
Pen-Chi Chiang · Shu-Yuan Pan

Carbon Dioxide 
Mineralization 
and Utilization



Carbon Dioxide Mineralization and Utilization



Pen-Chi Chiang • Shu-Yuan Pan

Carbon Dioxide
Mineralization
and Utilization

123



Pen-Chi Chiang
Graduate Institute of Environmental
Engineering

National Taiwan University
Taipei
Taiwan

Shu-Yuan Pan
Graduate Institute of Environmental
Engineering

National Taiwan University
Taipei
Taiwan

ISBN 978-981-10-3267-7 ISBN 978-981-10-3268-4 (eBook)
DOI 10.1007/978-981-10-3268-4

Library of Congress Control Number: 2016963187

© Springer Nature Singapore Pte Ltd. 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #22-06/08GatewayEast, Singapore 189721, Singapore



Preface

Carbon dioxide (CO2) mineralization and utilization is an important technology
wherein CO2 is captured and stored for utilization instead of being released into the
atmosphere. CO2 mineralization and utilization demonstrated in the waste-to-
resource supply chain can “reduce carbon dependency, promote resource and
energy efficiency, and lessen environmental quality degradation,” thereby reducing
the environmental risks and increasing the economic benefits towards sustainable
development goals. This book provides comprehensive information on CO2 min-
eralization and utilization using alkaline wastes via accelerated carbonation tech-
nology from theoretical and practical considerations, presented in 20 chapters.
Engineers, scientists, government officers, and project managers will consider this
book as an essential reference on CO2 mineralization and utilization.

In this book, the concept of carbon cycle from the thermodynamic point of view
was first introduced. The principles, applications, and environmental impact
assessment of carbon capture and storage technologies also are illustrated in Part I.
Among the carbon capture and utilization processes, CO2 mineralization via
accelerated carbonation technology is especially focused in Part II. Throughout the
carbonation process, huge amounts of CO2 and alkaline wastes generated from
industries can be reclaimed and reused. From the theoretical consideration, the
process chemistry, reaction kinetics, mass transfer, and system analysis for accel-
erated carbonation are systematically presented. On the other hand, from the
practical consideration, the analytical methods and the application of accelerated
carbonation are introduced as well. In Part III, it then explores the utilization of
carbonated products as green materials such as supplementary cementitious mate-
rials and high value-added chemicals. Key performance indicators for evaluating
the function and properties of carbonated products are developed. Lastly, an inte-
gral approach for waste treatment and resource recovery is proposed to establish a
waste-to-resource supply chain towards a circular economy system. It discusses the
challenges, barriers, and strategies of integrated air pollution control at industry in
detail, and then illustrates the importance and significance of establishing
waste-to-resource green supply chain. Furthermore, the carbonation system is
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critically assessed and optimized from aspects of engineering, environmental, and
economic analysis.

Reduction in CO2 emission in industries and/or power plants should be a
portfolio option. Integrated alkaline waste treatment with CO2 mineralization and
utilization is an attractive approach to achieving direct and indirect reduction in
greenhouse gas (GHG) emissions in industries. The accelerated carbonation can not
only stabilize alkaline wastes but also fix CO2 in flue gas from industries as a safe
and stable carbonate precipitate. On the other hand, the amount of CO2 reduction by
carbonation could be certified as emission reduction credits, in conjunction with the
joint implementation (JI), emission trading scheme (ETS), and clean development
mechanism (CDM) issued by the Kyoto Protocol. Therefore, it suggests that the
establishment of a waste-to-resource supply chain should provide a method of
overcoming the barriers of energy demand, waste management, and GHG emis-
sions to achieve a circular economy system, under which the “win-win” philosophy
demonstrating green economy and healthy environment can be coexisted.

We gratefully acknowledge Prof. Liang-Shih Fan at the Ohio University for his
thoughtful comments and invaluable support during the development of this book.
We also deeply appreciate Prof. Chung-Sung Tan, Prof. Young Ku, Prof. E.-E.
Chang, and Prof. Yi-Hung Chen, who have contributed to this book. Special thanks
go to Dr. Pen-Tai Chiang, Dr. Mengyao Gao, Shelley Yang, and Ming-I Chen for
their hard work and patience. Moreover, we are wholeheartedly grateful to
Dr. Kinjal J. Shah, Andrew Chiang, Teresa Wang, Michael Du, Elena Blair, and
Michael Lin, who reviewed one or more chapters of this book and provided
valuable suggestions and comments. Our sincerest appreciation also goes to all the
laboratory group members, Silu Pei, Tai-Chun Chung, Jeffrey Chen, Chen-Hsiang
Hung, Kuan-Wei Chen, and Tse-Lun Chen for their hard work on developing
carbon mineralization and utilization technologies.

Furthermore, we would like to express our gratitude to Mark Goedkoop, who
kindly granted permission to use their photographs and valuable information in this
book. Over the years, Ministry of Science and Technology (Taiwan), along with
several industrial partners including China Steel Corp., Tung-Ho Steel Enterprise
Corp., Formosa Petrochemical Corp., and Cheng Loong Corp., provided funding in
support of our research grants for the development and deployment of carbon
mineralization and utilization technologies. Much of the results reported in this
book are based on the aforementioned efforts. Our thanks also go to Xiao-Li Pei for
her assistance in the preproduction of this book.

Taipei, Taiwan Pen-Chi Chiang
Shu-Yuan Pan
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Chapter 1
Introduction

Abstract Since the industrial revolution in 1750, human activities have resulted in
a 40% increase in the atmospheric concentration of CO2, thereby leading to rapid
global warming. To mitigate the global warming and climate change caused by
huge anthropogenic CO2 emissions, different strategies, action plans, and economic
instruments have been proposed and implemented around the world. In this chapter,
the significance and importance of climate change and global warming are illus-
trated. An overview of several important formal meetings of the United Nations
Framework Convention on Climate Change (UNFCCC) Parties, i.e., Conferences
of the Parties (COP), is provided to reveal key milestones in dealing with global
greenhouse gas emissions. One such method uses accelerated carbonation of
alkaline wastes to capture and utilize CO2, the theoretical and practical consider-
ations of which are presented in 19 Chapters in this book.

1.1 Climate Change and Global Warming: Significance
and Importance

Greenhouse gases (GHGs) are gases in the atmosphere that can absorb and emit
radiation within the thermal infrared range, thereby leading to the greenhouse effect.
Without GHG, the average temperature of Earth’s surface would be approximately
0 °F (−18 °C), rather than present average of 59 °F (15 °C) [1, 2]. Of the gases
affecting the ambient temperature of the Earth, the following are most interesting
because they are known as long-lived greenhouse gases (LLGHGs):

• Carbon dioxide (CO2)
• Methane (CH4)
• Nitrous oxide (N2O)
• Chlorofluorocarbons (CFCs)
• Hydrochlorofluorocarbons (HCFCs)
• Hydrofluorocarbons (HFCs)
• Perfluorocarbons (PFCs)
• Sulfur hexafluoride (SF6)

© Springer Nature Singapore Pte Ltd. 2017
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The most abundant GHGs in the atmosphere of the Earth are water vapor (H2O),
CO2, CH4, N2O, O3, and CFCs. These gases can be discharged into the atmosphere
by natural and anthropogenic sources. However, since the beginning of the
industrial revolution, human activities have produced a 40% increase in the
atmospheric concentration of CO2, from 280 ppm in 1750 to 400 ppm in 2015. The
rapid increase of CO2 concentration in the atmosphere has spurred worldwide
concerns of global climate change from government, industrial, and academic
groups. Anthropogenic emissions of CO2 mainly come from combustion of
carbon-based fossil fuels (such as coal, oil, and natural gas), along with defor-
estation, soil erosion, and animal agriculture. It is noted that the major anthro-
pogenic GHGs are CO2, CH4, N2O, SF6, HFCs, and PFCs, which are regulated
under the international Kyoto Protocol treaty. The global warming potential
(GWP) depends on both the efficiency of the molecule as a GHG and its atmo-
spheric lifetime. CO2 is defined to have a GWP of one over all time period. For
instance, methane has an atmospheric lifetime of 12 ± 3 years, resulting in a GWP
value of 72 over a timescale of 20 years [3].

1.1.1 Kyoto Protocol in 1997

The Kyoto Protocol is an international treaty signed in 1997, which extends the
1992 United Nations Framework Convention on Climate Change (UNFCCC). The
Kyoto Protocol was adopted in Kyoto (Japan), and originally aimed to attain, by
2012, a reduction of global GHG emissions at least 5% less than the observed levels
in 1990. A total of six GHGs, including CO2, CH4, N2O, HFCs, PFCs, and SF6,
were regulated in the Kyoto Protocol, which came into effect in 2005. As a result of
the Kyoto Protocol, the European Union (EU) issued a global reduction aim of
GHG levels by 8%. The Protocol defines three flexibility mechanisms to meet the
emission limitation commitment for the Annex I Parties, which include interna-
tional emissions trading (IET), the clean development mechanism (CDM), and joint
implementation (JI). The economic basis for providing this flexibility is that the
marginal cost of reducing emissions differs among countries [4].

To negotiate the Kyoto Protocol for establishing legally binding obligations of
reducing GHG emissions for developed countries, the United Nations Climate
Change Conferences (UNCCC) are held annually in the framework of the
UNFCCC. They serve as the formal meeting of the UNFCCC Parties, i.e.,
Conferences of the Parties (COP), which assess the progress in dealing with climate
change. The first UNCCC (COP 1) was held at Berlin, Germany, in 1995. From
2011, the COP meetings have also been used to negotiate the Paris Agreement, as
part of the Durban platform activities (adopted at COP 17 in 2011), until its con-
clusion in 2015.
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1.1.2 Cancún Agreement (COP 16) in 2010

The 2010 UNFCCC, officially referred as the 16th session of the Conference of the
Parties (COP 16), was held at Cancún, Mexico, in 2010. The agreement includes
voluntary pledges made by 76 countries to control GHG emissions. At the time of
the agreement, these countries were collectively responsible for 85% of annual
global CO2 emission. The most significant outcome was the agreement for a “Green
Climate Fund (GCF)” and a “Climate Technology Centre,” adopted by the states’
parties. The GCF aimed to distribute US$100 billion per year by 2020 to assist
poorer countries in financing emission reductions and adapting to climate change. It
also asked rich countries to reduce their GHG emissions as pledged in the
Copenhagen Accord and planed to reduce the emissions for developing countries.
However, at that time, the funding of the GCF was not agreed upon.

1.1.3 Durban Agreement (COP 17) in 2011

COP 17 meeting was held at Durban, South Africa, in 2011. In this meeting, the
implementation of carbon capture and storage (CCS) technologies was regarded as
eligible for clean development mechanism (CDM) projects and activities. However,
the geological storage of CO2 demonstrated around the world still faces many
uncertainties and risks, such as accidental leakage of CO2, environmental impacts,
and public acceptance. On the other hand, carbon capture, utilization, and storage
(CCUS) have recently received global attention as a viable option for reducing CO2

emissions from industries and/or power plants [5–8]. In this meeting, the creation of
the GCF was also discussed.

1.1.4 Paris Agreement (COP 21) in 2015

The COP 21 meeting was held at Paris (France) in 2015. Negotiations resulted in
the adoption of the Paris Agreement, which represented a consensus of the repre-
sentatives of the 196 parties, to govern climate change reduction measures starting
from 2020. The agreement will become legally binding only if at least 55 counties,
which together produce at least 55% of the global GHG emissions, ratify the
agreement [9]. The agreement ended the work of the Durban platform which was
established during COP 17. The expected key result of COP 21 was highlighted by
the below statement:

Holding the increase in the global average temperature to well below 2 °C above
pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5 °C above
pre-industrial levels, recognizing that this would significantly reduce the risks and impacts
of climate change.

1.1 Climate Change and Global Warming: Significance and Importance 3



The agreement also called for “zero net anthropogenic GHG emissions” to be
reached by 2050. Prior to the conference, a total of 146 national climate panels each
publicly presented draft national climate contributions, called intended nationally
determined contributions (INDCs), which was estimated to limit global warming to
2.7 °C by 2100. For instance, the EU suggested the INDC should set a binding
target for at least a 40% domestic reduction in GHG emissions by 2030, compared
to 1990 [10]. It also suggested that the regulated GHGs by EU members should
include CO2, CH4, N2O, HFCs, PFCs, SF6, and NF3.

1.2 Mitigation and Adaptation

The ocean is the major short-term sink in nature because of the imbalance between
CO2 concentrations in the ocean and the atmosphere. Although the natural sink is
very important, offering −0.5 °C of temperature reduction following an overshoot
[11], the major application of anthropogenic sinks, such as carbon capture uti-
lization and storage (CCUS) and rapid reforestation, is also required to achieve a
plateau at 2 °C. Without technologies that remove CO2 from the atmosphere, the
350 CO2 ppm target is out of reach in the twenty-first century [11].

To mitigate rapid global warming and adapt to the climate change caused by huge
anthropogenic CO2 emissions, different strategies and tools from various aspects
have been proposed and implemented. Action plans and practical technologies have
been executed to pursue scientific solutions for overcoming the challenges of global
warming [12, 13]. According to the international energy agency (IEA) report, the
strategies for reducing CO2 emissions include the following: (1) improving overall
energy efficiency, (2) implementing carbon capture and storage (CCS) technologies,
and (3) utilizing renewable energy and material recycling [14]. Among the above
strategies, the CCS technologies could reduce CO2 emissions by 9–50% in industrial
sectors, compared to the present level, by 2050 and could mitigate cumulative global
climate change by 15–55% in 2100 [15].

Putting a price on carbon emission can also help shift the burden of the envi-
ronmental damage back to those who can reduce it. There are two types of carbon
pricing instruments that can be utilized to accelerate the CO2 emission reduction:
(1) emissions trading systems (ETS) and (2) carbon taxes. The choice of carbon
pricing tools depends on national and economic circumstances. The ETS is
sometimes referred to as a cap-and-trade system. It caps the total level of green-
house gas emissions and allows industries with low emissions to sell their extra
allowances to larger emitters. By creating a platform of supply and demand for
emission allowances, an ETS can effectively establish a market price for GHG
emissions, ensuring that the emitters will be kept within their pre-allocated carbon
budget. Conversely, a carbon tax directly sets a price on carbon by defining a tax
rate on the GHG emissions (or the carbon content) of fossil fuels. It is different from
an ETS because the emission reduction outcome of a carbon tax is not predefined
but the carbon price is.
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1.3 Structure and Contents of This Book

This book provides comprehensive information on CO2 capture and utilization
using alkaline wastes via accelerated carbonation technology from theoretical and
practical considerations, presented in the following 19 chapters. This book should
be beneficial to readers who take scientific and practical interests in the current and
future accelerated carbonation technology for CO2 mineralization and utilization.
Engineers, scientists, government officers, and project managers will find this book
an essential reference on CO2 mineralization and utilization.

In Part I, a broad review on challenges and opportunities for global warming
issues is provided, including post-combustion carbon capture, storage and utiliza-
tion (Chap. 2), CO2 mineralization and utilization via accelerated carbonation
(Chap. 3), and environmental impact assessment (EIA) and carbon capture and
storage (CCS) guidance (Chap. 4).

In Part II, the integrated waste treatment via ex situ accelerated carbonation is
systematically presented, in terms of theories and principles (Chap. 5), analytical
methods for carbonation material (Chap. 6), mechanisms and modelling (Chap. 7),
practices and applications (Chap. 8). Chapter 9 covers the system analysis
methodology, including response surface methodology (RSM), life cycle assess-
ment (LCA), cost–benefit analysis (CBA), and 3E (Engineering, Environmental,
and Economic) triangle model.

In Part III, various types of feedstock for CO2 mineralization are illustrated,
including natural silicate and carbonate minerals (Chap. 10), iron and steel slags
(Chap. 11), fly ash, bottom ash, and dust (Chap. 12) and paper industry, con-
struction, and mining process wastes (Chap. 13).

In Part IV, the valorization of carbonization product as green materials is dis-
cussed, including utilization of carbonation product as green materials (Chap. 14),
supplementary cementitious materials (SCMs) in cement mortar (Chap. 15), and
aggregates and other high-value products (Chap. 16).

In Part V, the concepts of integral approach for waste treatment and resource
recovery are illustrated. First, the carbon capture with flue gas purification (e.g.,
SOx, NOx, and particulate matter) via process integration and intensification is
provided in Chap. 17. After that, the importance and significance of
waste-to-resource (WTR) supply chain are discussed, in terms of barriers, chal-
lenges, strategies, and action plans (Chap. 18). Following that the principles of
system optimization, such as (1) mathematical programming approach, (2) graphi-
cal presentation for optimization, and (3) comprehensive performance evaluation,
are introduced to demonstrate the best available technology (Chap. 19). Moreover,
several demonstration and action plans around the world are reviewed. Finally, the
prospective and perspective on the strategies toward zero waste for sustainability
are provided in Chap. 20.
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Part I
Global Warming Issues: Challenges and

Opportunities



Chapter 2
Post-combustion Carbon Capture,
Storage, and Utilization

Abstract Deployment of carbon capture, storage, and utilization technologies
worldwide from the CO2 emission point source is a strategy that has been proposed
to address the challenge of climate change and global warming. As a viable option
for reducing CO2 emissions, moving carbon capture and storage technology to
incorporate “utilization” (carbon capture and utilization) has received dramatically
global attention. This chapter provides an overview of various types of carbon
capture, storage, and utilization technologies. After that, one of the carbon capture
and utilization technologies, i.e., microalgae pond systems, is illustrated in detail.
The principles of microalgae open pond systems, key parameters affecting pro-
ductivity, and economic considerations of operating open ponds are systematically
illustrated.

2.1 Significance and Importance

Human activities resulted in emissions of four long-lived greenhouse gases (GHGs):
CO2, CH4, N2O, and halocarbons, of which CO2 is the most important anthro-
pogenic GHG due to its solitary responsibility for about two-thirds of the enhanced
greenhouse effect [1]. Meanwhile, rapid economic growth in developing countries
such as China and India is driving worldwide energy demand and usage day by day.
At the same time, it has been predicted that fossil fuels will remain the dominant
energy source around the world for at least another 20 years to fulfill such energy
demands [2]. As CO2 keeps accumulating in the atmosphere after generating from
power plant, concerns about serious and irreversible damage, such as rising water
level and species extinction, are being raised regarding its influence on climate
change. Consequently, it is clear that effective control of CO2 emissions is required
to achieve the goal of global CO2 concentration below 550 ppm over next the
100 years [3].

© Springer Nature Singapore Pte Ltd. 2017
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2.1.1 Strategies on Global CO2 Mitigation

It is noted that the increased global average CO2 concentration in the atmosphere is
likely to cause further warming and induce many changes in the global climate
system. To reduce CO2 in the atmosphere, five strategies can be considerable [4]:

• Strategy 1: Reducing the amount of CO2 producer sources (reducing energy
intensity)

• Strategy 2: Using CO2 (or reducing carbon intensity)
• Strategy 3: Capturing and storing of CO2

• Strategy 4: Switching to less carbon-intensive fuels from conventional fuels
• Strategy 5: Increasing the use of renewable energies.

The third strategy involves the development of innovative, available, and
cost-effective carbon capture and storage (CCS) technologies because of a 50-year
estimate for the continued widespread burning of fossil fuels, the goal of reaching a
500 ppm atmospheric CO2 concentration plateau, and the lag time needed for the
development and implementation of new carbonless sources of energy [4, 5]. In
general, the carbon capture technologies can be classified into three categories:

• Precombustion capture
• Post-combustion capture
• Oxy-fuel combustion

2.1.2 Transition from Storage to Utilization

As a viable option for reducing CO2 emissions, moving CCS technology to
incorporate “utilization” [i.e., carbon capture and utilization (CCU)] has received
dramatically global attention. Europe (in particular Germany), the USA, and
Australia are well advanced in research and development of carbon capture, uti-
lization, and storage (CCUS) technologies [6, 7]. The utilization routes of the
captured CO2 include enhanced fuel recovery (i.e., enhanced oil recovery and
enhanced gas recovery), biological conversion (i.e., algae), food industry, chemicals
(i.e., fertilizer and liquid fuel), refrigerant, inerting agents, fire suppression, plastics,
and even mineralization as carbonates (i.e., precipitated calcium carbonates
(PCC) and construction materials). The benefits of CCU technologies include the
following: [6, 8].

• Potentially reduce annual CO2 emissions by at least 3.7 Gt, equivalent to about
10% of the world’s current annual emissions

• Value-added products that create green jobs and economic benefits and help
offset the abatement cost.
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As a result, CCUS technologies are key strategies to attenuate the impacts of
global warming during the transition period for developing sustainable energy
technologies. CCUS is considered to be a critical strategy in the pathway to a
sustainable energy system, contributing *14% of reductions in global CO2

emissions by 2050 [9, 10]. However, none of the CCUS technologies alone can
provide a short—to medium-term solution to reduce CO2 emissions at a level
necessary to stabilize current concentrations. Rather, a portfolio solution must be
identified to achieve the most effective CO2 reduction while minimizing social and
economic costs.

2.1.3 Concept of Carbon Capture, Utilization,
and Storage (CCUS)

Figure 2.1 shows the major CCUS technologies, including CO2 capture, storage
(sequestration), utilization (direct use), and conversion into chemicals and/or fuels.
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Fig. 2.1 Concepts of post-combustion carbon capture, utilization, and storage (CCUS)
technologies
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For example, the CCS technologies can effectively capture CO2 from emission
sources, transport it, and then store it at suitable and permanent geological sites.

2.2 Post-combustion Carbon Capture and Storage

As the first step for CO2 capture, dilute CO2 in flue gas from industries and/or
conventional power plants should be separated and concentrated to a high purity in
a cost-effective manner with low energy consumptions. After capture, the CO2 can
be stored into geological or saline formations to ensure long-term sequestration.
Also, the concentrated CO2 stream can be directly utilized or converted into
carbon-based materials, such as fuels and chemicals.

2.2.1 Post-combustion CO2 Capture Technologies

Figure 2.2 shows various approaches to post-combustion CO2 capture from flue gas
or air. Although various CO2 capture technologies are available, only a few pro-
cesses have been deployed on a large scale due to significant mass transfer limi-
tations in the processes and the need to treat a significant amount of flue gas [11].
Therefore, successful development and deployment of CO2 capture processes have
been required for obtaining the breakthroughs in innovative reactor concepts and
process schemes as well as advancement for new materials.

Fig. 2.2 Different approaches to CO2 capture technologies
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In order to achieve the above goals, the dilute CO2 in flue gas (or air) can be
concentrated via various technologies:

• Chemical absorption: alkaline solutions such as NaCl, ammonium solution, and
monoethanolamine [11, 12]

• Physical adsorption: zeolite [13], activated carbon [14], and metal-organic
frameworks [15]

• Selective membrane separation [16, 17]
• Cryogenic techniques [18]
• Ionic liquid absorption process [19]
• High-temperature solid looping processes: calcium looping [20] and chemical

looping [21].

The aforementioned capture technologies can concentrate the dilute CO2 in flue
gas to nearly pure CO2. After that, it should take the sequential storage or utilization
into consideration. Other approaches of post-combustion capture are integrated with
CO2 utilization including the following:

• Mineral carbonation: natural ores and/or solid wastes [22]
• Biological method: microalgae and enzyme-based processes [23].

Some of the CO2 capture technologies, such as biological method and mineral
carbonation, are related to direct conversion and utilization of CO2 because the
physico-chemical property of CO2 is changed after capture process. Therefore, no
additional CO2 storage site is required with the capture plant. These two approa-
ches, i.e., biological method and mineral carbonation, are illustrated in detail in the
following Sect. 2.4 and Chap. 3, respectively.

2.2.1.1 Absorption and Adsorption Processes

Table 2.1 presents the comparison of the post-combustion CO2 capture technolo-
gies by absorption process, such as using aqueous absorbents and ionic liquid (IL).
Meanwhile, chemical absorption via aqueous alkanolamine solutions is regarded as
the most applicable technology for CO2 capture by 2030 [24]. It can be accom-
plished in two stages: (1) CO2 absorption using an absorbent or solvent, and fol-
lowed by (2) desorption using pressure, temperature, or electric swing. However,
several technological issues, including equipment corrosion, energy consumption in
regeneration, and absorber volume, should be critically assessed in using alka-
nolamine aqueous solutions as absorbents. Thus, a modification and intensification
of the absorption process should be considered to enhance the mass transfer
between CO2 gas and solution, for example, a high-gravity rotating packed-bed
reactor [25, 26]. In addition, appropriate absorbent genomes, such as using piper-
azine with diethylenetriamine [27], piperazine with diethylene glycol [28], and
NaOH solution [12], are needed to achieve high CO2 capture efficiency and low
regeneration energy.
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Table 2.2 presents the post-combustion CO2 capture technologies by adsorption
process using solid adsorbent and metal-organic frameworks (MOFs). The
adsorption processes exhibit a lower CO2 adsorption capacity, compared to
chemical absorption processes.

