
10.64
25.2
10.61
25.3
70

0.22
0.2
0.2
0.2
0.21
0.21
0.21
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24

0.4
1.4
1.45
1.61
1.8
1.9
1.99
2
2
2
2.1
2.1
2.19
2.2
2.21

0.55
0.5
0.45
0.42
0.42
0.42
0.5
0.5
0.5
0.5
0.45
0.42
0.42
0.4
0.4

0.4
0.4
0.39
0.39
0.39
0.39
0.4
0.4
0.4
0.4
0.39
0.39
0.39
0.38
0.35

Polymeric Membranes
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Time
QL
PG, inlet
pH
︒C
(min)
(l/min) (bar)
012G: BUB-LOW-QLlQGl-POL
0
12.09
24.2
0.11
0
5
11.25
25.3
0.11
0
10
10.92
25.7
0.11
0
15
10.81
25.7
0.11
0
20
10.69
25.7
0.11
0
25
10.61
26.5
0.11
0
30
10.54
26.7
0.11
0
35
10.38
27.5
0.11
0
40
10.21
27.5
0.11
0
45
10.25
27.4
0.11
0
50
10.16
28.1
0.11
0
55
9.95
28.3
0.11
0
60
9.91
28.5
0.11
0
65
9.83
28.5
0.11
0
70
9.69
28.2
0.11
0
75
9.48
28.3
0.11
0
80
9.61
28.8
0.11
0
85
9.43
29
0.11
0
90
9.41
28.9
0.11
0
004G: CON-LOW-QLlQGm-POL
0
12.25
22.6
0.11
0
5
12.04
22.4
0.11
0
10
11.79
22.5
0.11
0
15
11.68
22.4
0.11
0
20
11.56
22.4
0.11
0
30
11.49
22.4
0.11
0
40
11.4
22.4
0.11
0
50
11.33
22.3
0.11
0
60
11.28
22.5
0.11
0
70
11.24
22.4
0.11
0
80
11.19
22.3
0.11
0
90
11.13
22.3
0.11
0
100
11.06
22.4
0.11
0
110
11.02
22.4
0.11
0
120
10.97
22.4
0.11
0
130
10.92
22.4
0.11
0
140
10.89
22.5
0.11
0
150
10.87
22.4
0.11
0
002G: CON-LOW-QLmQGm-POL
0
11.83
26.2
5
11.28
26
10
11.07
26.4
15
10.98
26.4

0.26
0.27
0.27
0.26

0
0
0
0

PL,inlet
(bar)

PL, outlet
(bar)

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0
0
0
0

0
0
0
0
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20
29
38
47
56
65

10.89
10.81
10.69
10.62
10.54
10.44

26.6
26.5
26.9
27.2
27.4
27.6

006G: CON-LOW-QLhQGh POL
0
12
23.8
5
11.53
24.4
10
11.33
24.5
15
11.17
24.7
20
11.06
24.7
26
10.99
24.9
32
10.88
25.2
39
10.77
25.5
46
10.69
25.9
54
10.56
26.3
62
10.55
26.6
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0.27
0.26
0.27
0.27
0.27
0.27

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52

0
0
0
0
0
0
0
0
0
0
0

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Appendix B: Crystallite Size Calculations
min

max

HM

left at
HM

right
at HM

FWHM

3100

1555.5

29.34

29.47

0.132

bc
(⁰)

bc
(rad)

2theta
(⁰)

theta
(⁰)

theta
(rad)

D
(m)

D
(nm)

0.132

0.002304

29.406

14.703

0.257

6.15-08

61.53

0.257

5.34

-08

53.44

5.21

-08

52.06

-08

52.40

Ceramic
002M-BUB-LOW-QLmQGl-CER1
003M-BUB-LOW-QLmQGl-CER1
004M- BUB-LOW-QLmQGl-CER2

11
5
8

2074
2795

1039.5
1401.5

29.35
29.30

29.51
29.46

0.152
0.156

0.152
0.156

0.002653
0.002723

29.43
29.382

14.715
14.691

0.256

005M- BUB-LOW-QLmQGl-CER2

10

2799

1404.5

29.31

29.46

0.155

0.155

0.002705

29.386

14.693

0.256

5.24

006M- BUB-LOW-QLmQGl-CER3

7

2801

1404

29.31

29.46

0.158

0.158

0.002758

29.385

14.693

0.256

5.14-08

51.40

6
12
29
29

2808
2859
2654
2830

1407
1435.5
1341.5
1429.4

29.32
29.35
29.36
29.33

29.48
29.5
29.515
29.48

0.16
0.145
0.155
0.15

0.16
0.145
0.155
0.15

0.002793
0.002531
0.002705
0.002618

29.4
29.428
29.438
29.405

14.7
14.714
14.719
14.703

0.257
0.257
0.257
0.257

5.08-08
5.60-08
5.24-08
5.41-08

50.76
56.02
52.40
54.15

Polymeric
12G-BUB-LOW-QLlQGl-POL
04G-CON-LOW-QLlQGm-POL
02G-CON-LOW-QLmQGm-POL
06G-CON-LOW-QLhQGh-POL
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