2.2.1.2 Chemical Looping Process

Chemical looping process (CLP) is an advanced combustion process, where CO2 is
inherently separated from the other flue gas components. Oxygen-carrier materials,
such as Fe-, Cu-, Ni-, Mn-, and Co-based metal oxides, are frequently used in the
transfer of oxygen from combustion air to the fuel. In this case, direct contact
between fuel and air can be avoided, thereby resulting in near 100% CO2 in flue
gas. Figure 2.3 shows the schematic diagram of CLP for power generation.
Oxygen-carrier material (MexOy) is reduced by carbonaceous fuel, such as coal and
CH4, to generate H2O and CO2 in the fuel reactor, as described in Eq. (2.1).

CnH2m þ 2nþmð ÞMexOy ! nCO2 þmH2Oþ 2nþmð ÞMexOy�1 ð2:1Þ

Table 2.1 Merits and demerits of various physical and chemical absorption processes for
post-combustion CO2 capture

Process description/chemical
components

Advantages Disadvantages

Physical ∙ Selexol process
∙ Rectisol process
∙ Purisol process

∙ Low vapor pressure and
toxicity (Selexol)

∙ Low corrosion
(Rectisol)

∙ Low energy
consumption (Purisol)

∙ Low absorption
capacity

∙ Limited refractory
life (Selexol)

∙ High capital and
operating costs
(Rectisol)

Chemical ∙ Alkanolamine solution
(MEA, DEA, and
MDEA)

∙ Sterically hindered
amine (AMP)

∙ Promoter (PZ, PIP)

∙ High absorption
capacity

∙ Low operating pressure
and temperature

∙ Suitable for retrofitting
of the existing power
plant

∙ Severe equipment
corrosion rate

∙ High energy
consumption in
regeneration

∙ Large absorber
volume required

∙ Amine degradation
by SO2, NO2, and
O2

∙ Ionic liquid (IL) ∙ Low vapor pressure
∙ Non-toxicity
∙ Good thermal stability
∙ High polarity

∙ High viscosity
∙ High energy
requirement for
regeneration

∙ High unit costs
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Table 2.2 Post-combustion CO2 capture processes via physical and chemical adsorption

Process description Advantages Disadvantages

Physical ∙ Activated carbon
(AC)

∙ Zeolite
∙ Mesoporous silica
(MS)

∙ Metal-organic
frameworks
(MOFs)

∙ Wide availability and low
cost

∙ High thermal stability
(AC)

∙ Low sensitivity to
moisture (AC)

∙ High pore size and tunable
pore size (MS and MOFs)

∙ Low CO2 adsorption
capacity

∙ Low CO2 selectivity
∙ Slow adsorption
kinetics

∙ Thermal, chemical,
and mechanical
stability in cycling

Chemical ∙ Amine-based
adsorbent

∙ Alkali earth metal
adsorbent

∙ Lithium-based
adsorbent

∙ Exothermic reaction
∙ High adsorption capacity
∙ Low cost in natural
minerals

∙ Deactivation of
synthesis adsorbent

∙ Low CO2 selectivity
∙ Serious diffusion
resistance

∙ Alkaline solid
waste (steelmaking
slag, ashes, etc)

∙ Thermodynamically stable
product

∙ High availability of wastes
∙ Reuse product in a variety
of application

∙ Decreased leaching of
heavy metal trace elements
from the wastes

∙ Low CO2 adsorption
capacity

∙ Slow adsorption
kinetics and mass
transfer

∙ High energy
consumption in
crushing

Fig. 2.3 Schematic diagram
of chemical looping process
(CLP) for power generation
with high-purity CO2

production
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The reduced metal oxide (MexOy−n) is then oxidized to MexOy by oxygen in the
air reactor, as expressed in Eq. (2.2), which is an exothermic reaction that provides
heat to external facilities, such as electricity generator.

2MexOy�1 þO2 ! 2MexOy ð2:2Þ

In order to optimize CO2 production, several challenges in commercialization of
CLP still need to be addressed: (1) development of a low-cost oxygen carrier with
high reactivity and recyclability; and (2) optimization of reactor design and oper-
ating condition. The reactivity of Ni- and Cu-based oxygen carriers is great for
chemical looping process; however, their development is still limited due to their
high fabrication cost [21]. Regarding the scale of CO2 capture capacity, CLP has
been successfully demonstrated in actual operation in a size of 0.3–1 MW and
should be ready to further scale up to the size range of 1–10 MW [29].

2.2.2 Carbon Storage Technologies

The concentrated CO2 can be pressurized and stored in geological formations
underground, so-called geological CO2 storage, such as

• Deep ocean [30]
• Saline aquifers [31, 32]
• Unminable coal beds [33]
• Depleted oil/gas reservoirs [34]

With widespread geographic distribution, CO2 (high purity after capture process)
injection into confined geological formations can offer a potentially large storage
capacity [35]. In general, four major mechanisms for geological CO2 storage are as
follows:

• Dynamic fluid trapping
• Dissolution trapping
• Residual trapping
• Mineral trapping

From the technological point of view, the risks of geological CO2 storage may
include the following [36]:

• Long-term containment risks: potential leakage and induced seismicity
• Site performance risks: improper analysis of wellbore, near-wellbore, and

reservoir factors

A nanofluid-based supercritical CO2 technique could be effectively used for
geological CO2 storage since nanofluids can not only enhance homogeneous CO2

transport in reservoir but also mitigate the adverse effects of stratigraphic hetero-
geneity on migration and accumulation of CO2 plume [32]. Regarding the reaction
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mechanism, extensive studies have been carried out to evaluate changes in host
rock properties when exposed to CO2 [37]. A large-scale commercial storage
should be conducted with potential exploration of geothermal resource in
deep-seated hot rocks. Successful CO2 sequestration in geological formations, on
the one hand, requires a cross-disciplinary effort in geochemical, mineralogical, and
petrophysical properties of reservoir and seal materials from the microscopic to the
macroscopic scales. On the other hand, prediction and regular monitoring of storage
capacity, CO2 migration and phase state, and long-term reservoir behavior are
crucial to ensure the safety, security and sustainability of CO2 sequestration.

2.2.3 Large-Scale Demonstration Plans

The “utilization” of CO2 through physical, chemical, or enhanced biological
methods should result in effective reductions in CO2 emissions toward a sustainable
carbon cycle. With the development of innovative utilizationprocesses, direct and
indirect environmental benefits are expected regarding (1) the reduction of both
CO2 emissions and fossil fuel extractions, and (2) the substitution of chemicals [2].
However, the widespread deployment of CO2 capture, storage, and utilization
(CCSU) projects has not been achieved due to several barriers including the
following:

• High capital investment
• Uncertainties in policies, regulations, and technical performance
• Public acceptance
• Concerns about human health and safety
• Environmental risks.

Many countries, such as Norway, Canada, the USA, Germany, and Australia, are
advanced in research and development of CCSU technologies [7]. In this section,
two large-scale demonstrations in Norway (i.e., CO2 capture by amine absorption
process) and in Canada (i.e., CO2/SO2 capture and H2SO4 production) are provided
and illustrated.

2.2.3.1 Carbon Capture by Amine in Norway (2012)

In Norway, the carbon tax mechanism has been implemented since 1991, thereby
leading to the successful development of the first large-scale carbon capture project
in the world. As shown in Fig. 2.4, it not only takes CO2 from a power station but
also extracts CO2 from the natural gas coming from the offshore Sleipner field,
owned by Statoil. The efficiency of a modern gas power plant in Norway is typi-
cally 59%, such as the one on the southwest coast at Karsto. However, the effi-
ciency would drop to around 50%, if the CO2 capture unit (including transportation
of the CO2) is installed. Usually, it requires energy to drive the CO2 capture and
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storage processes. Therefore, the power station must burn more fuel to produce the
same amount of electricity.

In Dong Energy’s power station, the CO2 concentration in the flue gas is about
3%, while the pipe from the cracker at Statoil’s Mongstad refinery comes in at
around 13%. After absorption process, approximately 90% of CO2 in the flue gas
can be captured. The liquid surface in the absorption tower is estimated to be the
same as eight soccer fields.

2.2.3.2 Sask Power Plant in Canada (2015): CO2/SO2 Capture
and H2SO4 Production

At Canada, the Boundary Dam power station (Unit 3), operated by the SaskPower
team, has integrated with a carbon capture plant. The project transformed the aging
Unit #3 at Boundary Dam power tation near Estevan, Saskatchewan, into a reliable,
long-term producer of up to 115 megawatts (MW) of base load electricity. The
captured CO2 could be compressed and permanently stored underground (*3.4 km
deep), or be liquidized and transported by pipeline to nearby oil company for
further utilization, e.g., enhanced oil recovery.

In addition to CO2, other by-products could be produced from the project. For
instance, SO2 can be captured and converted to sulfuric acid (H2SO4) for industrial
use. Fly ash, another by-product of coal combustion, could also be sold for use in
ready-mix concrete, precast structures, and concrete products. The designed CO2

Fig. 2.4 Schematic diagram of the carbon capture plant by amine in Norway. Reproduced from
Ref. [38] by permission of Technology Centre Mongstad (TCM)
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and SO2 emission reduction are 90 and 100%, respectively. In this case, one million
tonnes of CO2 could be captured each year, equivalent of taking more than 250,000
cars off Saskatchewan roads annually.

2.3 Carbon Utilization and Valorization

The most valuable perspective in CO2 utilization and valorization is not the amount
of CO2 used, since the fixed CO2 would be reformed within a short time after a CO2-
made chemical is used. Rather, it is the introduction of innovative technologies for
cleaner production that could reduce the use of materials and energy. Carbon uti-
lization and valorisation can achieve a real carbon cycle toward environmental
sustainability. After CO2 capture process, the concentrated CO2 can be either utilized
directly, or converted and transformed into other products, as shown in Fig. 2.5.

In this section, two approaches to utilizing concentrated CO2, i.e., (1) direct
utilization and (2) conversion and transformation, are briefly illustrated.

2.3.1 Direct Utilization of Concentrated CO2

Direct use of CO2 involves phase changes (i.e., states of matter) between gas,
liquid, solid, and supercritical fluid. In this case, the concentrated CO2 can be
directly applied in various fields such as [39].

• Food industry
• Soft drinks
• Fire extinguishers
• Extractants
• Solvents for reactions, separation, synthesis, and modification of material:

supercritical CO2.

Fig. 2.5 Various approaches to CO2 utilization and valorization toward sustainable carbon cycle
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The economics of the CO2 utilization technology reply on the quality of CO2

output (e.g., purity, temperature, and pressure) and the capture processes involved.
Currently, the market scales of such applications are still small, which cannot
contribute to a huge impact on the overall CO2 emission mitigation. Moreover,
there is a large difference of predicted CO2 price between the studies. The most
acceptable estimate is that the CO2 price in 2050 might be in the range of 100–400
US $ per ton CO2 [40].

2.3.2 CO2 Conversion and Transformation

Conversion of the captured CO2 to useful products is an essential strategy toward a
sustainable carbon cycle. As CO2 is a thermodynamically stable compound, con-
version of CO2 typically goes through a catalytic process with additional work
input, e.g., renewable energy source. Among the carbon-species compounds, the
CO2 molecule exhibits the highest oxidation state (4+). For this reason, CO2

conversion and transformation can be realized by.

• Reduction reaction [41]: to a negative-going oxidation state.
• Mineralization [42]: to a lower Gibbs free energy, compared to gaseous CO2.

Extensive efforts have been underway to increase the CO2 conversion efficiency
under various novel processes. The CO2 reduction reaction can be achieved by
several different approaches, such as electrocatalytic [43, 44], photocatalytic [41],
and biological [23] methods. It can not only reduce CO2 accumulations in the
atmosphere but also use CO2 for furnishing chemicals and energy products. In the
following content, the reduction reaction of CO2 via either chemical catalyst or
biological method is provided. The mineralization of CO2 will be discussed in detail
in Chap. 3.

2.3.2.1 Chemical and Catalytic Reaction

The CO2 can be converted into numerous value-added chemicals via several
methods, such as thermochemical, electrochemical, photoelectrochemical, and
photocatalytic. In chemical catalytic systems, semiconducting (e.g., TiO2 and CdS)
and/or metal-organic complex materials are commonly used as an additional sub-
stance called a catalyst. With the catalyst, reduction reactions of CO2 occur faster
since they require less activation energy. As shown in Fig. 2.6, numerous chemicals
(e.g., methane, ethanol, and polymers) can be produced from CO2 reduction
reaction using catalyst.

It is noted that some of the catalytic reduction reactions require the participation
of hydrogen (H2) or proton (H+). For this reason, the H2 (or proton) can be pro-
duced from water using exclusively renewable energy, which has been considered
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as an alternative to store intermittent energy. In electrochemical process, the protons
and electrons could be generated from water in an anode compartment using
electricity from renewable energy [45], as shown in Eq. (2.3):

H2Oþ energy ! 2Hþ þ 2e� þ 1=2O2 " ð2:3Þ

The concept of using CO2 and H2 to produce chemical fuels, such as methane,
methanol, and dimethyl ether (DME), is so-called the production of sustainable
organic fuel for transport (SOFT). The CO2 and H2 can be converted into liquid
hydrocarbon through a combination of the reverse water–gas shift (RWGS) reaction
and Fischer–Tropsch (FT) process, as shown in Eqs. (2.4) and (2.5), respectively.

CO2 þH2 ! COþH2O DH0
298 ¼ þ 42 kJ=mol ð2:4Þ

2nþ 1ð ÞH2 þ nCO ! CnH2nþ 2 þ nH2O ð2:5Þ

where n is typically ranged from 10 to 20. The FT synthesis involves a series of
chemical reaction that produce a variety of hydrocarbons (CnH2n+2).

Fig. 2.6 Plentifully potential uses of CO2 as chemicals through various conversion technologies
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On the other hand, the CO2 and H2 can be converted into, for instance, methanol
via Eq. (2.6):

CO2 þ 3H2 ! CH3OH þ H2O DH0
298 ¼ �49 kJ=mol ð2:6Þ

The key to successful SOFT production replies on three elements: (1) a cheap
source of CO2, which depends on the types of CO2 capture process; (2) a cheap
source of H2, which may be combined with renewable energy utilization; and (3) an
effective and robust catalyst to initiate the reduction reaction. Regarding the cat-
alytic systems, they typically suffer from low efficiency of CO2 reduction reaction
due to several limiting factors [41]:

• Fast electron–hole (e–-h+) recombination rates
• Complicated backward reactions
• Low CO2 affinity of the photocatalyst

2.3.2.2 Enhanced Biological Fixation

Another approach to CO2 reduction reaction is via the biological methods using
fast-growing biomass, called enhanced biological fixation. It corresponds to the
production of aquatic and/or terrestrial biomass under non-natural photosynthetic
conditions. For instance, direct use of CO2 by “microalgae” has attracted great
interest since microalgae can not only consume CO2 but also be converted to
biochemicals or biofuels. Microalgal cells are sunlight-driven cell factories that can
convert CO2 into raw materials for producing biofuels (or solar fuels), animal food
chemicals, and high-value bioactive compounds such as docosahexaenoic acid [46].
The reaction can be achieved by two separate mechanisms:

• Light-dependent set: Solar light (uv) energy is used to excite electrons for
reducing the coenzyme NADP+ to NADPH and creating the high-energy
molecule ATP.

• Light-independent set: The reduced molecules are utilized to convert CO2 to
organic compounds that can be used as a source of energy by algae.

Due to its carbon neutral property, the production of bio-based chemicals in
biorefineries using biomass is a key opportunity for sustainable green growth.
Based on a cradle-to-grave life cycle assessment [47], bioproducts could provide
reductions of 39–86% in greenhouse gas emissions, compared to their fossil
counterparts. Furthermore, the reaction products, such as biochemicals, may offer a
high added value, providing an opportunity to cover the costs of biomass pro-
duction (e.g., algal). Biotechnologies are expected to contribute to 2.7% of GDP in
2030 within the OECD region and make the largest economic contribution in
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industry and primary production [48]. As a result, the biological process for CO2

utilization and transformation should be feasible from an economic standpoint and
acceptable from an energy perspective.

2.4 Case Study: Microalgae Pond for CO2 Capture
and Utilization

Algal technology offers great potential to combat the global energy and CO2 crisis
and malnutrition, while also generating high value-added products. Microalgae
have been recognized as an alternative feedstock to energy conversion and/or
chemicals production. They are fast-growing and ubiquitous photosynthetic
organisms, which are rich in protein and chemical compounds, and can be con-
verted to biodiesel fuel using a variety of different methods. Microalgae have been
recognized as a third-generation source of biofuels not only because they use CO2

from the atmosphere, as indicated in Eq. (2.7), but also due to their high lipid
content per biomass compared to other plants [49].

6CO2 þ 12H2O !light C6H12O6 þ 6 O6 ð2:7Þ

Microalgae are superior to terrestrial energy crops, in terms of biomass and
biodiesel yield [50]:

• Microalgae in photobioreactors: *150 Mt/ (ha-year)
• Microalgae in open ponds: 50–70 Mt/ (ha-year)
• Switch grass (terrestrial): *13 Mt/ (ha-year)
• Corn (terrestrial): *9 Mt/ (ha-year)
• Soybeans (terrestrial): *3 Mt/ (ha-year).

Microalgae can be used as a feedstock for manufacturing a number of products:

• Bioenergy: biodiesel, biogas, bioethanol, etc.
• Non-energy bioproducts: carbohydrates, pigments, protein, biomaterials, etc.
• Animal feed.

As a result, microalgae could provide huge market potential for biodiesel as well
as other valuable biochemicals. However, since the productivity (or yields) of the
bioproducts has certain stoichiometric and thermodynamic constrains (fundamental
principles of biochemistry), the maximum theoretical energy conversion of the full
sunlight spectrum into organic matter is about 10% [49]. Aside from stoichiometric
and thermodynamic constrains, algal cultivation is considered as one of the tech-
nological barriers. It is noted that algal cultivation accounts for one-third of the total
cost involved in the algal biofuel production process [51].
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In the following section, the types of open pond systems and the key parameters
affecting productivity for the microalgae cultivation as well as the process eco-
nomics are discussed.

2.4.1 Types of Open Pond Systems

For algal cultivation, the open ponds are easier to construct and operate than most
closed systems, thereby resulting in low production costs and low operating costs.
Four major open pond systems can be used for algal cultivation:

• Shallow big ponds
• Tanks
• Circular ponds
• Raceway ponds.

Since each of them exhibits its own characteristic features, the selection of an
appropriate open ponds for cultivation relies on the types of algal species, location
of plant installation, local climatic conditions, and cost of water and lands [52].
Figure 2.7 shows the schematic diagram of material flows in an open pond system.
Microalgae require the same basic element inputs as plants, including light, CO2,
water, and inorganic nutrients (such as P compounds). As a result, environmental
factors such as light intensity, temperature, pCO2, PO2, pH, and salinity play a
crucial role in microalgae productivity. During algal growth, the chlorophyll-a
content, algae cell density, DO, and pH of the solution can grow rapidly.

In general, open ponds can offer greater CO2 fixation capacity than tubular
reactors due to their greater culture volume per area [53]:

• Open ponds: 100–300 L-CO2/m
2

• Tubular reactors (1–5-cm tubes): 8–40 L-CO2/m
2.

Production of microalgae in raceway ponds is considered the most promising
technology for algal cultivation, especially in the large scale [51]. Typically, the
surface-to-volume ratio of raceway ponds (i.e., the depth of pond) is approximately
5–10 m−1 [54]. The shallow configuration is required for raceway ponds to prevent

Fig. 2.7 Schematic diagram
of material flows in an open
pond system
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light limitation inside the culture, thereby resulting in a linear land footprint when it
comes to scale-up. In addition, typical process hurdles for raceway ponds still may
include the following: [55].

• High risk of culture contamination from strains of bacteria or other outside
organisms

• Lack of temperature control (or environment condition control due to weather)
• Inefficient stirring mechanisms
• Poor gas–liquid mass transfer
• Low final biomass concentrations incurring high harvesting costs

2.4.2 Key Parameters Affecting Productivity

Numerous external and internal factors will significantly affect algal growth and
productivity in the open pond systems, including the following:

• Environmental factors: location of the cultivation system, rainfall, solar radia-
tion, etc.

• Engineering factors: pond depth, CO2 delivery system, methods of mixing,
power consumption, etc.

• Biological factors: light, pH, oxygen accumulation, salinity, algal predators, etc.

Table 2.3 presents the aforementioned factors affecting algal growth, biomass
accumulation, and production for most algae in open ponds. Normally, the most
challenging and important factors discussed in photobioreactor design and opera-
tion are sufficient mixing (stirring), rapid carbon utilization, and the accumulation
of photosynthetically produced oxygen [53]. Therefore, controlling pH, conduc-
tivity, and O2 concentration of the culture is important to obtain a high biomass
concentration and productivity [56]. It was noted that an excess of both pH and
dissolved O2 in ponds would significantly reduce biomass concentration and pro-
ductivity, especially in mid-summer, while no inhibition of growth by excess
irradiance and temperature is expected [56].

In the following section, several important factors, including (1) light (radiation),
(2) temperature, (3) mixing, (4) CO2 delivery and cultural pH control, (5) accu-
mulation of dissolved oxygen, and (6) salinity, are discussed.

2.4.2.1 Light (Radiation)

Light (or photolight uv) is essential for algal growth since the growth of all algal
species is highly dependent on solar radiation of the pond or water body. It suggests
that maximum algal growth rate should be obtained at the light saturation (irradi-
ation) point. Beyond the light saturation point, algal growth would be inhibited
because of the photoinhibition mechanism. The photoinhibition is a series of
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Table 2.3 Significant factors affecting algal growth, biomass accumulation, and production for
most of algae in open pond system. Reprinted by permission from Taiwan Association for Aerosol
Research: Ref. [80], copyright 2016

Categories Factors Influence (features) Rule of thumb Reference

Environmental
(location)

Irradiance
(light intensity)

Algae growth Minimum of
4.65 kWh m−2 d−1

[57]

Rainfall Chance of culture dilution Not more than 1 m per
year

[58]

Land slope Earth-moving costs during
pond construction

Not more than 5% [59]

Contiguous
area

Ensure a commercial scale (i.e.,
3.8 dam3 y−1 of oil feedstock)

Minimum 3.2–10.5
km2

[58]

Engineering Pond depth Temperature, light utilization
efficiency, mixing, and power
consumption of mixing, etc.

Typical 15–20 cm
(raceway)

[23]

Typical 20–30 cm [60]

Productivity increased
134–200% in depth of
40 cm (compared to
20 cm)

[61]

Mixing Light utilization efficiency,
oxygen removal rate, etc.

Kept between 5 and
30 cm s−1

[51]

CO2 delivery
system

Affected by diffusor At least 65 lmol L−1 [53]

Power
consumption

Affected by water head and
types of paddle wheel

Typical 1.5–8.4 W
m−3

[62]

Biological Light
(wavelength,
photoperiod)

Autotrophic growth and
photosynthetic activity

400–500 nm (for
chlorophyll a,
chlorophyll b, and
carotenoids)

[63]

Biomass
concentration
(areal density)

Pigmentation to block light Up to 0.66 g L−1 [64]

pH CO2 concentration in the
culture

Optimal in the range of
7–8, no more than 8.5

[53, 65]

Oxygen
accumulation

Results in photooxidation and
respiration of cell

Not more than
25 mg L−1

[56]

Salinity Growth and cell composition of
microalgae

Range between 22 and
28 mS cm−1

[56]

SO2 May not directly inhibit growth
but increase acidity

Must below 100 mg/L [23]

C:N ratio Composition in algal cells Range from 6 to 8 [66]

Temperature Cellular chemical composition,
uptake of nutrients and CO2,
growth rates for every species
of algae

Minimal temperature
around 18 °C

[67]

Different optimal
temperatures ranging
from 24 to 42 °C

[68]

Nutrient/media
(N, P, S)

Growth and composition of
benthic algae. Formation of
microalgae
(CH1.7O0.4N0.15P0.0094)

N: 4–8% per dry
weight basis algae
P: 0.1% per dry weight
basis algae
S: 0.5% per dry weight
basis algae

[60]
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complex reactions that inhibit different activities of photosystem II (or water–
plastoquinone oxidoreductase). So far, these is no consensus on the real mecha-
nisms of photoinhibition. The photoinhibition can occur at all light intensities, and
the rate constant of photoinhibition is directly proportional to light intensity. From
the aspect of engineering design, the depth of open ponds is directly dependent on
irradiance spectra. The appropriate depth of open pond system can be determined
by measuring the irradiance attenuation coefficient as a function of wavelength for
each strain [63].

2.4.2.2 Temperature

Temperature maintenance in raceway ponds is challenging and important work.
Productivity of microalgae increases as the pond temperature increases up to an
optimum temperature. Above the optimum temperature, algal respiration and
photorespiration increase, thereby reducing overall productivity. It suggests that the
optimum ranges of temperature and light irradiance for growth are 20–30 °C and
33–400 lmol m−2 s−1, respectively, for algae species such as [69].

• Most of green algae

– Botryococcus
– Chlorella
– Chlamydomonas
– Haematococcus
– Neochloris
– Nannochloropsis
– Scenedesmus
– Spirogyra
– Ulva

• A few species of brown algae
• A few species of red algae
• A few species of blue-green algae

Similarly, the Algae Raceway Integrated Design (ARID) also suggests that
diurnal and seasonal temperature fluctuations should be minimized. The tempera-
ture should maintain within the optimal range of 15–30 °C.

2.4.2.3 Mixing

Mixing, especially vertical mixing, is considered the most significant factor
affecting the performance of raceway ponds since it is largely related to light
utilization efficiency. The importance and significance of sufficient mixing in
raceway ponds includes the following [51, 54, 70]:
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• Periodic exposure of cells to sunlight
• Keeping cells in suspension
• Availability of the nutrient to algal cells
• Removal of photosynthetically generated dissolved oxygen (DO) to avoid

photooxidation and photoinhibition by respiration, thereby enhancing light
utilization efficiency

Typically, mixing accounts for *69% of total utility costs [71]. Therefore, the
mixing intensity should be carefully adjusted according to the environmental
conditions. For instance, the mixing velocity should be reduced during the night
and even in winter time to avoid excess biomass loss in the absence of light.

2.4.2.4 CO2 Delivery and Effect of Culture PH Value Control

Microalgae can be successfully grown in various types of liquid phases, such as
(piggy) wastewater and deep-sea water. Typical, the carbon-to-nitrogen (C:N) ratio
in the algal cells ranges from 6 to 8 [66]. When wastewater is used for algae
cultivation, additional CO2 delivery is imperative for maintaining a sufficient car-
bon source because the C:N ratio of wastewater is generally 3. In high-rate ponds, a
supply of concentrated CO2 greater than 5% is needed to sustain algal growth [72].
CO2 delivery largely depends on culture pH and the factors affecting mass transfer
rates, such as type of sparger, mixing intensity, liquid velocity, and gas–liquid
contact time. The rate of CO2 absorption in the solution increases with an increase
in the pH of the solution. For most algae species, the optimal pH ranges from 7 to 8
to maintain sufficient bicarbonate species in the solution [65].

In open ponds, the dissolved CO2 after recarbonation tends to be desorbed to the
atmosphere. It was estimated that the mass transfer coefficient (KL) for CO2 release
through the surface of a 100-m2 pond should be about 0.10 m/h [53]. For the
actively growing algal cells, a sufficient CO2 mass transfer rate should be at a pH
value of 8 [73]. In some cases, however, maintaining a pH in the range of 9.5–10.5
(such as Spirulina sp.) is necessary to minimize the chances of contamination with
other microalgae [56, 66]. As a result, open pond systems should be operated at
higher pH and lower alkalinity than tubular reactors.

2.4.2.5 Accumulation of Dissolved Oxygen (DO)

Oxygen (O2) is a by-product generated from the algal culture in the course of
photosynthesis. Stoichiometric analysis revealed that 1.9 g of O2 would be gen-
erated per gram of the algal biomass synthesis [66]. However, a high concentration
of dissolved oxygen (DO) during algal cultivation would severely damage the algal
cells by photooxidation and inhibit photosynthesis via respiration. The accumula-
tion of DO in the culture thus will lead to a reduction in biomass productivity. It is
necessary to maintain sufficient mass transfer by sparging, even when no carbon is
required. The energy required for increasing mass transfer rate and reducing DO
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concentrations could be compensated by the increased biomass and its associated
potential energy yields.

Removal of accumulated DO from microalgae system is a more critical design
criterion than other unit processes, such as carbon supply. It is noted that an
increase in DO concentration greater than 25 mg/L might exhibit a negative impact
on the biomass productivity [56]. At the maximal rate of photosynthesis, a 1-cm
tubular reactor would accumulate 8–10 mg O2/L/min, which may easily result in
the O2 concentrations over 100 mg/L [53]. In contrast, the DO in open ponds rises
much more slowly as a consequence of the much greater volume per unit surface
area, where the maximum DO concentration is typically 25–40 mg/L [53, 66]. It
was estimated that the maximum DO levels for an open pond with a 100-m2 surface
and a 20-cm depth should be 14.5 mg/L at a mixing velocity of 30 cm/s, or
19.0 mg/L at a mixing velocity of 3.7 cm/s [53].

2.4.2.6 Salinity

In water chemistry, salinity is defined as the saltiness or dissolved salt content of a
water body. It is a thermodynamic state variable (along with temperature and
pressure), which governs physical characteristics of a water body such as the density
and heat capacity. The salinity of the solution would affect the growth and cell
composition of microalgae via several mechanisms, including the following: [74].

• Osmotic changes
• Ion (salt) stress
• Changes of the cellular ionic ratios (membrane selective ion permeability)

In open ponds, fluctuation in the salinity of the culture due to evaporation, rain,
and precipitation is a common issue, especially with brackish or saline water [51].
The simplest way to solve the fluctuation issue is to add extra freshwater or salt as
necessary. Daily refilling with freshwater in open ponds could maintain the con-
ductivity of the culture ranging 22–28 mS cm−1 [56].

Aside from consecutive addition of freshwater, appropriate water treatment and/or
separation processes for the culture could be employed to maintain the salinity of the
culture. Available treatment technologies for the culture desalting include membrane
separation [75]. However, the main challenge in membrane process is the precipi-
tation of calcium salts, especially in calcium-laden water, thereby resulting in loss of
alkalinity and other minerals (such as phosphorus and iron) [76].

2.4.3 Economic Considerations

For microalgae technology, the optimal control of pH, conductivity, and O2 con-
centration in the culture is extremely important to obtain a high biomass
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concentration and productivity. A comprehensive performance evaluation (CPE)
among the unit processes is critical to achieve high engineering performance while
maintaining low cost and environmental impacts. The most challenging work in
assessing the economics of microalgae process are (1) the cost of the CO2 supply
and (2) the uncertain nature of downstream processing [77].

The high cost of CO2 capture and transportation is the major obstacle for algal
biomass production. Therefore, converting CO2 into a bicarbonate/carbonate
aqueous solution is preferred since it can be easily transported in a water pipeline
under normal pressure [78]. To achieve the above goal, efficient conversion of CO2

from a flue gas into aqueous bicarbonate/carbonate solution should be developed,
for example,

• Carbonate–bicarbonate buffer [65]
• CO2 hydrate [79]
• Electrochemical membrane process [75]
• High-gravity rotating packed-bed reactor

On the other hand, regarding the downstream processing, biofuels (e.g.,
algae-to-fuel technology) should be produced simultaneously with value-added
coproducts from the perspective of green economy and green design [49].
Furthermore, integration of an energy-efficient ex situ water treatment process for
the culture solution with existing open ponds might be an alternative. In this case,
provision of sufficient CO2 concentration and removal of excess O2, (in-)organic
acid, and salinity from the culture could be simultaneously achieved.
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Chapter 3
CO2 Mineralization and Utilization
via Accelerated Carbonation

Abstract In recent years, CO2 emission control in a large-scaled industrial process
has also drawn lots of attention due to climate change and global warming issues.
For instance, to establish a sustainable resource cycle, an integrated multiwaste
treatment via carbonation process has been proposed using CO2 in flue gas as a
chemical to stabilize active components in alkaline solid wastes. In this chapter, the
basic information regarding CO2 and carbon-related species is illustrated in terms of
thermodynamics and process chemistry. In addition, the types of CO2 mineraliza-
tion via carbonation are summarized and reviewed.

3.1 Thermodynamics of Carbon Dioxide

Over the past 200 years, the amount of global CO2 emissions has dramatically
increased due to rapid growth in energy demand, population, and economic
development. An increase of greenhouse gas in the atmosphere enhances global
warming has been recently proved by scientists [1]. Over the past 250 years, the
concentration of CO2 in the atmosphere increased from 275 to 400 ppm, which
results in an increase of the global mean surface temperature by 0.075 ± 0.013 °C
per decade from 1901 to 2012 [2]. Therefore, proper CO2 emission control in a
large-scaled industrial process has also drawn lots of attention due to climate
change and global warming issues.

In this section, basic information regarding the formation of heat for C-related
species, Gibbs Free Energy for carbon cycle, and physicochemical properties of
CO2 is illustrated.

3.1.1 Gibbs Free Energy

In thermodynamics, the Gibbs free energy is a thermodynamic potential that mea-
sures the “usefulness” or process-initiating work obtainable from a thermodynamic
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system at a constant temperature and pressure (isothermal, isobaric). Gibbs free
energy (G) is a state function which is related to three variables, e.g., enthalpy (H),
temperature (T), and entropy (S), as shown in Eq. (3.1):

G ¼ H�T � S ð3:1Þ

At the molecular scale, the entropy (S) of a substance can be related to the
number of ways the total energy can be distributed among all the particles. In this
case, each possible distribution of the energy characterizes a “microstate” of the
system. In other words, entropy is a measure of the number of microstates that are
accessible at a given total energy. The above interpretation can be developed by
Boltzmann equation, as expressed in Eq. (3.2):

S ¼ kB � ln Wð Þ ð3:2Þ

where kB is Boltzmann’s constant (i.e., 1.381 � 10−23 J/K) and W is number of
microstates. A number of factors contribute to the entropy of a substance, such as
the physical state, temperature, molecular size, intermolecular forces and dissolu-
tion, and mixing.

3.1.2 Formation of Heat for C-Related Species

One of the promising approaches to CO2 mitigation technologies is CO2 mineral-
ization, which has been considered an environmentally friendly alternative for both
CO2 capture and storage because it can not only reduce the CO2 emission but also
convert CO2 to stable precipitates. Figure 3.1 shows the standard molar free energy
of formation for several carbon-related substances at 298 K. CO2 mineralization can
be achieved by accelerated carbonation reaction, also known as carbon capture and
utilization by mineralization (CCUM), which has been proven thermodynamically
practical for enhancing the natural weathering process [3]. The energy of formation
for gaseous CO2 is approximately −400 kJ mol−1, and it can decrease to around
−1100 kJ mol−1 as solid CaCO3 precipitates [4].

3.1.3 Physico-chemical Properties of CO2

CO2 is a colorless and odorless gas vital to life on earth. Table 3.1 presents the
thermodynamic state variables of CO2, comparable to water (H2O). CO2 has a
critical point at 31.06 °C and 73.8 bars (1070 lb/in2) and a critical density of
0.469 g/cm3. In addition, diffusion of CO2 in water is approximately 10,000 times
lower than in air. The binding of the solvent with CO2 occurs at high pressure, and a
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reduction in pressure releases the gas [5]. At standard temperature and pressure, the
density of CO2 is around 1.98 kg/m3, about 1.67 times that of air.

Fig. 3.1 Standard molar free
energy of formation for
several carbon-related
substances at 298 K

Table 3.1 Thermodynamic state variables of carbon dioxide (CO2) and water (H2O)

Propertya Unit Value

CO2 H2O

Density kg/m3 1.778 995.65

Specific inner energy kJ/kg – 125.73

Specific enthalpy kJ/kg 510.09 125.83

Specific entropy kJ/kg/K 2.753 0.4368

Specific isobar heat capacity (cp) kJ/kg/K 0.856 4.1800

Specific isochor heat capacity (cv) kJ/kg/K 0.662 4.1175

Isobar coefficient of thermal expansion 1/K 3.352 � 10−3 –

Heat conductance W/(m K) 1.703 � 10−2 –

Thermal conductivity W/(m K) – 0.6155

Dynamic viscosity kg/m/s 1.517 � 10−5 7.973 � 10−4

Kinematic viscosity m2/s 8.530 � 10−6 8.008 � 10−7

Thermal diffusivity m2/s 1.132 � 10−5 –

Prandtl number – 0.7624 –

Schmidt number – 0.7550 –

Coefficient of compressibility Z – 0.9952 –

Speed of sound m/s 270.69 1512.07
aCalculated at 1.013 bar and 30 °C by Peace Software (Web site) from http://www.peacesoftware.
de/einigewerte/co2_e.html
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CO2 is a weak electrophile and physically soluble in water (or a solvent), which
can be described in accordance with Henry’s law. Henry’s law indicates the rela-
tionship between the gas solubility in pore water and the partial pressure of the gas.
Henry’s law should be strictly valid only for gases that can be infinitely diluted in
solution. CO2 can be produced from a reversible reaction form of carbonic acid
(H2CO3), which is a weak acid since its ionization in water is incomplete. The
amount of CO2 dissolution in water can be expressed by Henry’s law in Eq. (3.3):

C0
CO2

¼ H0
CO2

� PCO2 ð3:3Þ

where C′ is the concentration of CO2 dissolved in aqueous solution (M); H0
CO2

is
Henry’s constant for CO2 (i.e., 10

−1.46 M atm−1 at 25 °C); and PCO2 is the partial
pressure of CO2 in the gas phase (atm).

The dissociation of gaseous CO2 into carbonic acid (H2CO3) is shown in
Eq. (3.4). The hydration equilibrium constant (Kh) of H2CO3 at 25 °C in pure water
is about 1.7 � 10−3.

CO2ðgÞ þH2OðaqÞ ! H2CO3ðaqÞ ð3:4Þ

In aqueous solution, H2CO3 includes dissolved CO2 (denoted as CO2(aq)) and
effective H2CO3 (denoted as H2CO3

*
(aq)), as shown in Eq. (3.5). Typically, the

concentration of H2CO3
* is much lower than the concentration of CO2. Therefore,

the H2CO3 has two acid dissociation constants (Ka).

H2CO3ðaqÞ ¼ CO2ðaqÞ þH2CO�
3ðaqÞ ð3:5Þ

The dissociation of the carbonic ions into HCO3
− and carbonate CO3

2− can be
described, as shown in Eqs. (3.6) and (3.7). The first one for the dissociation of
carbonic ion into the bicarbonate (also called hydrogen carbonate) ion at 25 °C is
2.5 � 10−4 mol/L, corresponding to pKa1 = 3.6, as shown in Eq. (3.6).

H2CO3ðaqÞ ! HðaqÞ þHCO3�ðaqÞ ð3:6Þ

The second one for the dissociation of carbonic ion into the bicarbonate ion at
25 °C is 4.47 � 10−7 mol/L, corresponding to pKa1 = 6.35, as shown in Eq. (3.7).

H2CO�
3ðaqÞ ! Hþ

ðaqÞ þHCO3�ðaqÞ ð3:7Þ

The formed bicarbonate (HCO3
−) ion can be dissociated into carbonate (CO3

2−)
ion, as expressed in Eq. (3.8), where the constant for the dissociation at 25 °C is
4.69 � 10−11 mol/L, corresponding to pKa2 = 10.33.

HCO3ðaqÞ� ! Hþ
ðaqÞ þCO2�

3ðaqÞ ð3:8Þ
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The relative concentrations of CO2, H2CO3, and the deprotonated forms bicar-
bonate (HCO3

−) and carbonate (CO3
2−) depend on the pH value of the solution. At

a low pH (*4), the production of H2CO3 dominates, at a mid pH (*8) HCO3
−

dominates, and at a high pH (*12) CO3
2− dominates. As a result, the mole bal-

ances of the carbonic acid system can be expressed as Eq. (3.9):

CT ¼ H2CO�
3ðaqÞ

h i
þ HCO�

3ðaqÞ
h i

þ CO2�
3ðaqÞ

h i
ð3:9Þ

where CT is the total inorganic carbon (TIC) concentration (M).

3.2 CO2 Mineralization via Carbonation

Accelerated carbonation, considered as a chemical adsorption reaction, can be
referred as “mineral sequestration” or “mineral carbonation.” The accelerated car-
bonation is to mimic the natural weathering processes, where CO2 reacts with
metal-oxide-bearing materials to form stable and insoluble carbonates. Among the
carbon capture, utilization, and storage (CCUS) technologies, accelerated carbon-
ation of natural minerals (or industrial alkaline solid wastes) is attractive for the
mitigation of CO2 emissions in the coming decades because the gaseous CO2 is
fixed as carbonate precipitation and rarely released after mineralization. Moreover,
since carbonation is an exothermal reaction, energy consumption and costs may be
reduced by its inherent properties [6].

As shown in Fig. 3.1, the CO2 generated from combustion of fossil fuels or
carbon-related chemicals can be directly fixed as mineral carbonates. Since the
carbonates are naturally occurring minerals and possess the lowest free energy of
formation, the carbonation products can be permanently fixed and stored over
geologic periods of time. In other words, it could ensure the issues of safe and
stable storage, thereby being negligible release of CO2 to the environment.

In the accelerated carbonation process, the gaseous CO2 is dissolved into
solution to form carbonate ions. Calcium oxide or magnesium oxide is the most
favorable metal oxide in reacting with CO2. The carbonate ions are reacted with
alkaline earth metal oxide (e.g., CaO and MgO) and then converted into carbonate
precipitates in the presence of aqueous environments. In all cases, accelerated
carbonation must provide base ions, such as monovalent sodium and potassium, or
divalent calcium and magnesium ions to neutralize the carbonic acid [7]. Other
carbonate-forming elements, such as iron metals, are not practical due to their
unique and precious features [8]. Figure 3.2 shows the potential pathways of car-
bonate ions (CO3

2−) in reaction with alkaline solid particles, including (1) direct
conversion inside the solid particle, (2) crystallization on the surface of the particle,
(3) precipitation in bulk solution, and then (4) attachment on the surface of the
particle.
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Typically, accelerated carbonation can be accomplished by either of the fol-
lowing processes [9–11]:

• In situ carbonation [12, 13]: “underground” in geologic formation. The con-
centrated CO2 is transported to underground igneous rocks (typically basalt) and
is permanently fixed within the hosting rocks as solid carbonates, such as
CaCO3 and MgCO3.

• Ex situ carbonation [7, 14]: “aboveground” in a chemical processing plant.
A source of calcium silicate feedstock (natural ores or alkaline solid wastes) is
carbonated aboveground, such as

– Carbonation at industrial sites
– Biologically mediated carbonation
– Carbon mineralization in industrial reactors

3.2.1 In Situ Carbonation

In situ (mineral) carbonation is considered as the worldwide development of storage
projects through basalt or peridotite minerals. Concentrated CO2 is injected into
silicate rocks to promote carbonate formation underground. This can be regarded as
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Fig. 3.2 Pathways of carbonate ions (CO3
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one type of CO2 storage method. However, several challenges in the large-scale
deployment of in situ carbonation are found [11]:

• Identification of appropriate sites where natural characteristics (e.g., geothermal
gradient) are specifically favorable to carbonation process

• Simulation of longer reaction time periods on both the CO2 solubility and Si or
Mg solubility as a function of temperature and pressure

• Decrease in the energy requirement for artificial methods of reaction
enhancement

• Slow pace and reaction kinetics of the process

In situ carbonation can offer economic advantages over ex situ carbonation, but
may not be an economically viable option for small-to-medium CO2 emission
sources. Conversely, the ex situ carbonation process may be attractive in industries
that lack of geological storage and must proceed quickly to near completion.
A great number of large-scale industrial wastes that are available close to the CO2

emission source can be considered as the feedstock for ex situ carbonation.
Therefore, several environmental benefits can be achieved by ex situ carbonation
although ex situ carbonation cannot compete with in situ carbonation (geological
storage), in terms of potential capacity and cost of CO2 sequestration.

3.2.2 Ex Situ Accelerated Carbonation

Appropriate materials for ex situ accelerated carbonation are generally rich in metal
oxides, including calcium, magnesium, aluminum, iron, and manganese oxides.
These appropriate feedstock sources include [15–23] the following:

• Natural ores: serpentine and wollastonite.
• Alkaline solid wastes: iron- and steel-making slag, combustion residues,

cement/concrete wastes, and fly ashes.

Accelerated carbonation using “natural ores” may create environmental impacts
due to the massive mineral requirements and associated scale of mining [7]. As a
result, the size of the mining operation is considered as the most significant eco-
nomic and environmental barrier for large-scale carbonation process using natural
minerals. Conversely, accelerated carbonation using “alkaline solid wastes” can
offer several advantages, from the 3E (engineering, environmental and economic)
aspects [6, 10, 24–27]:

• Engineering aspect:

– It offers great sequestration capacity due to the high availability of deposits at
low material cost.

– Carbonation products, such as CaCO3 and MgCO3, are thermodynamically
stable under ambient conditions, that is, in the absence of acidification.
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– Products may be beneficially reused in a variety of application, such as
construction materials.

– It can reduce the amount of free CaO and its associated hydration expansion
in service.

• Environmental aspect:

– It can prevent globally available industrial alkaline solid wastes from landfill.
– It creates alternative materials to reduce the need to transport suitable natural

sands, or the energy required to produce manufactured aggregates.
– Carbonation reduces environmental impacts due to decreased leaching of

heavy metal trace elements from residues and stabilizing the wastes.

• Economic aspect:

– Energy consumption and costs may be reduced by its inherent properties
(i.e., it is an exothermal reaction).

– It could neutralize the pH of the solution because of the formed carbonate
precipitations, if alkaline wastewater is used as the liquid agents.

– It is a cost-effective process because no transport at sites within steelworks is
required.

Although ex situ carbonation is not economically viable so far, relevant research
and tests are active because the raw materials required for carbonation are globally
abundant. Basically, two branches for ex situ carbonation have been developed:

• Direct carbonation: reaction occurs in one single step.
• Indirect carbonation: the mineral has to first be refined, and then the refined

mineral is carbonated.

Table 3.2 presents various types of methods to ex situ carbonation using alkaline
solid wastes. From the feedstock point of view, the achievable CO2 capture capacity
of iron and steel slags, such as basic oxygen furnace slag (BOFS), argon oxygen
decarburization slag (AODS), and continuous casting slag (CCS), is relatively
higher than that of other solid wastes such as fly ash (FA). The reaction temperature
would affect not only the leaching kinetics of calcium ions from solid wastes but
also the rates of CO2 dissolution and carbonate precipitation. It was observed that
the appropriate operating temperature for carbonation should be set at the range
between 60 and 80 °C, in the cases of aqueous carbonation using SS and FA
[28–30].

Figure 3.3 illustrates the conceptual diagram of ex situ accelerated carbonation
using industrial wastes, including flue gas (CO2), wastewater, and alkaline solid
wastes. Through the process, the gaseous CO2 in flue gas could be fixed as solid
carbonates, while the wastewater could be neutralized to a pH value of 6–7. In
addition, both the chemical and physical properties of solid wastes could be
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upgraded after carbonation [39], which facilitate its reuse in a variety of applica-
tions as green construction materials (e.g., supplementary cementitious materials).
Carbonation is an effective way to improve the durability of concrete/mortar since
relatively insoluble CaCO3 is formed from the soluble Ca(OH)2 in the
concrete/mortar [40]. Moreover, accelerated carbonation could efficiently immo-
bilize heavy metals, such as Pb, Cd, and Cr, leaching from the alkaline solid waste
by the formation of metal carbonates. For both APC fly ash and bottom ash as
examples [41–44], the leaching of heavy metals including Pb, Cr, Zn, Cu, and Mo
could be significantly reduced upon carbonation. Cd and Pb have a strong affinity
with CaCO3 product and also form complexes with Fe and Al (hydr-)oxides [45].
Similarly, Sb could also be immobilized by combining with other processes, such
as sorbent adding, during carbonation reaction [41].

From the carbonation method point of view, the CO2 capture efficiency using
direct carbonation was found to be superior to that using indirect carbonation. In
other words, a higher CO2 removal capacity and rate can be achieved by direct
carbonation, compared to indirect carbonation. However, the purity of the produced
CaCO3 precipitate from indirect carbonation was higher than that of using direct
carbonation, which could provide a higher value-added product for utilization.
Thus, the utilization of the carbonated products should be implemented to couple
the CO2 reduction and waste utilization in industry.

Fig. 3.3 Innovative approach to integrating CO2 mineralization and waste utilization through
accelerated carbonation
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3.3 Approach to Enhancing Ex Situ Carbonation
for Alkaline Wastes

To establish a sustainable resource cycle, an integrated approach to multiwaste
treatment via accelerated carbonation has been proposed using CO2 in flue gas as a
chemical to stabilize active components in alkaline solid wastes. From the eco-
nomic point of view, ex situ carbonation can reduce the treatment cost of
wastewater and increase the added value of alkaline solid. Moreover, the amount of
CO2 reduction could be considered as certified emission reduction (CER) credits,
which could be used in the emission trading scheme (ETS) under the clean de-
velopment mechanism (CDM) issued by the Kyoto Protocol.

Alkaline solid wastes can be used to sequester great amount of CO2, especially if
the wastes are generated nearby the source of CO2, for achieving both the envi-
ronmental and economic benefits. To achieve a cost-effective manner, several
strategies on ex situ carbonation for alkaline solid wastes are suggested as follows:

• Appropriate Carbonation Efficiency: A carbonation conversion of higher than
85% for solid wastes should be acceptable to achieve waste stabilization and
CO2 fixation [4]. Also the feedstock mineral must be near the CO2 emission
point source to minimize transportation costs.

• Enhanced Energy Recovery: The procedures of feedstock crushing (in the case
of steel slag), process heating, and slurry stirring are normally energy-intensive
processes. It needs to be compensated by the exothermic carbonation process to
make the process economically viable in an industrial context [9, 46–48].

• Integrated Wastes Treatment: Aqueous accelerated carbonation of alkaline
solid wastes is suggested as a link to utilize wastewater for large-scale appli-
cation [49].

• Diversified Product Utilization: The carbonated (or treated) solid wastes can
be converted into several high value-added materials, such as glass ceramics
(with red mud from the sintering process) and precipitated calcium carbonate
(PCC).

• Accelerated Pilot-Scale Demonstrations: Significant technological break-
throughs should be needed before deployment can be considered. This includes
reactor design, waste-to-resource supply chain, and system optimization from
the 3E (Engineering, Environmental, and Economic) aspects [50].
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Chapter 4
Environmental Impact Assessment
and CCS Guidance

Abstract Avoiding the adverse impacts of carbon capture and storage activities on
the environment and human health would require careful site selection, effective
regulatory oversight, and appropriate monitoring program. The strategic environ-
mental assessment and environmental impact assessment are procedural tools for
evaluating and assessing possible environmental effects of a policy or certain
project. This chapter provides the overview of the principles and methodology for
strategic environmental assessment and environmental impact assessment for car-
bon capture and storage activity. The guidelines of carbon capture and storage
activities to accomplish strategic environmental assessment or environmental
impact assessment are also discussed and illustrated.

4.1 Strategic Environmental Assessment (SEA)

Strategic environmental assessment (SEA) methodology is a widely recognized and
useful toolwhen structuring environmental aspects and performing the environmental
impact assessment of large projects. It was laid out in Directive 2001/42/EC on the
assessment of the effects of certain plans and programs on the environment [1], which
has been transposed into legislation, i.e., Statutory Instrument 2004 No. 1633 [2].
An SEA is a systematic process for evaluating environmental consequences of pro-
posed policies, plans, and programs to ensure the consequences are fully understood
and appropriately addressed from the earliest stages of decision making [3–5]. As a
result, the SEA should be transparent and suitable for communication with stake-
holders that show a greater interest in the concept.Most practitioners consider SEA as
a decision-aiding process rather than a decision-making process [5].

Governmental programs which contain decisions on the appointment of possible
locations or routes or the consideration of alternative locations or routes for CCS
activities are expected to be SEA-obligated [6]. In general, the SEA is undertaken at
an earlier stage in the decision-making process than an environmental
impactassessment (EIA) to ensure that environmental considerations are properly
integrated into this stage of the decision-making process. In most cases around the
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world such as the Netherlands [7], the permit for deploying a CCS project requires
an EIA procedure. The purpose of the EIA is to clarify the potential effects of a
CCS project on the environment, economy, natural resources, and society. More
details regarding the EIA procedure are illustrated in Sect. 4.2.

4.1.1 Methodology and Framework

The objectives of SEA are to broadly present the preferred environmental, eco-
logical, social, and economic outcomes to minimize detrimental effects of a project
or activity. The SEA Directive does not have a list of plans or programs similar to
the EIA [4]. Since the plans and programs proposed by the private sector may have
considerable environmental impacts, the voluntary use of SEA methodology is
encouraged. So far, the SEA has mainly been used for the evaluation of public
infrastructure policies, programs, and plans [5, 6]. The methodology of the SEA
basically comprises of five phases:

• Phase 1: Screening

– Determination of obligation
– Identification of key factors
– Judgment by competent authority

• Phase 2: Scoping

– Public notification
– Public consultation
– Determination of system boundary

• Phase 3: Formulation, analysis, and valuation

– Formulation of environmental report
– Analysis of current state (business-as-usual) of the environment
– Description of alternatives to the plan
– Publication of preliminary plan and environmental report

• Phase 4: Assessment

– Public consultation
– Decision making and action plans
– Determination of key performance indicators

• Phase 5: Evaluation

– Performance check
– Evaluation of environmental impacts

Within the framework, the available baseline information could be collected.
Although general guidelines exist, SEA guidelines and the best practice framework
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do not exist for applying to a CCS program. In the case of developing a CCS
program, all activities that will be carried out to construct, operate, and close a CCS
facility and all factors that could be affected by the above activities should be
considered in the SEA [3]. Accordingly, the scope and boundary of the SEA would
be determined. In the scoping stage, several strategies could be considered for
future developments [5]:

• To widen the scope of assessment
• To expand the consultation requirements
• To increase the consideration of sustainability issues and health impacts

Afterward, the environmental impacts of different alternatives would be ana-
lyzed and quantified. In the following valuation step, preferable technical alterna-
tives would be identified and weighted. From the results of the valuation, the best
and worst alternatives with respect to the CCS program can be identified for the
decision-making procedure.

4.1.2 Screening Key Aspects and Available Information

Since SEA is a key tool in sustainable development strategic decision making, it is
usually applied at an earlier stage in a CCS development than EIA. The screening
stage is the first step of the SEA to define the key aspects and issues for proposing
an SEA work plan. Typically, a screening matrix with an overview of the status of
knowledge in different environmental areas would be developed. It is suggested that
SEA should be used when strategic-level decisions are being made for alternatives
options and preferred options [5].

An essential part of the SEA process is to identify the current baseline of
environmental conditions as a “business-as-usual” scenario. Most of the environ-
mental issues relating to CCS are with the engineering aspect, e.g., ensuring the
CO2 remains in the storage reservoir for hundreds to thousands of years without
significant leakage or seepage [5]. These two issues of engineering and environ-
ment are inevitably entwined. In other words, it is only with sufficient knowledge of
the existing conditions that the key issues may be properly identified and addressed
through the assessment. Therefore, it should be addressed from a strategic envi-
ronmental perspective through the creation of minimum national or international
standards and requirements for site selection, including [5] the following:

• Geology

– Seal thickness and integrity
– Fluid compatibility
– Geochemical reaction

• Reservoir Property Assessment
• Well
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– Disposal well selection
– Design (cementing, materials, corrosion) and modelling
– Monitoring

• Others

– Surrounding environment conditions
– Failure of wells and pipelines
– Lateral migration potential

To determine suitable areas that might be acceptable for CCS, the above com-
ponents should be carefully considered in the SEA. In addition, the minimum
standards need to be used in tandem with good operational and monitoring pro-
cedures [5]. Since each individual CCS project has different characteristics, the
generic standards would have limitations in the level of achievable protection.

4.1.3 Technical Description of Alternatives for CCS

CCS involves three stages: (1) capture and concentration, (2) transport, and
(3) storage. Although the three distinctive steps of CCS are formally separated
activities, an integrated approach to combining the separate EIA procedures for
CCS activities into one procedure, or at least to provide close linkage between
them, should be considered. For CCS, the capture of CO2 from industries and/or
power plants using fossil fuel combustion can be done by separating CO2 from the
flue gas either prior to fuel combustion or post-combustion. There are a range of
CCS technologies at different stages of development. Therefore, in the SEA,
characteristics and processes of CO2 generation sources and various technical
alternatives for CCS should be comprehensively described.

The components of the CCS system are briefly illustrated in the following
content. More general information regarding carbon capture, utilization, and storage
technologies can be referred to in Chaps. 2 and 3 in this book.

4.1.3.1 CO2 Capture

Currently, several technologies for capturing, transporting, and storing CO2 from
coal-fired power plants are available in the literature. For CO2 capture, four main
technical alternatives could be considered:

• Precombustion capture
• Post-combustion capture
• Oxy-fuel combustion capture
• Industrial separation from natural gas processing, ammonia production, etc.
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4.1.3.2 CO2 Transport

Normally, CO2 is captured as a gas and needs to be compressed (or cooled) for the
transport process. For CO2 transport, various alternatives could be considered:

• Pipeline (i.e., onshore and offshore)
• Shipping (i.e., offshore)
• Truck
• Railway

From the economical feasibility point of view, large-scale transport options are
shipping and pipeline, while truck and train are possible means of transport for
small-scale projects in the start-up phase of a CCS program. Typically, pipeline is
the best alternative for transporting large quantities of CO2 onshore,
e.g., >1 Mt/year [3], which is a commercial technology. Tankers would generally
only be functional for smaller volumes, e.g., *1 Mt/year [5].

4.1.3.3 CO2 Storage

For CO2 storage, the following alternatives could be considered:

• Enhanced oil recovery (EOR) or enhanced gas recovery (EGR)
• Enhanced coal bed methane recovery (ECBM)
• Saline reservoirs
• Depleted hydrocarbon reservoirs
• Ocean storage (e.g., dissolution type or lake type)
• Mineral carbonation

The captured CO2 can be stored both in onshore terrestrial geological formations
and in offshore subseabed geological formations. In addition, although other
options (such as ocean storage) exist, they are either in early phases of development
or demonstration phases.

4.2 Environmental Impact Assessment (EIA)

Table 4.1 presents the comparison of EIA and SEA for CCS activities. Similar to
SEA, the concept of EIA refers to the examination, analysis, and assessment of the
proposed activities with a view to ensure environmental, social, and economic
integrity for achieving long-term sustainable development. In particular for certain
CCS activities, the comprehensive environmental and socioeconomic impact
assessments should be thoroughly performed from a life cycle approach. In other
words, with specific relation to CCS, an EIA would be conducted to a particular
CCS project, while an SEA would examine CCS opportunities and policy on a
regional basis (e.g., country wide).
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With the EIA procedure, the relevant information on environmental impacts
required for various administrative decisions is gathered in a single report: the
environmental impact statement (EIS). The EIS report should represent the
knowledge base on environmental impacts due to the activity and is used as ref-
erence work in the decision making process [6].

Currently, CCS projects are not specifically mentioned in EIA around the world
since the CCS relevant technologies are relatively new and under development [5].
However, in some cases (such as in the EU), CCS projects may be constrained by
existing legislation. To ensure capture of a CCS development may be to amend EIA
legislation in national countries by suggesting that the CCS projects are specifically
required to be subject to an EIA [5]. Although legislation usually refers to guide-
lines for conducting EIAs, in many cases, it does not specifically require the use of
the guidelines.

4.2.1 Methodology and Framework

A variety of frameworks for EIA procedures can be found in international guide-
lines, the European Union, and core countries, but they are fundamentally similar.

Table 4.1 Comparison of environmental impact assessment (EIA) and strategic environmental
assessment (SEA) for CCS activities

Category EIA SEA

Feature Usually reactive to a proposed
CCS development proposal

Proactive and informs CCS development
proposals

Assessment
contents

The effect of a proposed CCS
development on the
environment

• The effect of CCS policy, plans, or programs
on the wider environment

• The effect of the environment on the CCS
development needs and opportunities

Target A specific proposed CCS
project

Areas, regions, or sectors of CCS development

System
boundary

A well-defined beginning and
end

A continuing process aimed at providing
information at the right time

Impacts
assessment

Direct impacts and benefits of
a proposed CCS project

Cumulative CCS impacts and identifies
implications and issues for a sustainable
development

Focus • Mitigation of CCS impacts
and possible CO2 leakages

• Specific impacts of a
proposed CCS project

Maintaining a chosen level of environmental
quality

Perspective A narrow site-specific
perspective and a high level of
detail

• A wide global perspective and a low level of
detail to provide a vision and overall
framework.

• Provides a review of cumulative global
effects of CCS

Courtesy of [5]
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In many cases, some elements of the good practice of EIA are not actually required
by law [5]. Det Norske Veritas (DNV) Ltd has proposed the best practice of the EIA
procedure, which is based on International Finance Corporation guidelines com-
bined with best practices identified from countries where DNV operate. With regard
to compliance with CCS best practices, EIA frameworks may require amendments
to ensure that the minimum requirements for acceptance by mechanism, such as
clean development mechanism (CDM) and joint implementation (JI), can be
achieved. The roles of CCS in the CDM are discussed in Sect. 4.3.4.

Generally, the EIA is used to safeguard environmental interests in the face of
normally highly positive economic and socially beneficial impacts. The suggested
stages for conducting EIAs are as following:

• (Stage 1) screening and scoping
• (Stage 2) analysis of alternatives
• (Stage 3) project descriptions
• (Stage 4) review on environmental baseline and legislation
• (Stage 5) impact assessment
• (Stage 6) environmental management plan for impact mitigation
• (Stage 7) environmental monitoring plan
• (Stage 8) reporting and review
• (Stage 9) project implementation and operations

Any possible risks or uncertainties that could cause the CCS project to be
abandoned should be identified in the EIA. The risks and uncertainties can be
determined via various approaches.

This can provide an overall insight into the environmental burdens of the entire
CCS chain, thereby being able to streamline various decision-making procedures.
Since the designs of CCS chain networks consist of multiscale concerns, a sound
decision-making framework at material, process, and supply chain levels is
required. Various approaches could be applied to achieve the goal, such as a
hierarchical and multiscale framework to minimize investment, operating costs, and
material costs, as shown in Fig. 4.1 [8]. In all cases, the best available techniques
should be applied to ensure high-level protection for the environment and for
communities [9].

Currently, a wide variety of methods have been used in the EIA, such as

• Life cycle assessment (LCA) [6]: quantification of the environmental impacts
• Environmental risk assessment (ERA) [10]: identification of potential hazards of

a proposal to manage uncertainty
• Acoustics models [11]: calculation of the sound propagation in ocean
• Geodetic deformation analysis [12]: determination of the trend of movements

(displacements) for all the common points in a monitoring network
• Water discharge analysis [13]: identification of thermal and waste substances

during water discharge
• Other forms of surveys: ecological, archeological, geo-hydrological analyses
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In an EIA, different decision-making procedures for obtaining permits or
exemptions are incorporated into a single procedure [7]. The EIA can be influenced
by third parties by requesting additional and/or challenging information. Therefore,
the possibility of public participation could play a key role in the public perception
and rules of acceptation of CCS. It suggests that the following requirements and
guidelines for a CCS project should be incorporated in the environmental assess-
ment to avoid a significant release of CO2 [5]:

• An integrated environmental, social, and health impact assessment (EHSIA)
approach

– Identification of environment resources
– Requirement of operator commitment for monitoring
– Provision of handing long-term liability
– Consideration of storage performance assessment (SPA) as an inherit part

• A risk-based source-pathway-receptor approach

– Identification of project with high risks of early closure
– Evaluation of a carbon balance across the entire project life cycle
– Provision of clear regulatory guidance on the play-off in priorities between

local pollution concerns and climate change concerns

Materials Screening

• Single process
• Single technology

Process Op miza on

• Single material 
• Single technology

Process Technology Selec on

• Mul ple technologies 
• Single material

Screening / Op miza on

• Single process
• Single technology

Supply Chain Op miza on
• Mul ple materials
• Mul ple processes
• Mul ple networks

Op mal CCUS System

Fig. 4.1 Framework of
multiscale systems
engineering for CO2 capture,
utilization, and sequestration
(CCUS)
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4.2.2 Environmental and Natural Resource Aspect

To include the environment in the decision-making process on permits and
investments of the involved parties, EIA is usually introduced to quantify the
environmental impacts of specific activities. The purpose of the EIA is to evaluate
different alternatives and find the best option, in terms of environmental benefits, for
a certain project.

For the purpose of permanent storage of CO2, the environmental impact of a
CCS project highly depends on (1) the characteristics of underground geological
formation, (2) overpressure issues of the reservoir, and (3) lithologies adjacent to
the storage reservoir [14]. The potential environmental impacts that may arise from
CCS activities include the following:

• Air emissions: particulate matter, nitrogen oxides, sulfur oxides, dust, mercury,
polycyclic aromatic hydrocarbons, etc.

• Water use associated with current CCS technologies: enhanced oil recovery
(EOR)

• (Ground) water pollution: lubricant for drilling operations
• Solid waste generation: during drilling operations
• Noise: disturbing levels of noise
• Human health and safety: health of population
• Biodiversity: impact on ecosystems and habitats
• Geology: landscape, soils, and underground space.

On the other hand, the potential natural resource impact that may be caused from
the CCS activities includes the following:

• Resources and raw materials: natural asset, energy source
• Waste utilization: management hierarchy

4.2.3 Socioeconomic Aspect

From an economic point of view, the cost of geological storage of CO2 is highly
site-specific, depending on factors such as (1) the location of the project (onshore or
offshore), (2) the number of wells for injection, and (3) the depth of the storage
formation. However, in all cases, the costs for storage (including monitoring)
typically are in the range 0.6–8.3 US$/t-CO2 stored [15]. The potential socioeco-
nomic impacts that may result from the CCS activities include the following:

• Traffic and transport: travel and transport on communities
• Economy and skills
• Archeology and cultural heritage: heritage resources, historic building, arche-

ological features.
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4.3 CO2 Capture and Storage (CCS) Guideline

Geological storage of CO2 has drawn extensive attention around the world from a
concept of limited interest to one that is quite widely regarded as a potentially
important mitigation option, as shown in Fig. 4.2. It is noted that the density of CO2

will increase with depth. Until at about 800 m deep or greater, the injected CO2 will
be in a dense supercritical state [15].

4.3.1 Challenges

The existing challenges for widely deploying CCS activities as a CO2 emissions
control option [16] could be categorized into four aspects:

• Institutional barriers:

– Building public understanding, awareness, and acceptance.

• Regulatory barriers:

– Establishing an adequate legal and regulatory framework to support broad
CCS deployment, including dealing with long-term liability;

Fig. 4.2 Location of geological storage sites where CCS activities are planned or under way
(courtesy of Special Report of the Intergovernmental Panel on Climate Change IPCC, Carbon
Dioxide Capture and Storage, © Intergovernmental Panel on Climate Change 2005, published by
Cambridge University Press ISBN 9780521866439 [15])
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• Technological barriers:

– Addressing the cost and energy penalty of capture;
– Proving CO2 storage permanence;
– Verifying that sufficient storage capacity exists;
– Developing best practices for the life cycle of a CCS project, from site

selection through to site closure and post-closure monitoring.

• Financial barriers:

– Global need for significant financial investments to bring numerous
commercial-scale demonstration projects online in the near future;

4.3.2 Risk of CO2 Release

The CO2 storage site is the key area of risk in the CCS chain. It is noted that the risk
of CO2 release into the atmosphere during the phases of injection and storage exists.
In general, the injection phase has a relatively limited period of operation,
e.g., *50 years. Based on experience with the oil and gas industries, the risk of
release of significant CO2 is estimated to be 10−3 per reservoir per annum [5]. One
of the major reasons is due to the corrosion of injection equipment, which could be
controlled to less than 2.5 lm/pa by using polyethylene. However, more experience
from CCS trials should be collected to confirm the available information from oil
and gas injection wells. Other possible CO2 release pathways include the following:

• Failure of abandoned wells and/or wellbore
• Diffusion flow through caprock via faults or by buoyancy through permeable

zones
• Dissolution and transport of CO2 charges waters by groundwater flow (most

important leakage mechanism from aquifers)

Scientific knowledge and industrial experience can serve as a basis for appro-
priate risk management. Mapping of the reservoir and surrounding area should be a
critical component to reduce the risk of CO2 release from the storage site. In addi-
tion, risk management would need to incorporate the results of the storage perfor-
mance assessment (SPA), which could be as an inherent part of EIA, as shown in
Fig. 4.3. Furthermore, both a better understanding of the impact of impurities and
the development of a suitable modelling technique are essential to predict the short-
and long-term fate of stored CO2 in a variety of geological formations [17].

4.3.3 Monitoring Program

Since it is possible that the stored CO2 could leak or seep out of a reservoir, it is
necessary to monitor the CO2 via a wide range of techniques, such as 2D and 3D
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seismic reflection surveys. Table 4.2 presents an overview of measurement, mon-
itoring, and verification technologies for the CCS activity. Many monitoring
techniques are mature but require further research and development. One of the
main reasons is due to a lack of awareness of business opportunities, although
industrial-scale projects usually have programs to develop and evaluate monitoring
techniques. Therefore, a draft of monitoring methodology should be proposed for
individual CCS projects.

4.3.4 CCS in Clean Development Mechanism (CDM)

4.3.4.1 Kyoto Protocol and Its Role in CCS Activity

Although the Kyoto mechanisms had been guaranteed by 2012, the experience in
the development of these mechanisms in the Kyoto Protocol can be referred to.
There are three mechanisms, i.e., (1) clean development mechanism (CDM),
(2) joint implementation (JI), and (3) international emission trading (IET), included
in the Kyoto Protocol:

Fig. 4.3 Procedure of storage performance assessment (SPA) for EIA of a CCS project
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• Clean development mechanism (CDM): An incentive for companies in indus-
trialized countries to invest in eligible emission reduction projects in developing
countries.

• Joint implementation (JI): An incentive for companies in industrialized countries
to reduce emissions through cooperative efforts, where a JI project may be
involved.

• International emission trading (IET): Industrialized countries are allowed to
meet their commitment via buying or selling excess emission credits among
themselves.

Both the CDM and JI schemes are related to the project level, where introducing
EIA as a set standard could be possible. In contrast, IET is related to a trading
system at the international level, where EIA might possibly become a decision tool
in it. Therefore, it is not anticipated that a CCS project would be accepted under the
CDM and/or JI schemes without an EIA [5].

Appropriate amendments to CCS project activities should be applied under the
CDM. It is noted that the CDM registry should be used to ensure the accurate
accounting of the issuance, holding, transfer, acquisition, and cancellation of cer-
tified emission reductions (CERs) from CCS project activities under the CDM. In
the project design, the project participants should clearly document the liability
obligations arising from the proposed CCS project activity or its geological storage
site [9].

According to the suggestion by the United Nations Framework Convention on
Climate Change (UNFCCC), three major phases are recommended in proximity to
the proposed CCS project or activity [9], including (1) characterization of suitable

Table 4.2 Measurement, monitoring, and verification technologies for the CCS activity (adapted
from [5])

Techniques Detection method Technology readiness

Time lapse 4D multicomponent seismic Acoustic Well known

Cross well seismic tomography Acoustic Well known

Vertical seismic profiling Acoustic Well known

Down hole microseismic Acoustic Developmental

Electrical resistance tomography Electrical Developmental

Electromagnetic induction tomography Electrical Prototype

Soil gas sampling Chemical Well known

Noble gas tracing Chemical Early testing

Other gas tracing Chemical Early testing

Well head detectors Chemical Prototype

Brine sampling Chemical Well known

Subsurface and surface tilt meters Physical Developmental

Airborne hyper-spectral imaging Optical Developmental

Space-based monitoring Microwave Proposed
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geological storage sites; (2) risk and safety assessment; and (3) monitoring and
numerical modeling. Brief illustrations regarding CCS in the CDM can be found as
follows:

4.3.4.2 Characterization of Suitable Geological Storage Site

Under the proposed conditions of use, geological storage sites should only be used
to store carbon dioxide if there is no significant risk of seepage, environmental
impact, and/or human health concerns. Typically, the geological storage site should
not be located in international waters. Geological storage of CO2 should be care-
fully evaluated to select a suitable storage site under the CDM. Available evidence
(e.g., data, analysis and history matching) should be provided to indicate a complete
and permanent storage of CO2 [9], including

• Characterization of the geological storage site architecture and surrounding
domains, such as

– Structure of the geological containment
– Areal and vertical extent of the site
– Cap rock formation(s)
– Overburden
– Secondary containment zones
– Fracture system
– Fluid distribution and physical properties
– Injection formation (associated with storage capacity)

• Characterization of dynamic behavior, sensitivity characterization, and risk
assessment.

• Establishment of a site development and management plan (site preparation,
well construction, injection rates, operating and maintenance programs, etc.).

As a result, a wide range of data and information should be collected and used in
performing the characterization and selection of a suitable geological storage site.
The timing and management of the closure phase of the CCS activity, including site
closure and related activities, should also be addressed.

4.3.4.3 Risk and Safety Assessment

To assess the integrity of the geological storage site and potential impacts on human
health and ecosystems, a thorough and comprehensive risk and safety assessment
should be carried out. In this phase, the risk and safety assessment should be used to
reveal the environmental and socioeconomic impact assessments of the sequestra-
tion activity. Therefore, the entire CCS chain, such as surrounding environments,
should be taken into consideration and assessment. Also, it can be used to determine
operational data for the application of development and management plans for the
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storage site. As a result, for example, the appropriate maximums of injection pres-
sure that will not compromise the confining cap rock formation(s) and the over-
burden could be set.

Several key components of risks and effects should be especially considered in
conducting risk and safety assessment [9, 15]:

• Containment failure: This results in emissions of greenhouse gases from
above-ground installations and/or seepage from subsurface installations, thereby
causing potential effects on (1) underground sources of drinking water, (2) the
chemical properties of seawater, (3) human health, and (4) ecosystems.

• Continuous slow seepage from a geological storage site: It might arise due to
seepage (1) along injection wells or abandoned wells; (2) along a fault or
fracture; (3) through the cap rock formation; and/or (4) across faults and inef-
fective confining layers.

• Sudden mass release of CO2 from surface CCS installations: it might arise due
to pipeline rupture.

• Potential induced seismicity or other geological impacts.
• Other potential consequences for the environment, local ecosystems, property,

and public health.

With risk and safety assessment, it could be used to help prioritize locations and
approaches for enhanced monitoring activities [9]. Typically, a risk assessment
comprises of four steps:

• Step 1: Hazard characterization:

– Potential hazards resulting from the CCS activity
– Potential seepage pathways from the geological storage site
– Critical parameters affecting potential seepage and its magnitude
– Sensitivity to various assumptions

• Step 2: exposure assessment:

– Characteristics of surrounding populations and ecosystems
– Potential fate and behavior of any seeped CO2

• Step 3: effects assessment:

– Sensitivity of species, communities or habitats linked to potential seepage
events identified during the hazard characterization

– Effects of elevated CO2 concentrations in the atmosphere, biosphere, and
hydrosphere

• Step 4: risk characterization:

– Safety and integrity of storage site in the short-, medium-, and long-term
scale

– Risk assessment of seepage under the proposed conditions of use in devel-
opment and management plan
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Furthermore, a contingency plan for large incidents (such as seepage) should be
prepared with all the necessary plans, including availability of (1) a team,
(2) trained personnel, (3) materials and equipment, and (4) financial means to
mitigate the adverse impacts of the large incidents.

4.3.4.4 Monitoring and Numerical Modeling

Monitoring of CCS project activities is essential to meet the following goals [9]:

• To determine the reductions in anthropogenic emissions by sources of GHGs
that have occurred as a result of the registered CCS project activity.

• To provide assurance of the environmental integrity and safety of the geological
storage site.

• To ensure that good site management is taking place, taking account of the
proposed conditions of use set out in the site development and management
plan.

In this phase, the monitoring task forces should be carried out to meet the
following four objectives [9]:

• To ensure that the injected CO2 is well contained within the storage site, as well
as the project boundary.

• To confirm that injected CO2 is behaving as predicted to minimize the risk of
any seepage or other adverse impacts.

• To detect and estimate the flux rate and total mass of CO2 from any seepage.
• To determine whether timely and appropriate remedial measures have been

carried out in the event of seepage.

Typically, monitoring of the geological storage site begins before injection
activities commenced to ensure adequate time for the collection of any required
baseline data. The parameters and information that aremonitored and collected should
be transparently specified. The location and frequency of the application of different
monitoring techniques during the operational phase, closure phase, and post-closure
phase should also be determined. At an appropriate frequency, several key items of
monitoring techniques and measurement targets include [9] the following:

• Geological, geochemical, and geomechanical parameters, such as fluid pres-
sures, displaced fluid characteristics, fluxes, and microseismicity

• CO2 stream and its composition at various points in the entire CCS chain
• Temperature and pressure at the top and bottom of the injection well(s) and

observation well(s)
• Parameters in overburdened and surrounding domains of storage site, e.g.,

groundwater properties and soil gas measurements
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• Detection of corrosion or degradation of the transport and injection facilities
• Effectiveness of any remedial measures taken in the event of seepage

To improve the accuracy and/or completeness of data and information, the
numerical models used to characterize the storage site should be periodically
updated by conducting new simulations using the monitored data and information.
This could assist in adjusting the event of significant deviations between the
observed and predicted behaviors. Therefore, it could confirm that no future
seepage can be expected from the geological storage site.
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Part II
Fundamentals of Accelerated Carbonation



Chapter 5
Principles of Accelerated Carbonation
Reaction

Abstract Industrial alkaline solid wastes are ideal accelerated carbonation mate-
rials due to their availability and low cost. These materials are generally rich in
calcium content and often associated with CO2 point source emissions so no mining
is needed and the consumption of raw materials is avoidable. This chapter provides
the principles and definitions of accelerated carbonation reaction using alkaline
solid wastes. Two types of carbonation processes, i.e., direct and indirect carbon-
ation, are briefly discussed from the theoretical considerations, including process
chemistry and key performance indicators. The performance and application of both
direct and indirect carbonation processes can be found in detail in Chap. 8.

5.1 Principles and Definitions

5.1.1 Theoretical Considerations

Accelerated carbonation was first proposed by Seifritz [1], which involved alkaline
materials reacting with high-purity CO2. The concept behind accelerated carbona-
tion processes is to mimic natural weathering, where gaseous CO2 reacts with
metal-oxide-bearing materials in the presence of moisture. In this case, the reaction
can be accelerated to a timescale of a few minutes or hours. After accelerated
carbonation, stable and insoluble carbonates will be formed, where CaO and MgO
are the most favorable metal oxides in reacting with CO2 [2]. In principle, the
affinity of oxides for carbonate formation depends on the following:

• chemisorption strength to CO2 gas (especially for gas–solid interface);
• number of basic sites at the surface (especially for gas–solid interface);
• solubility product constant, i.e., Ksp (in aqueous carbonation reaction); and
• total content in solid particle.
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Therefore, the affinity of oxides varies as follows: basic oxides (CaO,
MgO) > amphoteric oxides (Al2O3, Cr2O3, TiO2, MnO, iron oxides) > acidic
oxides (SiO2). From a thermodynamic point of view, both alkaline earth metals
(e.g., Ca and Mg) and alkali metals (e.g., Na and K) can be carbonated [3, 4].
However, alkali carbonates and/or bicarbonates are soluble in water, which will
result in releasing CO2 back into the atmosphere and therefore considered to be
unsuitable for the long-term storage of CO2. Consequently, the capacity of CO2

fixation by these alkaline residues depends directly on the proportion of binary
oxide (CaO and MgO) and/or hydroxide (Ca(OH)2 and Mg(OH)2) content in the
matrix. Moreover, CaO offers more potential for chemisorptions of CO2 than MgO
due to its basic characteristics [5]. Furthermore, a number of other metals, such as
Mn, Fe, Co, Ni, Cu, and Zn, are impractical for carbonation due to their unique and
precious features for recovery and utilization.

Accelerated carbonation can be classified into two main types: mineral car-
bonation (as discussed in this chapter) and alkaline solid waste carbonation. To
provide a significant amount of CO2 fixation, large amounts of cheap raw materials
are required as feedstock for carbonation. Alkaline (industrial) solid wastes are ideal
feedstocks for accelerated carbonation which is an exothermic reaction.

• Carbonation products are thermodynamically stable, which can be beneficially
reused in a variety of application.

• Flue gas CO2 can be used as a reactant, and the solid wastes are often associated
with CO2 point source emissions.

• It can neutralize the pH of the solution.
• It decreases leaching of heavy metals and trace elements.
• No on-site transport is required.

Figure 5.1 shows a scheme of material fluxes associated with ex situ carbonation
of alkaline solid wastes to produce green construction materials. Accelerated car-
bonation is considered an effective approach to simultaneously fixing CO2 and
eliminating the contents of free-CaO and Ca(OH)2 in solid residues [6, 7]. Also, the
qualities of alkaline solid wastes can be improved to the point where they are
qualified for civil engineering applications.

Accelerated carbonation of alkaline solid wastes can be carried out via two
different approaches, as shown in Fig. 5.2:

• Direct carbonation: The reaction occurs in a single route step.
• Indirect carbonation: Alkaline earth metal is first extracted from the mineral

matrix and subsequently carbonated.

Accelerated carbonation has been progressively evaluated to determine the CO2

capture capacity of alkaline solid wastes via direct carbonation [9, 10] and indirect
carbonation for precipitated calcium carbonate production [11, 12]. It is noted that
carbonation can result in lowering of pH, affecting the solubility, and leaching of
metals which are mobilized at high pH and fixed at low pH [13]. Carbonate pre-
cipitates are thermodynamically stable and could theoretically fix CO2 permanently
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under ambient conditions, since they have a lower energy state than their reactants
(CO2 and silicates). However, they can be readily dissolved in the presence of
strong acids in ambient conditions. Therefore, a risk of CO2 release into the
atmosphere is a concern if the carbonate precipitates make contact with acids, such
as acid rain (pH 5–7).

A study on the Gibbs free energy of the carbonation reactions, calculated by
Outokumpu HSC 5.1, indicated that the carbonation of calcium ions proceeds at
temperatures over 45 °C, while the carbonation of magnesium ions should be
possible only at temperatures over 144 °C [14]. In addition, the dissolution

Fig. 5.1 Material fluxes associated with ex situ carbonation of alkaline solid wastes to produce
green construction materials. Reprinted by permission from Macmillan Publishers Ltd: Ref. [8],
copyright 2012
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reactions of calcium and magnesium release more energy (exothermic, △H < 0)
than the amount of energy consumed by the carbonation reactions (endothermic,
△H > 0), resulting in a net exothermic net reaction.

5.1.2 Various Types of Alkaline Solid Wastes as Feedstock

Alkaline wastes can be suitably used as alternative feedstock in accelerated car-
bonation to natural ores since they are cheap and usually generated in a large
quantity from nearby CO2 emission points (e.g., power plants and industries).
Table 5.1 presents the examples of alkaline solid wastes as feedstock for acceler-
ated carbonation. Suitable alkaline solid wastes for accelerated carbonation include
iron/steel slags (CaO-rich materials), ashes (fine particle size), cement wastes (fine
particle size), and paper mill waste (fine particle size). However, it is difficult to
directly compare the performance of accelerated carbonation for different wastes
since each waste has its own unique set of advantages and disadvantages.
Moreover, different approaches and processes are developed and performed,
resulting in various forms of results.

Table 5.1 Example of alkaline solid wastes as feedstock for accelerated carbonation

Waste group Example

Iron and steel slags Blast furnace slag (BFS)
Basic oxygen furnace slag (BOFS)
Electric arc furnace oxidizing slag (EAFOS)
Electric arc furnace reducing slag (EAFRS)
Argon oxygen decarburization slag (AODS)
Ladle furnace slag (LDS)

Air pollution control (APC) residues Cyclone dust
Cloth-bag dust
Municipal solid waste incinerator (MSWI) fly ash
Coal fly ash

Bottom ash (from furnace or incinerator) MSWI bottom ash
Boiler ash
Coal slag
Oil shale ash

Cement wastes Cement kiln dust (CKD)
Cement bypass dust (CBD)
Construction and demolition waste
Cement/concrete waste
Blended hydraulic slag cement (BHC)

Mining and mineral processing wastes Asbestos tailings
Copper tailings (copper-nickel-PEG)
Red mud (Bauxite residue)

Paper mill wastes Lime kiln residues (calcium mud or lime mud)
Green liquor dreg
Paper sludge
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Figure 5.3 shows the relationship of CO2 capture capacity (in terms of CaO and
MgO contents), hardness (in terms of Fe2O3 and Al2O3 contents), and pozzolanic
property (in terms of SiO2, K2O and Na2O contents) for different alkaline solid
wastes. Alkaline solid wastes are chemically unstable with high calcium oxide
content, e.g., iron and steel slag (30–60% CaO), APC residues (Ca content up to
35%), mining waste (Ca content *5%), cement waste (30–50% CaO), municipal
solid waste incinerator bottom ash (10–50% CaO), and coal fly ash (5–60% CaO).
Ordinary portland cement (OPC) is a hydraulic product, while blast furnace slag
(BFS) and fly-ash (FA) are, respectively, latent-hydraulic and pozzolanic
byproducts [15]. Conversely, electric arc furnace slag (EAFS) is neither hydraulic
nor pozzolanic due to its lack of tricalcium silicates and amorphous SiO2 content
[16]. In the presence of water, the calcium-bearing components in alkaline solid
wastes could be hydrated and reacted with CO2 in a high-pH solution (i.e., >10) to
form calcium carbonates.

Typically, the amounts of CaO and SiO2 contents in basic oxygen furnace slag
(BOFS) increase with the decrease in particle size, while the Fe2O3 fraction
decreases [18, 19]. Figure 5.4 illustrates the relationship of CO2 capture capacity

Fig. 5.3 Normalized phase diagram of (CaO + MgO) − (SiO2 + Na2O + K2O) − (Al2O3

+ Fe2O3) for various types of alkaline wastes. BFS (blast furnace slag); BOFS (basic oxygen
furnace slag); PS (phosphorus slag); FA (fly ash); CKD (cement kiln dust); OPC (ordinary
Portland cement); MSWI-FA (municipal solid waste incinerator fly ash); MSWI-BA: (municipal
solid waste incinerator bottom ash); CFB-FA (circulate fluidized boiler bed fly ash). Reprinted by
permission from Taiwan Association for Aerosol Research: Ref. [17], copyright 2016
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(in terms of CaO and MgO contents) and hardness (in terms of Fe2O3 and Al2O3

contents) for various types of alkaline solid wastes. The contents of CaO and MgO
in iron and steel slags are found to be relatively higher than those in fly ash (FA) or
bottom ash (BA) . However, some steel slags such as basic oxygen furnace slag
(BOFS) encounter hurdles in the need of energy-intensive process for material
grinding due to their hard property (i.e., high contents of Fe2O3 and Al2O3). This
would make it challenging as viable sinks for CO2. Conversely, FA is relatively
attractive since it is a fine powder. In other words, the costs for transportation,
extraction, and crushing are minimal.

5.2 Types of Accelerated Carbonation Using Alkaline
Solid Wastes

Alkaline solid wastes tend to be chemically less stable than geologically derived
minerals. Therefore, carbonation of these solid wastes does not generally require the
extraction of reactive ions from the solid matrix due to the alkaline-containing
components as the mainly reactive phase.

Fig. 5.4 Relationship of CO2 capture capacity (i.e., CaO and MgO contents) and hardness (i.e.,
Fe2O3 and Al2O3 contents) for different solid wastes. Acronym: basic oxygen furnace slag
(BOFS); electric arc furnace oxidizing slag (EAFOS); electric arc furnace reducing slag (EAFRS);
argon oxygen decarburization slag (AODS); municipal solid wastes incinerator (MSWI); fly ash
(FA); cement kiln dust (CKD); blast furnace slag (BFS), phosphorus slag (PS); steel slag (SS); red
gypsum (RG); desulfurized slag (DSS)
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5.2.1 Direct Carbonation

Direct carbonation can be divided into two types: (1) gas–solid (dry) carbonation,
generally operated at a liquid-to-solid ratio of less than 0.2; and (2) aqueous
(wet) carbonation, operated at a liquid-to-solid ratio of more than 5.

5.2.1.1 Gas–Solid (Dry) Carbonation

The direct gas–solid carbonation process was first developed by Lackner et al. [20],
which consisted of converting silicate or metal oxides directly to carbonates using
gaseous or supercritical CO2. The gas–solid carbonation is the simplest approach to
mineralization, as described in Eq (5.1):

Ca=Mg� silicateðsÞ þCO2 ðgÞ ! Ca=Mgð ÞCO3 ðsÞ þ SiO2 ðsÞ ð5:1Þ

In some cases, the process chemistry of gas–solid (dry) carbonation also can be
expressed, in terms of various reacting minerals, as follows:

CaOðsÞ þCO2ðgÞ ! CaCO3ðsÞ; DH ¼ �179 kJ=mol CO2 ð5:2Þ

MgOðsÞ þCO2ðgÞ ! MgCO3ðsÞ; DH ¼ �118 kJ=mol CO2 ð5:3Þ

CaSiO3ðsÞ þCO2ðgÞ ! CaCO3 sð Þþ SiO2ðaqÞ; DH ¼ �90 kJ=mol CO2 ð5:4Þ

Ca2SiO4 sð Þ þ 2CO2ðgÞ ! 2CaCO3ðsÞ þ SiO2ðsÞ; DH ¼ �44 kcal=moleCO2

ð5:5Þ

Mg2SiO4ðsÞ þ 2CO2ðgÞ ! 2MgCO3 sð Þ þ SiO2ðaqÞ; DH ¼ �44:5 kJ=mol CO2

ð5:6Þ

Mg3Si2O5 OHð Þ4ðsÞ þ 3CO2ðgÞ ! 3MgCO3ðsÞ þ 2 SiO2ðaqÞ þ 2H2O lð Þ

DH ¼ �21 kJ=mol CO2

ð5:7Þ

However, the challenges of the gas–solid dry process include the following:
(1) the slow reaction kinetics at ambient pressure and temperature and (2) the
significant energy requirement [21]. For instance, by exposing serpentine (100 lm)
to a CO2 pressure of 340 bar at 500 °C for 2 h, the highest carbonation conversion
(referred to the definition in Chap. 6) was approximately 25% [20]. The reaction
can be slightly accelerated by either [2]
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• pretreating feedstock (such as grinding process and thermal activation) to
increase the reactive surface area
or

• possessing carbonation up to 500 °C.

Nevertheless, those treatments and processes are very energy intensive; there-
fore, the environmental benefits of carbonation might be easily offset. Moreover,
the low capture efficiency is not currently viable on the industrial scale. Since dry
carbonation exhibits a long reaction with low carbonation conversion, more efforts
in the literature have focused on the performance of aqueous (wet) carbonation.

5.2.1.2 Aqueous (Wet) Carbonation

The addition of water to the carbonation (referred as aqueous carbonation) can
significantly increase the reaction kinetics due to the mobilization of ions in the
reaction of carbonic acid with alkaline metals. Figure 5.5 shows a typical direct
aqueous carbonation for CO2 fixation and product utilization as construction
materials. The carbonation of alkaline solid wastes is carried out with the direct
contact of flue gas from a stack, in the presence of water (typically using tap water).
The wastewater generated in the same industries also can be used for the process to
avoid the consumption of freshwater resources. After carbonation, the reacted slurry
is then separated into liquid solution and carbonated solid wastes. The separated
liquid solution can be heated by a heat exchanger with flue gas and recirculated into
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Proucts
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Flue gas
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Fig. 5.5 Schematic diagram of ex situ direct aqueous carbonation (one-step carbonation) for CO2

fixation and construction material production
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the reactor for the next carbonation. Although no excessive heat is required in
aqueous carbonation, the liquid solution (or slurry) can be moderately heated to
about 60–80 °C to achieve a higher carbonation conversion, compared to that at
ambient temperature [22, 23].

The aqueous carbonation reaction of calcium and magnesium silicates can be
described as Eq. (5.8). The actual process chemistry of aqueous carbonation is
complicated because most of the CaO content in solid wastes is not present in pure
form. Typically, the CaO content is combined with silicates or other complex oxide
phases. Therefore, not only CaO and Ca(OH)2 but also other hydrate compounds
may react with CO2. Also, calcium silicate hydrates (C–S–H) can react with CO2 to
form CaCO3 (e.g., calcite, vaterite, and aragonite) precipitates and amorphous silica
gels [24, 25].

Ca;Mgð ÞxSiyOxþ 2yþ zH2zðsÞ þ xCO2ðgÞ ! x Ca;Mgð ÞCO3 ðsÞ þ y SiO2ðsÞ þ zH2OðlÞ
ð5:8Þ

The aqueous carbonation occurred mainly through three reaction steps:

• Step 1: the leaching of CO2-reactive metal ions (such as calcium and magne-
sium) from a solid matrix;

• Step 2: the contemporary dissolution of gaseous CO2 into a liquid phase,
converting carbonic acid to carbonate and/or bicarbonate ions; and

• Step 3: the consequent nucleation and precipitation of carbonates.

The first step of direct aqueous carbonation was believed to be the leaching of
calcium ions from solid particles into solution. The second step should be the
dissolution of gaseous CO2 into the solution, as shown in Eq. (5.9):

CO2 ðgÞ þH2OðlÞ ! H2CO�
3ðaqÞ ! H2CO3ðaqÞ þHCO�

3 ðaqÞ þCO2�
3 ðaqÞ ð5:9Þ

Since CO3
2− dominates at a high pH (e.g., >10), accelerated carbonation should

be favored at a high pH due to the availability of carbonate ions (Eq. 5.10). It is
noted that the balance between dissolution and precipitation is dependent on the
kinetics and solubility of the feedstock present and possible products.

Ca;Mgð Þ2þðaqÞ þCO2�
3 ðaqÞ ! ðCa;MgÞCO3ðsÞ ð5:10Þ

The mechanism of accelerated carbonation using alkaline solid wastes can be
elucidated by various advanced techniques, such as quantitative X-ray diffraction
(QXRD) analysis via either the relative intensity ratio method [26, 27] or Rietveld
refinement [28]. For instance, Ca2SiO4 and Ca3Mg(SiO4)2 could be the main CO2-
reacting components in EAFS [29]. The c-C2S component in the steel slag dis-
played higher reactivity to CO2 than b-C2S [30]. Similarly, the components of
Ca2(HSiO4)(OH), CaSiO3, and Ca2(Fe, Al)2O5 in steel slag were found to be
mainly involved in the carbonation reaction [18].
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CaSiO3ðsÞ þCO2ðgÞ þ 2H2OðlÞ ! CaCO3 sð ÞþH4SiO4ðaqÞ;
DH ¼ �75 kJ=mol CO2

ð5:11Þ

Other cases for aqueous carbonation of (Mg, Fe)–silicate can be expressed as the
following process chemistry:

Mg2SiO4ðsÞ þ 2CO2ðgÞ þ 2H2OðlÞ ! 2MgCO3ðsÞ þH4SiO4ðaqÞ;

DH ¼ �80 kJ=molCO2
ð5:12Þ

2Mg2SiO4ðsÞ þCO2ðgÞ þ 2H2OðlÞ ! MgCO3ðsÞ þMg3Si2O5ðOH)4ðsÞ;
DH ¼ �157 kJ=molCO2

ð5:13Þ

Mg3Si2O5ðOH)4 ðsÞ þ 3CO2ðgÞ þ 2H2OðlÞ ! 3MgCO3ðsÞ þ 2H4SiO4 ðaqÞ þ 2H2OðlÞ;
DH ¼ �37 kJ=mol CO2

ð5:14Þ

Fe2SiO4ðsÞ þ 2CO2ðgÞ þ 2H2OðlÞ ! 2FeCO3 sð ÞþH4SiO4ðaqÞ ð5:15Þ

The challenge in CO2 fixation by carbonation of alkaline wastes is to accelerate the
reaction and exploit the heat of reaction to minimize energy and material losses [8].
Another challenge encountered is that the dissolution of calcium species in alka-
line solid waste was favored at the low pH; however, not favored for the precipitation
of calcium carbonate.

5.2.2 Indirect Carbonation

Indirect carbonation is a multistep reaction, which involves several steps:
(1) extraction of metal ions from alkaline solid wastes, (2) liquid–solid separation,
and (3) carbonation of the filter solution, as shown in Fig. 5.6.

5.2.2.1 Acid Extraction

The indirect carbonation process was originally developed using acetic acid for the
extraction of calcium ions from a solid particle, as expressed in Eq. (5.16) [11]:

CaSiO3 ðsÞ þ 2CH3COOHðaqÞ ! Ca2þðaqÞ þ 2CH3COO�
ðaqÞ þ SiO2ðsÞ þH2OðaqÞ

ð5:16Þ
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Calcium ions are extracted, for example, using acetic acid (CH3COOH) from
mineral crystals of CaSiO3. The extracted solution is filtered through a fiber
membrane to separate the mother solution (i.e., rich in calcium ion) and extracted
solids (i.e., calcium-depleted SiO2 particles). After that, CO2 is introduced into the
filtered solution, which can form a nearly pure calcium carbonate product for
commercial use, as shown in Eq. (5.17) [11]:

Ca2þðaqÞ þ 2CH3COO�
ðaqÞ þCO2ðgÞ þH2OðaqÞ ! CaCO3 ðsÞ # þ 2CH3COOHðaqÞ

ð5:17Þ

After carbonation, the end product is usually a pure carbonate (i.e., CaCO3 and
MgCO3) because most of the oxides and hydroxides from the material have been
extracted, followed by direct carbonation of the oxides and hydroxides with the
CO2. In addition, it is observed that the acetic acid can be recovered and recycled in
this step for use in the next extraction. However, the acidity of the solution will
reduce the efficiency of carbonation conversion.

According to the water chemistry, the optimum pH for aqueous carbonation
should be above 10, while the dissolution of solid wastes (e.g., calcium leaching)
occurs under low pH conditions. To increase the pH of the solution before car-
bonation, a pH-swing concept was proposed: The extraction step was done under
acidic conditions, while the carbonation step was carried out in basic conditions
[31]. In this case, (1) the addition of acidic or basic reagents and (2) the removal of
acidic reagents by heating the solution are required.
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Alkaline solid wastes

Solid

Solid

Fig. 5.6 Schematic diagram of ex situ indirect carbonation (multistep carbonation) for CO2

fixation and CaCO3 production
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5.2.2.2 Base Extraction

Aside from acid extraction, Kodama et al. [32] modified the indirect carbonation by
a recyclable reaction solution using ammonium chloride (NH4Cl). It is capable of
swinging the pH of the solution spontaneously, while extracting the alkaline earth
metal (Eq. 5.18) and precipitating the carbonates (Eq. 5.19):

4NH4ClðaqÞ þ 2CaO � SiO2ðsÞ ! 2CaCl2 ðaqÞ þ SiO2ðsÞ # þ 4NH3ðaqÞ þ 2H2OðlÞ
ð5:18Þ

4NH3ðaqÞ þ 2CO2ðaqÞ þ 2CaCl2 ðaqÞ þ 4H2OðlÞ ! 2CaCO3 ðsÞ # þ 4NH4ClðaqÞ
ð5:19Þ

In this modified process, an alkaline earth metal can be selectively extracted
from solid wastes in an acidic condition using a weak base/strong acid solution of
NH4Cl solution. As the reaction proceeds, the solution exhibits alkalinity due to the
generation of ammonia, which is beneficial to subsequent CO2 absorption.

5.3 Process Chemistry

Calcium leaching and carbonation in alkaline solid wastes would occur simulta-
neously, for example, in the case of steelmaking slag [33]. From the view point of
process chemistry, the challenge of accelerated carbonation using alkaline solid
wastes is that the dissolution of calcium species in alkaline solid waste is favored at
low pH, while low pH is not favored for the sequential precipitation of calcium
carbonate. The balance between dissolution and precipitation is dependent on the
kinetics and solubility of the present feedstock and possible products, where car-
bonates are probably the most important species. Therefore, finding a balanced
operating condition between these two mechanisms is essential for optimizing the
overall carbonation process.

In the following sections, the process chemistry of the major steps, i.e., (1) metal
ion leaching in solution, (2) CO2 dissolution in solution, and (3) formation of
carbonate precipitates, for carbonation is illustrated in detail.

5.3.1 Metal Ion Leaching in Solution

In alkaline solid wastes, CaO and MgO are rarely present in pure form. Instead, the
alkaline-metal oxides are primarily locked into a silicate, aluminate, or ferrite phase.
In the course of the leaching process, the rapid and strong increase in pH (>10) is
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observed due to the dissolution of calcium-bearing components in the solid resi-
dues, e.g., lime and larnite, as shown in Eqs. (5.20) and (5.21), respectively.

CaOðsÞ limeð ÞþH2OðlÞ ! Ca2þðaqÞ þ 2OH�
ðaqÞ ð5:20Þ

Ca2SiO4ðsÞ larniteð Þþ 2H2OðlÞ ! 2Ca2þðaqÞ þH2SiO4ðsÞ þ 2OH�
ðaqÞ ð5:21Þ

During the leaching of calcium (or magnesium) in solid particles, the properties
of the solids may change considerably. It was observed that coarse, hard, or
granular feed solids should be disintegrated into pulp or mush when their soluble
content is removed [34]. In addition, carbonation may reduce the leaching of
alkaline earth metals (except Mg) by the conversion of a calcium phase, such as
portlandite, ettringite, and Ca–Fe–silicates, into calcite, which could contain traces
of Ba and Sr [33].

5.3.2 CO2 Dissolution in Solution

CO2 can be physically absorbed in water (or a solvent) in accordance with Henry’s
law, as expressed in Eq. (5.22). Henry’s law states that the relationship between the
gas solubility in pure water and the partial pressure of the gas is strictly valid only
for gases that can be infinitely diluted in solution. The higher partial pressure of
CO2 will result in a large amount of dissolved CO2.

C0
CO2

¼ H0
CO2

� PCO2 ð5:22Þ

where C′ is the concentration of CO2 dissolved in aqueous solution (M); H0
CO2

is
Henry’s constant for CO2 (e.g., 10

−1.468 M atm−1 at 298 K); and PCO2 is the partial
pressure of CO2 in the gas phase (atm). Henry’s constant, a function of temperature,
can be modified by Eq. (5.23) [35]:

H0
CO2;T ¼ H0

CO2;298K � exp C � 1=T � 1=298ð Þ½ � ð5:23Þ

where C is the constant for all gases (2400 K for CO2) and T is the temperature (K).
Table 5.2 presents the different values of Henry’s constant for CO2 under different
temperatures.

CO2 could be dissolved from the atmosphere in available water, and carbonic
acid can be created with a pH around 5.6, as shown in Eq. (5.24). The process is
pH-dependent because of the dissociation of carbonic acid (H2CO3

*) into carbonate
(CO3

2−) and bicarbonate (HCO3
−) ions, as shown in Eqs. (5.25) and (5.26),

respectively:
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CO2ðgÞ þH2OðaqÞ ! H2CO�
3ðaqÞ ð5:24Þ

H2CO�
3ðaqÞ ! Hþ

ðaqÞ þHCO�
3ðaqÞ ð5:25Þ

HCO�
3ðaqÞ ! Hþ

ðaqÞ þCO2�
3ðaqÞ ð5:26Þ

The corresponding equilibrium constants for Eqs. (5.25) and (5.26) can be
expressed Eqs. (5.27) and (5.28), respectively:

Ka ¼
Hþ½ � HCO�

3

� �

H2CO3½ � ð5:27Þ

Kb ¼
Hþ½ � CO2�

3

� �

HCO�
3

� � ð5:28Þ

where Ka = 10−6.3 and Kb = 10−10.3 at 25 °C.
Figure 5.7 shows the mole balance and equilibrium conditions for carbonation of

alkaline solid wastes. Before ions equilibrium, the total inorganic carbon
(TIC) concentration dynamically changes depending on several parameters, such as
the pH of solution and the pressure of headspace CO2 gas. At equilibrium, the mole
balances of the carbonic acid system can be expressed as

CT ¼ H2CO�
3ðaqÞ

h i
þ HCO�

3ðaqÞ
h i

þ CO2�
3ðaqÞ

h i
ð5:29Þ

where CT is the TIC concentration (M).

Table 5.2 Henry’s constant
for carbon dioxide under
different temperatures

Temp
(°C)

Temp
(K)

Xa Henry’s constant
(M atm−1)

25 298 −1.468 0.034

30 303 −1.526 0.030

35 308 −1.582 0.026

40 313 −1.636 0.023

45 318 −1.689 0.020

50 323 −1.739 0.018

55 328 −1.788 0.016

60 333 −1.836 0.015

65 338 −1.882 0.013

70 343 −1.93 0.012

75 348 −1.971 0.011

80 353 −2.013 0.010
aHenry’s constant = 10X
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By substitution of Eqs. (5.27) and (5.28) into Eq. (5.29), an explicit formula for
[H2CO3

*
(aq)], [HCO3

−
(aq)] and [CO3

2−
(aq)] can be obtained as

H2CO�
3 ðaqÞ

h i
¼ a0CT; a0 ¼ Hþ½ �2

Hþ½ �2 þKa Hþ½ � þKaKb

ð5:30Þ

HCO�
3 ðaqÞ

h i
¼ a1 CT; a1 ¼ Ka Hþ½ �

Hþ½ �2 þKa Hþ½ � þKaKb

ð5:31Þ

CO2�
3 ðaqÞ

h i
¼ a2 CT; a2 ¼ KaKb

Hþ½ �2 þKa Hþ½ � þKaKb

ð5:32Þ

Figure 5.8 shows the fraction (ai) of each carbon species present, which is
dependent on the pH of the solution. At a low pH (*4), the production of H2CO3

dominates; at a mid-pH (*8), HCO3
− dominates; and at a high pH (*12), CO3

2−

dominates [35]. Therefore, accelerated carbonation is favored at a basic pH due to
the availability of carbonate ions. In the case of pH at 6–7, the carbonation reaction
should be retarded due to insufficient activity of the carbonate ions.

5.3.3 Formation of Carbonate Precipitates: Nucleation
and Growth

Table 5.3 presents the solubility product constant (Ksp) of the relevant species that
might participate in the carbonation reaction. The descending order for solubility of
carbonates is as follows: Mg2+ > Ca2+ > Zn2+ > Fe2+ > Cd2+ > Pb2+.
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Fig. 5.7 Mole balance and equilibrium conditions for carbonation of alkaline solid wastes
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Typically, the theoretical Ksp of CaCO3, as shown in Eq. (5.33), ranges from
3.7 � 10−9 to 8.7 � 10−9 at 25 °C [35], with 4.47 � 10−9 being widely used for
calculation.
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Table 5.3 Solubility product constants (Ksp) of various carbonate precipitates near 25 °C*

Categories Substance Formula Ksp Log Ksp

Iron oxide (Hematite) a�Fe2O3 – −42.7

Hydroxide Calcium hydroxide Ca(OH)2 5.5 � 10−6 −5.19

Magnesium hydroxide Mg(OH)2 1.8 � 10−11 −11.1

Cadmium hydroxide Cd(OH)2 2.5 � 10−14 –

Lead(II) hydroxide Pb(OH)2 1.2 � 10−15 –

Iron(II) hydroxide Fe(OH)2 8.0 � 10−16 −15.1

Iron(III) hydroxide Fe(OH)3 4.0 � 10−38 –

Carbonate Magnesium carbonate MgCO3 3.5 � 10−8 −7.46

Calcium carbonate (calcite) CaCO3 4.5 � 10−9 −8.35

Calcium carbonate (aragonite) CaCO3 4.5 � 10−9 −8.22

Zinc carbonate ZnCO3 1.4 � 10−11 –

Iron(II) carbonate FeCO3 3.2 � 10−11 −10.7

Cadmium carbonate CdCO3 5.2 � 10−12 –

Lead(II) carbonate PbCO3 7.4 � 10−14 –

(Dolomite) CaMg(CO3)2 – −1.70

Sulfate (Gypsum) CaSO4�2H2O – −4.62

Silicate (Wollastonite) CaO�SiO2 – 6.82

(Larnite) Ca2SiO4 – 37.65

(Anorthite) CaAl2Si2O8 – 25.31

(Gehlenite) Ca2Al2SiO7 – 55.23
*Available data from [35–37]
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Ksp ¼ Ca2þ
� �

CO2�
3

� � ð5:33Þ

where [Ca2+] and [CO3
2−] are the activities of calcium and carbonate ions (M) in

the solution, respectively.
The supersaturation ratio (S) of [Ca2+] and [CO3

2−] in the interface can be
expressed as shown in Eq. (5.34). A low supersaturation ratio is disadvantageous
for the nucleation of CaCO3 [38].

S ¼ Ca2þ
� �

CO2�
3

� �

Ksp
ð5:34Þ

Contact between Ca2+ ions and CO2 leads to CaCO3 precipitation, which is
almost insoluble in water at pH levels above 9 (the solubility of CaCO3 is
0.15 mmol/L at 25 °C). The carbonation formulation can be simply described by
Eqs. (5.35) and (5.36):

Ca2þðaqÞ þCO2�
3 ðaqÞ ! CaCO3 nucleið Þ ð5:35Þ

CaCO3 nucleið Þ ! CaCO3 sð Þ ð5:36Þ

Calcite and aragonite (CaCO3), dolomite (CaMg(CO3)2), and magnesite
(MgCO3) are four of the most prevalent carbonate minerals found in Earth’s crust.
The crystal volume of calcium carbonate is approximately 11.7% more than that of
calcium hydroxide [39]. There are three different polymorphs of calcium carbonate,
i.e., calcite, aragonite, and vaterite, as shown in Fig. 5.9. Calcite typically has a
rhombohedral, prismatic, or scalenohedral crystal type, while aragonite is typically
in needle-like crystals with a high aspect ratio (length-to-width ratio). In nature,
calcium carbonate occurs most commonly in hexagonal form (as calcite) but also
occurs in orthorhombic form (aragonite) [34].

Figure 5.10 shows the structures and Ca–O coordination of calcite and vaterite.
CaCO3 polymorphs such as calcite and vaterite (known as l-CaCO3) belong to the
same structural family. However, unlike the calcite, vaterite is thought to be
metastable [41]. It suggests that a preferential formation of vaterite should be in the
carbonation of C–S–H with Ca/Si ratio of >0.75 [42]. Moreover, the lower [Ca2+]/
[CO3

2−] ratio also favors the formation of vaterite [43]. It also was noted that the
formation mechanism of calcite, vaterite, and aragonite depends on the crystallo-
graphic structure of original 1.1 nm tobermorite [24].

Dissolution or crystallization of precipitates does not occur instantaneously. It
suggests that some characteristic time, often longer than the time constant for the
overall process, is needed to achieve a new equilibrium [45]. Calcite growth rates at
25 °C have been observed to be first order, second order, and higher (n = 3–3.9),
indicating that calcite growth can be interpreted by adsorption, surface diffusion,
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Fig. 5.9 Different crystal shapes of calcium carbonate: a amorphous calcium carbonate;
b low-Mg calcite with 6% Mg; c high-Mg calcite with 20% Mg; d aragonite; e monohydrocalcite;
f vaterite. Reprinted by permission from Macmillan Publishers Ltd: Ref. [40], copyright 2017
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and polynucleation [46]. The pore structures of solid wastes are thought to become
finer with carbonation, thus leading to a solid of lower porosity, lower tortuosity,
and lower pore area with calcite infilling the pore space after carbonation [47, 48].

5.4 Changes in Physico-chemical Properties of Solid
Wastes

After accelerated carbonation, the physico-chemical properties of alkaline solid
wastes will significantly change. The use of carbonated products is closely related
to their physico-chemical characteristics. As a result, characterization of materials
before and after reaction is crucial for their subsequent utilization. The character-
ization of a material is usually divided into three parts:

• Physical properties: bulk density, morphology (shape), fitness, solubility, sur-
face area, porosity, etc.

Fig. 5.10 Structures and Ca–O coordination of calcite and vaterite. Reprinted by permission from
Macmillan Publishers Ltd: Ref. [44], copyright 1994
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• Chemical properties: oxide contents, heavy metal leaching amounts, hazardous
components, pozzolanic and cementitious properties, etc.

• Mineralogical properties: mineralogy, crystalline, phase fraction, grain size,
defect, etc.

Table 5.4 presents the changes in physico-chemical properties of steel slag after
carbonation, with the details illustrated in the following Sects. 4.1 (for direct car-
bonation) and 4.2 (for indirect carbonation). The changes in physico-chemical
properties of solid wastes after carbonation include density, particle size, surface
area, microstructure, chemical composition, and mineralogy.

5.4.1 Direct Carbonation

After the direct carbonation, significant changes in physical properties of solid
wastes can be observed [6, 47], such as the following:

Table 5.4 Changes in physico-chemical properties of carbonated steel slag

Process Type Categories Descriptions

Direct Physical Density Reduce: 3.56 ! 2.47–3.27 g/cm3 [6]

Particle size Become coarser due to agglomeration [47]
D [0.1]: 4.4 ! 2.5–3.5 µm [6]
D [0.9]: 31.8 ! 28.4–29.9 µm [6]

BET surface
area

Increased: 1.73 ! 7.22–8.94 m2/g [6]

Porosity Becomes lesser due to calcite filling in the pores
[49, 50]

Microstructure Product as compact continuous coatings on
surface, a more regular morphology [6]

Chemical Mineralogy Formation: CaCO3, Ca5(SiO4)2CO3

Consumption: hydrogarnet, Ca(OH)2 [9]
CaCO3: 3.2% ! 12.6–17.0% [6]

Free-CaO and
Ca(OH)2

Reduced from 6 to 0.3% for less than 75-µm-sized
particles in ladle slag [9]
Free CaO (5.1 wt%) and Ca(OH)2 (1.8 wt%)
completely eliminated [6]

Heavy metal
leaching

Leachable Cr reduced [51]
Leaching of metals reduced by orders of
magnitude [33]

Indirect Physical Particle size PCC: spherical agglomerates of 10–20 lm [52]

Particle shape Cubic crystals (calcite) at 40–80 °C
Plate- and needle-shaped (aragonite) at 90 °C [32]

Chemical Mineralogy Calcite was formed at low temp (40–80 °C) and
aragonite at around 90 °C on the surface of slag
[32]
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• a decrease in average density and overall particle size;
• an increase in BET surface area;
• finer pore structures with lower porosity, tortuosity, and pore area; and
• changes in surface topography and particle shape.

Since the crystal volume of CaCO3 is about 11.7% greater than that of Ca(OH)2
[39], the microstructure of solid wastes should be modified to some degree after
carbonation. In general, carbonate precipitation using alkaline solid wastes (such as
steel slags) as feedstock is mainly CaCO3, in the form of calcite [2, 53]. The
product of CaCO3 calcite with regular morphology can form as compact continuous
coatings on the surface of solid wastes during direct carbonation. At the same time,
parts of the CaCO3 product, with a size of 1–3 lm, appear to be isolated and
separated [54].

In the case of ladle furnace slag (LFS), the formation of spurrite
[Ca5(SiO4)2CO3] was observed by the reaction of hydrogarnet and calcium
hydroxide [9]. For carbonated LFS, the extractable CaO content decreased to
0.2–0.3%, corresponding to a reduction of 95% in the extractable CaO content
compared to the fresh LFS [9]. Similarly, in the case of steel slag, the contents of
free-CaO and Ca(OH)2 were completely eliminated after carbonation [6].
Furthermore, the leaching potential of heavy metals, such as Cr and Hg, from solid
wastes can be reduced by the carbonation process.

5.4.2 Indirect Carbonation

For the indirect carbonation process, the precipitated calcium carbonate (PCC) is
considered as high value-added products. The structures of calcium carbonate
precipitates include the following:

• calcite: hexagonal b-CaCO3;

• aragonite: orthorhombic k-CaCO3; and
• vaterite: l-CaCO3.

Calcite is the most stable polymorph of calcium carbonate. The potential use of
PCC relies on the purity and variety of the crystal structures. The favored forms of
PCC crystalline in most industrial applications [55] are as follows:

• rhombohedral calcite,
• scalenohedral calcite, and
• orthorhombic acicular aragonite.

The morphology of CaCO3 particles can be controlled to meet the required
specification for industrial applications [32]. Typically, the aragonite form of
CaCO3 can be prepared by precipitation at temperatures above 85 °C, while the
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vaterite CaCO3 can be formed by precipitation at 60 °C [56]. The aragonite form
will change to the calcite form at 380–470 °C [57]. In the case of using ammonium
chloride (NH4Cl) as an extractant, as the reaction temperature increases, the fraction
of rhombohedral calcite decreases while the plate-shaped or needle-shaped particles
of aragonite are generated [32]. Using acetic acid (CH3COOH) as an extractant,
spherical agglomerates of calcite crystals with a size of 10–20 lm can be formed by
indirect carbonation of granulated blast furnace slag (<500 lm in size) [52].

According to thermodynamic equilibrium calculations of indirect carbonation
using 33.3% acetic acid, almost all compounds (including Ca, Mg, Al, Si, Fe, and S)
except Ti are expected to be dissolved in the solution. The leaching of Ca2+ ions is an
exothermic reaction at 50 °C and feasible at temperatures lower than 156 °C, while
the extraction of Mg2+ ions from MgSiO3 proceeds at temperatures lower than
123 °C [11]. A large part of the metals could form acetates, such as magnesium
acetate, calcium acetate, and iron (II) acetate [11]. On the other hand, the dissolution
of metal ions from steel slags in acetic acid was much faster than from wollastonite
[58]. The dissolved silicon from steel slags will form a gel at temperatures higher
than 70 °C, which can be easily removed by mechanical filtration [11, 59]. To
remove other dissolved ions such as iron, aluminum, and magnesium, other sepa-
ration techniques are needed.

5.5 Challenges in Accelerated Carbonation Reaction

Aqueous accelerated carbonation of alkaline wastes combines the treatment of
industrial wastes that are readily available near a CO2 emission point. Thus, it could
be part of an integrated approach to reducing CO2 emissions for industrial plants.
Although a great amount of alkaline waste (such as steel slags and ashes) is
available for CO2 mineralization, the costs of accelerated carbonation are too high
for large-scale industrial deployment. Due to the inherent characters of carbonation
reaction, a well-designed process with efficient mass transfer among gas–liquid–
solid phases (high CO2 fixation capacity with low energy consumption) is required.

From the technical point of view, the challenges in direct carbonation process
include the following:

• slow rate of mass transfer between gaseous CO2 and liquid solution phase;
• losses of material and energy (i.e., heat of reaction);
• influence of impurity in flue gas, such as sulfur dioxide (SO2) and particulate

matter (PM), on carbonation efficiency;
• high energy consumption of overall processes due to feedstock/material pro-

cessing and reactor use (e.g., high temperature and pressure); and
• product separation and its subsequent utilization.
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For indirect carbonation, the challenges in the process include the following
[14, 58]:

• The high energy consumption for evaporation of the aqueous solution.
• The large variations in free energy resulting from the necessary formation of

intermediate products.
• Other elements, such as heavy metals, may also leach out during the extraction

step, thus leading to impure carbonate precipitate.

To overcome the above challenges, several innovative solutions are raised and
discussed in Chap. 8.
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Chapter 6
Analytical Methods for Carbonation
Material

Abstract Interest in the accelerated carbonation of alkaline solid wastes has
sharply escalated because accelerated carbonation of alkaline solid waste is an
attractive method for carbon capture and utilization, due to their potential to fix
gaseous CO2 from industry into solid precipitation. The physico-chemical proper-
ties of solid wastes can be improved by carbonation, thereby increasing the
potential to be used as construction materials such as supplementary cementitious
materials and/or aggregates in civil engineering. In this chapter, several advanced
analytical methods for material characterization are introduced. For example, an
integrated thermal analysis (i.e., modified TG-DTG interpretation) is illustrated to
determine carbonation parameters in alkaline solid wastes.

6.1 Integrated Thermal Analysis

Accurate determination of the contents of CaCO3 formation in the course of
accelerated carbonation is crucial for assessing the potential for CO2 capture by
alkaline wastes, as well as providing scientific data for interpretation of the car-
bonation reaction kinetics. To determine the performance of accelerated carbona-
tion via various types of approach and process, thermoanalytical techniques have
been utilized to quantify carbonation products, such as calcium carbonate (CaCO3)
in solid wastes. The commonly used thermoanalytical techniques include

• Thermogravimetric (TG) analysis,
• Derivative thermogravimetric (DTG),
• Differential thermal analysis (DTA), and
• Differential scanning calorimetry (DSC).

TG analysis determines the weight of sample at different temperatures under an
assigned heating programs. The weight loss can be attributed to moisture evapo-
ration and chemical decomposition of compounds into gaseous components.
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Therefore, individual compounds can be quantified because the thermal decom-
position temperatures vary among compounds. On the other hand, by taking
numerical derivation of the TG curve, a DTG plot can be obtained to provide
information on the temperature at the maximum peak and other important peak
parameters.

In DSC, a sample cell and a reference were heated equally according to a preset
temperature regime. When transformation of the sample occurs, the temperature
difference between the sample and the reference cell is measured. The device will
increase or reduce the heat input to the sample cell to maintain a zero temperature
difference between the sample and the reference cell, establishing a “null balance”
[1]. The quantity of the electrical energy supplied to a sample cell is usually
expressed in terms of energy per unit time (e.g., watts). Therefore, the amount of
energy absorbed or released by the sample can be measured with DSC.

6.1.1 Conventional Thermogravimetric (TG) Analysis

TG analysis has been considered a rapid and accurate method for determining the
content of crystalline CaCO3 in samples with simple composition (highly pure) [2].
In the case of cementitious materials such as cement and fly ash [3], however, it was
difficult to obtain accurate quantitative amounts of CaCO3 using only TG data. This
is attributed to

• The way to interpret TG curves for CaCO3 decomposition in a material was
varied among researchers.

• The temperature ranges of thermal decomposition of CaCO3 overlap the cal-
careous and hydrated components in these materials (as shown in Fig. 6.1).

As shown in Fig. 6.2, two of the most commonly used methods for determining
the weight loss of a material by interpreting TG plot are as follows:

Alkaline Solid Wastes
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Fig. 6.1 Challenges in conventional thermogravimetric (TG) analysis for cementitious materials
due to thermal decomposition of CaCO3 overlap the calcareous and hydrated components.
Adaptation with permission from Macmillan Publishers Ltd: ref. [24], copyright 2016
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• Delta-Y method (Fig. 6.2a): to determine the difference of sample weight
directly between two specific temperatures (e.g., T1 and T2).

• On-set method (Fig. 6.2b): to extend the straight-line portions of the baseline
and the linear portion of the upward/downward slope, mark their intersection,
and determine the weight difference between these two intersections.

However, between these two conventional methods, there is a significant dif-
ference in the determined weight loss for the same TG plot. For instance, in the case
of steel slag, the dehydration of calcium silicate hydrates, calcium aluminate
hydrates, and other minor hydrates occurs between 105 and 1000 °C. This would
result in a continuous and steady weight loss at 105–1000 °C and especially pro-
nounce at temperatures less than 500 °C [4]. Therefore, consideration must be
given to weight loss due to dehydration of the above materials when analyzing, for
example, the amounts of CaCO3 (weight loss typically occurs above 500 °C).
Otherwise, the CaCO3 contents in solid samples will be overestimated by the
conventional delta-Y or on-set methods.

Table 6.1 summarizes the analytical conditions of TG, such as temperature
ranges of the thermal decomposition of Ca(OH)2, MgCO3, and CaCO3, for different
solid wastes in the literature. As noted in Table 6.1, the evaluation criteria of
carbonate products by TG analysis are quite different among the literature because
of the wide variance in determining the temperature ranges of product decompo-
sition. This is also largely attributed to the various ways to interpret TG plot,
thereby resulting in different bases on the performance evaluation of CO2 fixation
capacity by accelerated carbonation.

Fig. 6.2 Conventional methods on TG interpretation: a delta-Y and b on-set methods. Adaptation
with permission from Macmillan Publishers Ltd: ref. [24], copyright 2016
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To overcome the aforementioned barriers, integrated thermal analyses (including
modified TG-DTG method and qualitative analysis via MS and FTIR) are proposed
as presented in Fig. 6.3. A modified TG-DTG interpretation is developed to
accurately and precisely determine the carbonate content in alkaline solid wastes
and validated with DSC analysis, as outlined in Sect. 6.1.2. In addition, the kinetic
and thermodynamic parameters of CaCO3 thermal decomposition in solid waste can
be determined via various equations, as outlined in Sect. 6.1.4.

6.1.2 Modified TG-DTG Interpretation

In this section, a validated thermal analysis method (i.e., modified TG-DTG in-
terpretation) is illustrated for accurately quantifying the CaCO3 content in solid
wastes. The modified TG-DTG interpretation should be generally applicable to
various types of alkaline solid wastes. The standard operation procedure is provided
as follows:

Integrated Thermal Analyses to Determine Carbona on Parameters in Alkaline Solid Wastes

Validated by DSC Technique Modified TG-DTG Method
• Heat absorbed (Integra on)
• Standard addi on
• Calibra on curve

• Weight (Differen a on)
• Weight loss (TG)
• Peak parameter (DTG)

Decomposi on Kine cs

• Arrhenius theory (Ea, A)
• Kissinger equa on (Eq. 8)
• Carne equa on (Eq. 14)

Implica on to CO2 Sequestra on by Alkaline Solid Waste through Carbona on

• Maximum achievable capture capacity of alkaline solid wastes for mineral carbona on
• Integrated graphical method to quan fy CaCO3 contents with lower matrix interference
• Performance Indicators for “Carbona on Degree” of  alkaline solid wastes
• Comparison of “weight gain” and “carbona on conversion” in Figure 5

CaCO3 Quan fica on by TG/DTG/DSC and MS/FTIR Thermodynamics / Kine cs

Performance Evalua on of Data Quality
• Precision (Repeat tests)
• Accuracy (True values)
• Sta s cs: paired t-test
• Method detec on limit (MDL)

Verifica on by Qualita ve Evidence using TG-MS and TG-FTIR

Thermodynamics

• Transi on state theory
• Change of enthalpy
• Change of free energy

Comparison to 
Conven onal 

Method (Fig. 2)
• Delta-Y method
• On-set method

Comparison with the literature

Peak Parameters

• Tp (peak temp.), etc
• Shape index (SI)

Fig. 6.3 Determination of carbonation conversion in alkaline solid wastes via integrated thermal
analysis, including modified TG-DTG method and qualitative analysis via MS and FTIR
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• Step 1: dry samples at 105 °C for at least 30 min to remove the adsorbed water
before analysis,

• Step 2: place 3–10 mg of solid samples in a platinum crucible and put in TG
analyzer,

• Step 3: heat sample directly from 50 to 950 °C at 10–20 °C/min under N2

atmosphere,
• Step 4: apply the modified TG-DTG interpretation (Fig. 6.2) to determine the

weight loss of certain compound, and
• Step 5: combine with other qualitative analyses (such as MS) to confirm the

species of evolved gas within the temperature ranges of decomposition.

Figure 6.4 shows the modified TG-DTG interpretation for determining the
CaCO3 content in alkaline solid wastes. In the modified method, both the initial (T1)
and final (T2) temperatures of CaCO3 decomposition on TG plot are determined by
the extrapolated on-set. The point determined by extrapolated on-set is defined as
the intersection of the tangent drawn at the point of greatest slope on the leading
edge of the peak with the extrapolated baseline. The weight loss due to CaCO3

decomposition can then be obtained by

(2)

(3)

(3)

Fig. 6.4 Modified TG-DTG
interpretation to determine
CaCO3 content in alkaline
solid wastes by both TG
(upper curve) and peak
parameters from DTG (lower
curve). Adaptation with
permission from Macmillan
Publishers Ltd: ref. [24],
copyright 2016
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• Step 1: extending the two straight-line portions of the baseline before T1 and
after T2,

• Step 2: making a vertical line pass through the midpoint (Tm) between T1 and T2,
and

• Step 3: determining their intersections to the baselines and vertical line. The
weight loss between these two intersections was attributed to the CaCO3

decomposition within the solid samples.

For the DTG curve, it can be characterized by the temperature of extrapolated
on-set drawn by the beginning (Ti) and final (Tf) of the peak. The center of tem-
perature peak (Tp), half width (W1/2), and peak width (W) can be determined
accordingly. As shown in Fig. 6.4, the shape index (SI) of the DTG peak is defined
as the absolute ratio of the slope of the tangents to the DTG peak at the inflection
points. Therefore, the above shape parameters of DTG can be graphically
determined.

By the modified TG-DTG interpretation, a positive correlation between CaCO3

content in alkaline wastes and its reactivity with CO2 through mineral carbonation
can be observed. Except for the complex and hydrated compounds in alkaline solid
wastes, the weight loss versus decomposition temperature for a material can be
separated into

• 50–105 °C: expulsion of surface water,
• 200–300 °C: removal of pore water,
• 400–500 °C: dehydration of crystal water (e.g., Ca(OH)2),
• 500–630 °C: MgCO3 decomposition, and
• 600–850 °C: CaCO3 decomposition.

The matrix interference due to Ca–Al–Si hydrates presented in alkaline solid
wastes can be reduced to a level of 10−3. The method detection limit of the modified
TG-DTG interpretation is about 0.70%, with a high precision (0.40 ± 0.25%) and
accuracy (1.34 ± 0.20%) in the case of BOFS [24].

6.1.3 Key Carbonation Parameters in Solid Wastes

As shown in Fig. 6.2, the CO2 content (denoted as “CO2”) in the sample can be
determined using the modified TG-DTG method by Eq. (6.1):

CO2ðwt%Þ ¼ DmCO2

m105 �C
� 100 ð6:1Þ

where DmCO2 (mg) is the weight loss due to the decomposition of CaCO3. m105 °C

(mg) is the dry weight of the sample.
By doing so in Eq. (6.1), two key carbonation indicators can be calculated, i.e.,

the weight gain (%) and carbonation conversion. The weight gain (%) of the dry
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solid waste then can be realized using the value of CO2 content, according to
Eq. (6.2):

Weight gain ð%Þ ¼ CO2ðwt%Þ
100� CO2ðwt%Þ � 100 ð6:2Þ

The carbonation conversion of solid waste (dCaO, %) can be calculated by
Eq. (6.3), assuming the calcium-bearing compositions are the main reaction
species:

dCaO ¼
CO2ð%Þ

100�CO2ð%Þ � 1
MWCO2

Catotal=MWCa
¼

CO2ð%Þ
100�CO2ð%Þ � 1

MWCO2

CaOtotal=MWCaO
ð6:3Þ

where MWCO2, MWCa, and MWCaO are the molecular weight of CO2 (44 g/mol),
Ca (40 g/mol), and CaO (56 g/mol), respectively. Catotal and CaOtotal are the per-
cent weight fraction of Ca (normally determined by XRF or by ICP after total
digestion) and CaO (normally determined by XRF) in the fresh solid sample,
respectively.

Both the weight gain (Eq. 6.2) and carbonation conversion (Eq. 6.3) determined
by TGA are frequently expressed as the degree of carbonation for one target
material. Figure 6.5 shows the relationship between weight gain and carbonation
conversion of alkaline solid wastes. The plot of carbonation conversion versus
weight gain is a straight line, and the slope of the straight line is related to the CaO

Fig. 6.5 Profile of carbonation conversion and weight gain per dry weight for different solid
wastes, including cement kiln dust (CKD), municipal solid waste incinerator (MSWI), fly ash
(FA), and bottom ash (BA). Adaptation with permission from Macmillan Publishers Ltd: ref. [24],
copyright 2016
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content in the solid. It is noted that alkaline solid wastes, such as steel slag and fly
ash, have been recognized as effective materials for CO2 sequestration by mineral
carbonation. For example, the cement kiln dust (CKD) and steel slag exhibit the
relatively higher CaO content (i.e., 30–50%) and CO2 capture capacity by the
maximum achievable conversion technologies as reported in the literature [6, 11,
14, 25]. Although a higher carbonation conversion of coal fly ash (FA) can be
achieved (i.e., 80–90%), the CaO content of coal fly ash is low (i.e., 5–10%),
thereby resulting in a relatively low CO2 capture capacity.

For determining CO2 fixation capacity via the carbonation reaction, the available
methods for the cases of mortars/concrete and cement kiln dust according to their
physicochemical properties have been reported by Steinour [26] and Huntzinger
et al. [27], which is as follows:

ThCO2ð%Þ ¼ 0:785 ðCaO� 0:56CaCO3

� 0:7 SO3Þþ 1:091MgOþ 1:420Na2Oþ 0:935K2O ð6:4Þ

Similarly, for the fresh alkaline solid waste, if it is assumed that all of the CaO
content in the solid waste, except that originally bound in CaSO4 and CaCO3

phases, will convert to CaCO3, the theoretical CO2 capture capacity (ThCO2, as a
percentage of dry mass) can be estimated via Eq. (6.5):

ThCO2ð%Þ ¼ 0:785 ðCaO� 0:56CaCO3 � 0:7 SO3Þ ð6:5Þ

where ThCO2 (kg CO2/kg solid waste) is the theoretical CO2 capture capacity, CaO
(kg CaO/kg solid waste) and SO3 (kg SO3/kg solid waste) are the weight fraction of
CaO and SO3 in solid waste measured by XRF, respectively, and CaCO3 (kg
CaCO3/kg solid waste) is the weight fraction of CaCO3 analyzed by TGA.

Based on Eq. (6.5), the theoretical amount of CO2 capture for different solid
wastes is fall in the following ranges:

• Blast furnace slag (BFS): 0.252 − 0.322 kg-CO2/kg-BFS,
• Basic oxygen furnace slag (BOFS): 0.309 − 0.374 kg-CO2/kg-BOFS,
• Electric arc furnace oxidizing slag (EAFOS): 0.177 − 0.229 kg-CO2/kg-EAFOS,
• Electric arc furnace reducing slag (EAFRS): 0.313 − 0.391 kg-CO2/kg-EAFRS,
• Argon oxygen decarburization slag (AODS): 0.428 − 0.476 kg-CO2/kg-AODS,
• Ladle furnace slag (LFS): 0.396 − 0.451 kg-CO2/kg-LFS,
• Coal fly ash (FA): * 0.070 kg-CO2/kg-FA,
• MSWI fly ash (FA): 0.323 − 0.388 kg-CO2/kg-FA, and
• MSWI bottom ash (BA): 0.124 − 0.158 kg-CO2/kg-BA.

In some cases, the probability of MgCO3 formation is low due to the relatively
low content of MgO in alkaline solid waste. Also due to the relatively low pressure
of CO2 and the short reaction time, limited MgCO3 formation is expected. Typical
process conditions for the formation of MgCO3 via aqueous carbonation are
(1) pCO2 greater than 100 bar, (2) temperature greater than 144 °C, and (3) a
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reaction time of hours [28, 29]. The other metal oxide components, such as SiO2

and P2O5, in the fresh solid waste are considered not to contribute to CO2 fixation.

6.1.4 Kinetics and Thermodynamics of Thermal
Decomposition

The kinetic (i.e., apparent activation energy, kinetic exponent, and pre-exponential
factor) and thermodynamic parameters (i.e., the changes of entropy, enthalpy, and
Gibbs free energy for the formation of the activated complex) for the thermal
decomposition of a certain compound in a material can be determined by the
Kissinger equation and Arrhenius equation, and transition state theory.

6.1.4.1 Kinetic Equations

The Kissinger equation has been extensively applied to evaluate the kinetics of
thermal decomposition of a solid material, and the relevant activation energy and
reaction order [30–34]. First, the reaction rate of a solid-state reaction can be
expressed by means of the general mass action law with the Arrhenius law, as
shown in Eq. (6.6):

da
dt

¼ kðTÞf ðaÞ ¼ A exp � Ea

RT

� �
f ðaÞ ð6:6Þ

where k is the rate constant, T is the absolute temperature (K), a(-) is the reacted
fraction, f(a) is an algebraic function depending on the reaction mechanism, A is the
pre-exponential factor (1/min), Ea is the apparent activation energy (kJ/mol), and
R is the universal gas constant (8.314 J/K mol).

Then, by differentiating Eq. (6.6), if the temperature (T) rises at a constant
heating rate (b = dT/dt), Eq. (6.7) can be obtained for a non-isothermal kinetics
[34]:

d2a
dt2

¼ b
Ea

RT2 þA exp � Ed

RT

� �
f 0ðaÞ

� �
da
dt

ð6:7Þ

where b is the heating rate (K/min), and Tp is the absolute temperature of peak (K).
After that, assuming the maximum rate occurs at a temperature Tp, i.e.,

dðda=dtÞTp=dt
h i

¼ 0, the general form of Kissinger equation for a non-isothermal

kinetics can be expressed as Eq. (6.8), for the determination of the activation
energy.
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ln
b
T2
p

 !
¼ �Ea

R
1
Tp

þ ln �ARf 0ðaÞ
Ea

� �
¼ C1

1
Tp

þC2 ð6:8Þ

According to Eq. (6.8), the slope of the plot of ln (b/Tp
2) versus 1/T gives the

apparent activation energy (Ea). The constant term (C2), i.e., the intercept with the
y-axis, is related to both A and f 0ðaÞ, as shown in Eq. (6.9):

C2 ¼ ln
ARf 0ðaÞ

Ea

� �
ð6:9Þ

Also, we can assume the temperature independence of the pre-exponential factor
based on the Arrhenius theory. The rate of a thermally induced solid reaction can be
expressed as Eq. (6.10):

da
dT

¼ A f ðaÞ
b

exp � Ea

RTp

� �
ð6:10Þ

As applied frequently for a description of heterogeneous processes with the
surface reaction controlled [31], the f(a) can be expressed by the reaction order
kinetic model:

f ðaÞ ¼ ð1� aÞn ð6:11Þ

where n is the kinetic exponent of thermal decomposition reaction. By substitution
of n from Eqs. (6.9) and (6.11) into Eq. (6.10) and rearranging, the value of the
kinetic exponent (n) can be estimated directly from Eq. (6.12):

n ¼ 1� amaxð Þ
damax=dT

Ea

bR
exp ðC2Þ exp �Ea=RTp

� � ð6:12Þ

Furthermore, according to Kissinger [35], the n value for reaction order pro-
cesses can be estimated by the shape index (SI) if the peak shape is independent of
heating rate (Eq. 6.13). The SI value of the DTG curve is an important parameter of
thermodynamic analysis. The definition of SI value can refer to Fig. 6.4.

n ¼ 1:26 SI1=2 ð6:13Þ

Carne et al. [36] also proposed possibilities to evaluate the n value from the
slope of the plot of ln b versus 1/Tp as in Eq. (6.14):

d lnb
d ð1=TpÞ ¼ � Ea

nR
ð6:14Þ
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6.1.4.2 Thermodynamic Equations

For decomposition thermodynamics of a certain compound in alkaline solid wastes,
the transition state theory (so-called activated complex theory) can be applied. It
can be described by the general form of the Eyring equation [30] in Eq. (6.15):

A ¼ e � v � kB � Tp
h

exp
DS
R

� �
ð6:15Þ

where e is the Neper number (i.e., 2.7183), v is the transition factor (i.e., 1 for
monomolecular reactions), kB is the Boltzmann constant (i.e., 1.381 �
10−23 J K−1), and h is the Plank constant (i.e., 6.626 � 10−34 J s). The change of
entropy (DS) term can be calculated based on the peak temperature (Tp) which
characterizes the highest rate for thermal decomposition in the DTG plot. Therefore,
the DS can be determined by rearranging Eq. (6.15), which is as follows:

DS ¼ R ln
Ah

evkBTp

� �
ð6:16Þ

For the activated complex formation, the changes of the enthalpy (DH) and Gibbs
free energy (DG) can be calculated using Eqs. (6.17) and (6.18), respectively:

DH ¼ Ea � RTp ð6:17Þ

DG ¼ DH 6¼ � TpDS ð6:18Þ

6.1.5 Case Study: Basic Oxygen Furnace Slag

6.1.5.1 Modified TG-DTG Interpretation

Figure 6.6a, b shows the TG-DTG plots of the fresh and carbonated basic oxygen
furnace slag (BOFS), respectively. The results show a continuous weight loss at
200–900 °C in both the fresh and carbonated BOFS, which is attributed to the
decomposition of various hydrates, such as a-dicalcium silicate hydrate. Therefore,
the thermal decomposition of various hydrates should be considered when deter-
mining the carbonate contents in BOFS. Other major minerals in BOFS, including
brownmillerite, wollastonite, and larnite, are relatively stable compounds under the
temperature range of TG analysis. In the fresh BOFS, the thermal decomposition of
portlandite (Ca(OH)2) occurs at temperature 400–500 °C. However, after carbon-
ation, there was a lack of a peak for Ca(OH)2 decomposition in BOFS, indicating
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that the Ca(OH)2 was reacted with CO2 during carbonation. Instead, a great weight
loss at 600–800 °C was found in the carbonated BOFS, revealing the formation of
CaCO3 after carbonation.

On the other hand, no MgCO3 formation was observed in the carbonated BOFS
due to no peak at 500–630 °C in DTG, which was in good agreement with the XRD
results [37, 38]. As the aforementioned, the typical conditions for the formation of
MgCO3 precipitates by aqueous carbonation are at a temperature over 144 °C [28]
for hours [39]. Under the mild condition, with a ratio of Mg2+ to Ca2+ concen-
trations higher than 0.5, a metastable (amorphous) hydrated magnesium carbonate
phase might be formed [23]. However, since the leaching concentrations of Mg ions

Fig. 6.6 TG-DTG plots for a fresh and b carbonated BOFS using the modified TG-DTG
interpretation. Adaptation with permission from Macmillan Publishers Ltd: ref. [24], copyright
2016
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from BOFS were low (e.g., 1.7–3.0 mg/L) [40], the formation of MgCO3 crystal is
negligible. In other words, the calcium-containing compositions in BOFS should be
the major species reacting with CO2 to form CaCO3 precipitate.

To confirm the CaCO3 content in BOFS, the DSC technique can be coupled with
the TG analysis. The DSC technique can provide quantitative measurement on the
heat released or absorbed by the specimen during heating. Theoretically, the CaCO3

crystal will start to decompose into CaO(s) and CO2(g) at temperatures above 600 °C,
as shown in Eq. (6.19). It is noted that the reaction heat for decomposing one mole of
CaCO3 particles at 1000 K is about 170.4 kJ [41]. Since the amounts of heat
absorbed can be converted into the weight of CaCO3 decomposed, the correlation
between DSC and TG measurements can be established.

CaCO3ðsÞ �!
D

CaOðsÞ þCO2ðgÞ; DHo
1000K ¼ 170:4 kJ=mol ð6:19Þ

Figure 6.7 shows the correlation between the amounts of CaCO3 decomposition
from modified TG-DTG interpretation (i.e., abscissa) and the heat absorbed from
DSC technique (i.e., ordinate). The values of relative percent difference between the
weights of CaCO3 determined by thermography and those calculated from DSC are
1.34 ± 0.20%. Moreover, the results of paired-samples t tests indicated that the
calculated t-value of 1.595 was less than the tabulated t-value of 2.201, thereby
accepting the null hypothesis. In other words, no difference was found in CaCO3

contents calculated from the modified TG-DTG interpretation and DSC method
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(p = 0.139), with a Pearson’s correlation coefficient of 0.9997. This suggests that
the modified TG-DTG interpretation should be applicable to provide a precise and
accurate analysis of CaCO3 contents in BOFS.

6.1.5.2 Qualitative Analysis by TG-MS

The weight loss between 500 and 900 °C would be simultaneously attributed to the
decomposition of carbonates (release CO2) and hydrates (release H2O). To identify
the types of volatiles and/or gases released during TG analysis, MS and/or FTIR
can be used for the evolved gas analysis. For instance, Fig. 6.8a, b show the

Fig. 6.8 Plots of weight loss (TG Analysis) and mass spectroscopy (ion current for H2O mass
number 18 and CO2 mass number 44) for a fresh and b carbonated steel slag. Adaptation with
permission from Macmillan Publishers Ltd: ref. [24], copyright 2016
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TG-MS plots of both fresh and carbonated BOFS, respectively. The dehydration of
different hydrates was found to occur continuously between 50 and 800 °C,
especially pronounced before 700 °C. The dissociation of the phases containing
H2O in fresh BOFS consists of three peaks at 102, 375, and 443 °C, which could be
attributed to (1) evaporation of surface water, (2) evaporation of pore water, and
(3) dehydration of crystal water (i.e., Ca(OH)2), respectively. Similarly, two peaks
for the H2O signal in the carbonated BOFS were observed at 106 and 238 °C,
revealing subsequent removal of surface water and pore water, respectively. The Ca
(OH)2 content was eliminated after carbonation because no H2O signal was
observed at 400–500 °C. It suggests that the series of H2O signals in the evolved
gas analysis results provides the evidence to the observations in TG-DTG plot.

In addition, in fresh BOFS, CO2 evolved gas coming from the decomposition of
CaCO3 was observed at 695 °C. Similar results were observed in the carbonated
BOFS that the loss of mass occurring at 650–750 °C is related to CO2 emissions,
corresponding to the decomposition of CaCO3, with a high temperature peak of
736 °C. This confirmed that the carbonate product is a crystallized CaCO3.
Furthermore, no peak of the CO2 signal was observed at 500–600 °C after car-
bonation, revealing that the decomposition of MgCO3 crystal was not detected. This
provided the rationale that the formation of MgCO3 was negligible in the case of
BOFS.

6.1.5.3 Thermal Decomposition Kinetics and Thermodynamics

To determine the kinetic parameters for the thermal decomposition of CaCO3 in
BOFS, Table 6.2 presents the influence of heating rate (b) on important peak
parameters, including Ti, Te, W, W1/2, H, and SI value. The results indicate that the
peak temperature of CaCO3 decomposition (Tp) increases with the increase of the
heating rate [24].

Figure 6.9 illustrates the value of Ea estimated from the slope of the Kissinger
plot, indicating that the Ea yields 197.7 ± 5.5 kJ/mol with an R2 value of 0.995.
Typically, the activation energy increases as the particle size increases [22, 42]. The
Ea values for the cases of pure CaCO3 powder [2, 32, 33, 42] and CaCO3 mixture
[22, 30, 43] were in the ranges of 139.0–190.4 and 119.7–179.4 kJ/mol, respec-
tively. In this case study, the obtained Ea value (i.e., 198 kJ/mol) is higher than the
value of theoretical Ea for thermal decomposition of isolated calcite CaCO3 (i.e.,
175 kJ/mol) [43]. This might be attributed to the fact that calcite was formed inside
BOFS particles and/or on the surface of BOFS particles, which required extra
energy to overcome the barrier of an impure layer.

As presented in Table 6.3, the reaction order (n) value can be determined by
several approaches, including the reaction order model, the SI of peak, and the
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Carne equation. The n values determined from the reaction order model and the SI
of peaks are 0.11–2.58 and 0.47–0.81, respectively. This indicates that the n value
is sensitive to heating conditions. The methods applied for calculation of the n value
provide considerably different results. Based on the Carne plot, the n value is
estimated to be 0.92 ± 0.03, with the highest R2 value of 0.996 among the three
applied methods. As a result, the CaCO3 decomposition in BOFS can be considered
as a first-order reaction, implying interface-controlled growth with grain boundary
nucleation after saturation [44]. Similar results (n ≅ 1) were also observed in the
literature [22, 30, 32, 33, 42, 43]. To determine the pre-exponential factor (A), the
n value from the Carne method can be used. Substitution of Ea and n values into
Eq. (6.7) provides an average value of A of (2.20 ± 0.01) � 109 min−1. It is noted
that the A value regularly increased with the heating rate.

On the other hand, the thermodynamic parameters, including DS, DH, and DG,
can be determined using general equations. As presented in Table 6.3, the average
value of DS was estimated to be about −118.82 J/mol K. This indicated that the
formation of the activated complex exhibited a more organized structure than the
initial substance. In addition, the average values of DH and DG were 189.04 and
313.16 kJ/mol, respectively [24]. For CaCO3 decomposition, the DH values are
close to the Ea values. However, significant differences between the values of
DH and DS are observed.

Fig. 6.9 Evaluation of apparent activation energy (via Kissinger plot) and reaction order (via
Carne plot) of CaCO3 thermal decomposition in steel slag. Adaptation with permission from
Macmillan Publishers Ltd: ref. [24], copyright 2016
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6.2 Quantitative X-ray Diffraction (QXRD)

Considerable research has been carried out on solid wastes and/or industrial
by-products in various domains: accelerated carbonation [37, 45], utilization per-
formance [46, 47], and environmental impact [48, 49]. Although these research
studies were performed for a variety of purposes, a common point is that the
properties of the material should be characterized in advance. The characterization
of a material is usually divided into three parts:

• Physical properties: morphology, fitness, density, solubility, etc.
• Chemical properties: oxide contents, heavy metal leaching amounts, hazardous

components, pozzolanic and cementitious properties, etc.
• Mineralogical properties: crystalline, phase fraction, grain size, defect, etc.

The physical properties would greatly influence their reactivity with the envi-
ronment. The chemical properties would give a first direction of the wastes’ hazard
potential. The mineralogical analysis of the wastes would provide further under-
standing on their behavior according to their nature and proportion of various
mineral phases. The quantitative mineralogical characterization of waste is an
essential step. Nevertheless, accurate analysis of the content of calcium carbonate in
alkaline solid wastes is a difficult task due to their complex composition.

The X-ray quantitative phase analysis method can be applied to analyze the
content of calcium carbonate in BOFS before and after carbonation. Two types of
analytical techniques using X-ray diffraction, such as reference intensity ratio
method and Rietveld refinement, can provide precise and accurate information on
the fraction of crystal phases in solid wastes, although they are generally
time-consuming in sample preparation and data processing.

6.2.1 Reference Intensity Ratio (RIR)

Reference Intensity Ratio (RIR) method, based on the measurement of the
diffraction intensities (areas) of the characteristic peaks of the minerals, has been
used to quantify the mineral phase in solids, e.g., quartz [50] and carbonates [23].
Three samples are needed: (1) the raw material, (2) the pure mineral, and (3) a
mixture containing a known mass of pure mineral per gram of raw material. The
amount of the certain phase can be calculated as follows [50]:

x ¼ a � I
I0
� I0 � I 0

I 0 � I
ð6:20Þ

where x is the amount of the certain phase (in g/g of sample), and I, I0, and I′ are the
intensities of the characteristic peak of the certain phase in the raw material, in the
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pure phase, and in the mixture containing a grams of the certain phase per gram of
raw material, respectively. The RIR method can be also performed through the use
of an internal standard, such as high-purity corundum a-Al2O3 crystal powder
(>99.5%) [23].

6.2.2 Rietveld Refinement

Rietveld method has been considered a powerful tool for crystal structure refine-
ments and quantitatively analysis [51] based on X-raydiffraction pattern. The
Rietveld method considers overlapping peaks in the XRD pattern and the effect of
preferred orientation [52]. Therefore, this method has been widely used on various
materials, of which the mineralogy is well known, for instance, Portland cement
[52]. Moreover, it has been applied for the quantification of various mineral crystals
in solid wastes [50, 53–55].

Unlike chemical methods and thermal analysis, the Rietveld method does not
change the state of samples and avoids side reactions in ambient conditions [52].
Additional advantages of using the Rietveld method for phase quantification
included

• Time-consuming calibration measurements can be avoided.
• The phase abundance could be determined if all phases are identified and these

crystal structure parameters and chemical composition are known.
• The relative weight fractions of crystalline phases in a multiphase sample could

be calculated directly from scale factors of the respective calculated intensities.

Figure 6.10 illustrates the standard operation procedure of QXRD using Rietveld
method for quantifying phase fraction in a material:

• Step 1: acquisition of XRD pattern of a material,
• Step 2: identification of the major crystal phases for the XRD pattern, and
• Step 3: application of Rietveld refinement technique to quantify the phase

fraction and evaluate the crystal structure.

Fig. 6.10 QXRD procedure using Rietveld method for quantifying phase fraction in a material
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6.2.2.1 Principles

Several factors, which may be responsible for the discrepancy of the quantitative
results, can be obtained from the Rietveld method [51]:

• Sample preparation: It is impossible to get correct results in the case of an
inhomogeneous sample.

• Structure model: Large R values occur when incorrect structure input or
unknown phase presents.

• Data collection tragedy: Both the step size and scanning speed can cause error in
the determination of X-ray diffraction peak positions, intensity, and full width at
half maximum (FWHM). Intensity error caused by counting statistic will rise
with increasing scanning rate and decreasing count time.

The Rietveld method is a full-pattern analysis that the atom parameters in the
unit cell are calculated fitting the entire pattern by the least-squares method so that
minimizing the difference (M) between the experimental (y(obs)) and calculated
(y(calc)) XRD diffractogram [51, 56]:

M ¼
Xn
i¼1

wi yiðobsÞ � yiðcalcÞ
� 	2 ¼ minimum ð6:21Þ

where wi is the weight of each observation point, and n is the number of observation
points. The sum i is over all data points. Therefore, the missing major phases in the
Rietveld method would inevitably involve significant differences between experi-
mental and calculated patterns.

The standard uncertainty of YO,i (i.e., r[YO,i]) can be determined by measuring
the YO,i intensity for an infinite number of times. To evaluate the goodness of the
developed model, a statistical method such as chi-squared (v2) test should be
introduced as follows:

v2 ¼ 1
n

Xn
i¼1

YO;i � YC;i
� 	2

r2½YO;i� ð6:22Þ

Typically, the v2 value would gradually converge to one during the Rietveld
refinement. By adjusting the key structure parameters, including background
coefficients, cell parameters, zero-shifting error, peak shape parameters, and phase
fractions, the difference between actual and simulated XRD patterns can be mini-
mized. If the crystallographic model is correct and chemically reasonable, the v2

would never drop below or equivalent to one [57]. Also, the reliability of the
refinement result should be judged by the goodness of fit (GOF), as determined by
Eq. (6.23):
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GOF ¼ Rwp=Rexp ð6:23Þ

where Rp and Rwp are the pattern R factor and the weighted pattern R factor,
respectively.

6.2.2.2 Available Software for Pattern/Structure Refinement

The refinement of XRD patterns using Rietveld method can be executed by many
efficient programs such as GSAS [53, 54], FULLPROF 2000 [52], SIROQUANT
[23, 53, 58, 59], X’Pert HighScore Plus [60], DBWS9411 [51], and Maud [50]. In
the Rietveld refinement, various corrections can be introduced, such as texture,
absorption contrast, sample transparency, displacement, and microabsorption effect.

For instance, the Rietveld method can be performed by the General Crystal
Structure Analysis System (GSAS) software with the EXPGUI program. GSAS was
created by Larson and Von Dreele [61] of Los Alamos National Laboratory for
fitting atomic structural models to single crystal and powder diffraction data, even
both simultaneously. In GSAS, the atom parameters including scale factors,
background coefficients, zero-shifting error, lattice parameters, profile shape
parameters, atomic site occupancies, and phase fractions in the unit cell were
refined simultaneously.

The crystal structure parameters used to interpret the XRD patterns can be taken
from the ICSD (Inorganic Crystal Structure Database). Typically, the major com-
ponents in alkaline solid wastes, with the collection codes for each structure,
include

• a-dicalcium silicate hydrate (Ca2(HSiO4)(OH), abbreviated as C2–S–H, Code
75277),

• b-larnite (Ca2SiO4, abbreviated as C2S, Code 245080),
• brownmillerite (Ca2Fe1.014Al0.986O5, Code 98836),
• calcite (CaCO3, Code 169933),
• portlandite (Ca(OH)2, Code 73468),
• wollastonite (CaSiO3, abbreviated as C1S, Code 240469), and
• wustite (FeO, Code 633038).

6.2.3 Case Study: Alkaline Solid Wastes

The Rietveld refinement has been considered to be chemically plausible by viewing
the observed and calculated patterns graphically. Kuusik et al. [62] suggested that
the compositions of oil shale ash have shown a good correlation between the
chemical and quantitative XRD analyses, where the latter can be used for prelim-
inary and rapid analysis. Mahieux et al. [50] determined the mineral composition of
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a sewage sludge ash and a municipal solid waste incineration fly ash by both
physicochemical analysis and Rietveld method. The results obtained were coherent,
suggesting that it is possible to quantify the mineral composition of complex
mineral waste with Rietveld method.

For instance, in the case of basic oxygen furnace slag (BOFS), Fig. 6.11 shows
the experimental and calculated diffractogram by the Rietveld method for the fresh
and carbonated BOFS. The refinement results indicated that only a slight difference
was observed in the intensity of major peaks between the experimental and cal-
culated patterns by the Rietveld method. The obtained v2 values were 1.87 and 1.94
for fresh and carbonated BOFS, respectively, which was statistically acceptable
[57]. Before carbonation, the principle components in BOFS were FeO (23%),
Ca2Fe1.014Al0.986O5 (22%), Ca(OH)2 (19%), C2–S–H (15%), C1S (11%), and
CaCO3 (10%). In the carbonated BOFS, the content of CaCO3 increased signifi-
cantly, while the contents of Ca(OH)2, C1S, C2–S–H, and Ca2Fe1.04Al0.986O5

decreased [40]. Therefore, the mineral phases of Ca(OH)2, C1S, C2–S–H, and
Ca2Fe1.04Al0.986O5 in BOFS are regarded as the major species reacting with CO2 to
form CaCO3 precipitation.

6.3 Scanning Electronic Microscopy

Scanning electron microscopy (SEM) equipped with X-ray energy-dispersive
spectrometer (XEDS) is a useful tool for observing the surface structure of the
sample and the elemental analysis of the solid surface. The SEM/XEDS technique
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involves analysis of thousands of pixels in a short time. The XEDS can record
quantum energies between 1 and 40 keV, or higher, simultaneously by means of a
multichannel analyzer [63]. Typically, the specimen before and after carbonation is
mounted with double-sided carbon tape on an aluminum stub. For better conduc-
tivity and reduction of electron charge, the sample is usually coated with a thin
layer of platinum.

6.3.1 Types of Techniques in SEM

6.3.1.1 Focused Ion Beam (FIB)

Focused ion beam (FIB) is a technique used in the SEM, where a FIB uses a
focused beam of ions to image samples in the chamber, while the SEM uses a
focused beam of electrons instead. Most widespread sources of ion beam are liquid
metal ion source (LMIS), especially gallium (Ga) ion sources. The melting point of
Ga metal is about 30 °C. In a Ga LMIS, gallium metal is placed in contact with a
tungsten needle, where the radius of needle tip is typically *2 nm. The electric
field at this tip is greater than 1 � 108 V/cm, causing ionization and field emission
of the Ga atoms. Then, source ions are accelerated to an energy between 1 and
50 keV. Unlike an SEM, FIB is inherently destructive to the specimen since the
high-energy Ga ions will sputter atoms from the surface. Therefore, the FIB can be
used as a micro- and nanomachining tool to modify materials at the micro- and
nanoscale.

6.3.1.2 Mapping

Elemental mapping technique uses X-ray counts from thousands of points on a
particle surface. The data is collected in less than 1 h and analyzed to provide
frequency distribution curves and relative elemental abundance [63]. In general,
mapping of Ca, Mg, Fe, Si, C, and O is carried out for alkaline solid wastes to
evaluate the distribution of these elements on the sample particles.

6.3.1.3 Cross-Sectional Images

Superficial and cross-sectional observations can be performed on the specimens.
For cross-sectional analyses, samples usually are cut and mounted with epoxy resin
in a plastic holder. The surface also can be polished with SiC paper and/or alumina.
Nital (i.e., a solution of alcohol and nitric acid) etching can be performed for a
better characterization of the samples. Similarly, fine gold films can be sputtered on
the, otherwise insulating, samples.
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6.3.2 Case Study: Carbonation of Steel Slag

Figure 6.12 shows the cross-sectional images and elemental mapping of fresh steel
slag. Before carbonation, the entire steel slag is rich in calcium–ferrous–silicate
(Ca–Fe–Si oxide) and/or calcium–magnesium–silicate (Ca–Mg–Si oxide) but
without carbon (C) element. The distribution of the chemical elements was
observed to be inhomogeneous from particle to particle. Meanwhile, the distribu-
tion of the calcium is quite concentrated in both of the fresh and carbonated steel
slag. Generally, the distribution percentage of the carbon on the surface of the
carbonated steel slag is found to be higher than that on the fresh steel slag, which
indicates that the CO2 can be captured successfully by carbonation reaction.

Figure 6.13 shows the cross-sectional images and elemental mapping of car-
bonated steel slag. After carbonation, the steel slag exhibits rhombohedral crystals,
with a size of 1–3 lm, formed uniformly on the surface of the slag, exhibiting an
outside CaCO3 product layer (reacted) and an inside metal-rich core (unreacted).

Fig. 6.12 (Left) cross-sectional observations and (right) elemental mapping of fresh steel slag by
SEM/XEDS. Ca, Mg, Fe, Si, C, and O are recorded during the scanning of samples. Reprinted
with the permission from ref. [40]. Copyright 2013 American Chemical Society

Fig. 6.13 (Left) Cross-sectional observations and (right) elemental mapping of carbonated steel
slag by SEM/XEDS. Ca, Mg, Fe, Si, C, and O are recorded during the scanning of samples.
Reprinted with the permission from Ref. [40]. Copyright 2013 American Chemical Society
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Moreover, the cubic-shaped crystals coating the surface of carbonated steel slag are
composed of calcium, carbon, and oxygen elements, indicating the formation of
CaCO3 (calcite). Similarly, the observations of SEM/XEDS and mappings are in
good agreement with the results of QXRD using the Rietveld method [40].
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Chapter 7
Carbonation Mechanisms and Modelling

Abstract From the view point of reaction kinetics, many researchers have attrib-
uted the rate-determined step of aqueous carbonation to the reacted (product) layer
diffusion. Therefore, this suggests that a well-designed reactor to enhance the mass
transfer between the gas, liquid, and solid phases is needed to facilitate the car-
bonation reaction and increase the carbonation conversion. This chapter provides
the principles and mechanisms of carbonation reaction using alkaline solid wastes.
The kinetics of the major three steps of carbonation, i.e., metal ion leaching, CO2

dissolution, and carbonate precipitation, are illustrated. Moreover, several classical
heterogeneous kinetic models, e.g., shrinking core model and surface coverage
model, are presented. Furthermore, the modeling of mass transfer for carbonation in
various reactors and/or processes is summarized and discussed.

7.1 Carbonation Mechanisms

7.1.1 Principles

As discussed in Chap. 5, the process chemistry of accelerated carbonation using
alkaline solid wastes can be briefly divided into three steps:

• Step 1: Contemporary dissolution of CO2 into a liquid phase and conversion of
carbonic acid to carbonate/bicarbonate ions

• Step 2: Dissolution of CO2-reactive species from a solid matrix (irreversible
hydration)

• Step 3: Consequent nucleation and precipitation of carbonates

At first, the leaching of Ca-bearing compounds in alkaline solid waste would
directly generate the Ca2+ in the solution. Secondly, gaseous CO2 can rapidly
dissolve into the alkaline solution, where the predominant carbonate ions (CO3

2−)
could reduce the pH of the solution. Since the CO2 continuously dissolved into the
solution during the carbonation, the pH value would decrease gradually to 6.3,
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where the bicarbonate ions (HCO3
−) were found to be dominated. Finally, CaCO3

would be formed by reacting the calcium ions with the carbonate ions (CO3
2−) and

bicarbonate ions (HCO3
−) in the solution under a high pH and circum-neutral

condition, respectively. The above statements can be also divided into eight steps,
as shown in Fig. 7.1.

It is widely accepted that the carbonation is controlled by the dissolution of CO2,
and therefore the reaction occurs on the liquid side near the interface between gas
and liquid phases [1]. It suggests that the irreversible hydration of CaO proceeds
spontaneously with carbonation of Ca(OH)2 suspension [2, 3]. Moreover, not only
Ca(OH)2 but also other hydrate compounds, such as calcium–silicate–hydrates
(C–S–H), can react with CO2 to produce CaCO3 and a silica gel [4]. The balance
between dissolution and precipitation is dependent on the kinetics and solubility of
the present feedstock and possible products, where carbonates are probably the
most important products [5].

For c–C2S phase (dominate component in steel slag), it does not react with water
at normal temperature because the leaching of Ca2+ and O2− (or OH−) is very low
[4]. Fernández-Bertos et al. [6] suggested that CaCO3 can be directly formed in the
carbonation of c–C2S without the formation of intermediate products such as Ca
(OH)2, due to the catalytic action of capillary water. The breakdown of C2S and the
formation of calcite can be observed by XRD, as indicated in Eq. (7.1):

ð7:1Þ

Fig. 7.1 Schematic of accelerated carbonation mechanism
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7.1.2 Key Factors and Operating Parameters

For process design and system optimization, it is crucial to identify the effect of key
operating factors on carbonation performance. Carbonation of alkaline solid wastes
has been proved to be an effective way to capture CO2. Several factors can affect the
rate and extent of carbonation [7, 8]:

• Transportation-controlled mechanisms such as CO2 and Ca2+ ions diffusion
to/from reaction sites

• Boundary layer effects (diffusion across precipitate coatings on particles)
• Dissolution of Ca(OH)2 at the particle surface
• Pore blockage
• Precipitate coating

Table 7.1 summarizes the key factors required for effective accelerated car-
bonation. These operating factors must be clearly understood, since they determine
the economic viability of the technology as well as help to identify the conditions
that are the most favorable to the carbonation reaction.

7.1.2.1 Particle Size and Surface Area

Both particle size and specific surface area are the most important factors affecting
the dissolution kinetics of materials [9, 10]. It was noted that over 90% and less
than 40% of calcium species can be dissolved in 24 h from 45–75 to
150–250-lm-sized ladle slag, respectively [11]. Since solid waste grinding is
expected to be a fairly energy-intensive process, it is important to find out the
optimal particle size for accelerated carbonation. For the steel slag, average particle
sizes of less than 100–150 lm are suggested to be in the optimum range for

Table 7.1 Key operating factors required for effective carbonation

Phases Physical properties Chemical properties

Solid phase • Particle size
• Mineralogy
• Specific surface area
• Porosity/Permeability
• Surface activities
• Microstructure

• Compositions (e.g., Ca and f-CaO content,
Ca/Si ratio, Ferrite/C3A ratio)

• Heavy metals (e.g., Pb, Cd, Ni, Cr)
• Free water content
• Permeability

Liquid phase • Temperature
• Liquid-to-solid ratio

• Organics/Inorganic
• Anions/Cations
• pH (or alkalinity)
• Permeability

Gas phase • Partial pressure
• Flow rate
• Relative humidity
• Temperature

• CO2 concentration
• Organics/Inorganic
• Particulate matter contents
• Other air pollutants (e.g., SO2)
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efficient carbonation [12]. Similarly, Eloneva et al. [13] suggested that a particle
size preferably of 100 lm, or no more than 500 lm, should be optimal, based on
the kinetics studies of calcium leaching.

7.1.2.2 Reaction Temperature

Reaction temperature is an important operating factor in the carbonation reaction.
Temperature exhibits a significant effect on dissolution and carbonation perfor-
mance, especially during the first 3 h of the dissolution reaction [11]. Each car-
bonation reaction mechanism exhibits a different sensitivity to the reaction
temperature.

• Leaching of metal oxide from solid matrix: The dissolution kinetics of the
calcium species could be enhanced by increasing the temperature.

• CO2 dissolution into solution: The amounts of CO2 dissolution into the solution
decreased at higher temperature, which is detrimental to the carbonation
reaction.

• Carbonate precipitate nucleation: The nucleation and growth of CaCO3 are
retarded at higher temperatures due to the decreased solubility of CO2. On the
other hand, the carbonation rate significantly increased with increasing reaction
temperature.

Typically, a reaction temperature higher than 80 °C is unfavorable for the
process design of direct carbonation [14], and 60 °C should be high enough for
efficient dissolution and carbonation [15, 16].

7.1.2.3 Liquid-to-Solid (L/S) Ratio

Liquid-to-solid (L/S) ratio determines the leaching capacity of Ca ion (and other
ions) from the solid wastes to the solution. In general, an incomplete hydration of
calcium-bearing compounds from solid wastes is always observed. For example,
the measured leaching concentration of calcium was about 700−900 ppm, equiv-
alent to a fraction of calcium leaching from the steel slag of 0.5−4.0% [17]. If the
solubility of pure CaO (i.e., lime) at 20 °C was assumed to be 1.25 g/L [18], the
theoretical concentration of calcium ions in water should be 892.9 mg/L. This
indicates that the content of lime might be essentially controlling the solubility of
CaO-related species in steel slag. In other words, the calcium leaching should be a
solubility-controlled step, as a result of equilibrium with specified mineral phases,
thereby resulting in an almost constant concentration in solution irrespective of the
L/S ratio [17].

For municipal solid waste incineration fly ashes, Li et al. [19] found that the
optimum L/S ratio for accelerated carbonation was 0.3 by weight of ash at ambient
temperature. Similarly, the optimum L/S ratio was 0.2–0.3 for air pollution control
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residues and 0.3–0.4 for bottom ash residues [20]. For iron and steel slags, Chang
et al. [21, 22] suggested that the optimum L/S ratio for carbonation of steelmaking
slag is 10–20 (mL g−1).

7.1.2.4 Solution Compositions (CO2 Concentration and pH)

The performance of carbonation is highly related to the compositions of the solu-
tion. From the CO2 concentration point of view, the reaction time should be
inversely proportional to the CO2 content of the ingoing gas flow; the lower the gas
CO2 content is, the longer the duration of the carbonation is. However, the CO2

content of the incoming gas did not seem to have a significant effect on the degree
of CaCO3 precipitation.

The pH value of solution is another important factor related to the rate of calcium
leaching, the rate of CO2 dissolution, and the rate of CaCO3 nucleation. The pH
decreases continuously as carbonation proceeds due to CO2 dissolution into solu-
tion. There is no change in pH after the carbonation is completed. On the other
hand, it has been reported that sodium and potassium ions should cause pH fluc-
tuations and also affect the carbonation rate [23]. It is noted that the dissolution of
calcium components in solid wastes is favored at the low pH and high temperature,
which is, however, not favored for the precipitation of CaCO3. It also affects the
specific species that can be precipitated during the carbonation [24, 25]. It suggests
that the optimum pH for aqueous carbonation is around 10, while the dissolution of
steel slag occurs under low pH conditions [26].

7.2 Reaction Kinetics

According to the mechanism of carbonation reaction as mentioned before, the
overall reaction kinetics for the accelerated carbonation can be divided into three
parts: (1) metal ion leaching from solid matrix; (2) CO2 dissolution into solution;
and (3) carbonate precipitation. Several theoretical kinetic models regarding the
above three parts are illustrated as follows.

7.2.1 Metal Ion Leaching from Solid Matrix

The release of metal ions to the water solution, so-called leaching, depends on their
solution speciation and their affinity to bind to reactive surface in the solid matrix
and pore water. To evaluate the leaching performance of a certain process, “mass
conservation model” could provide valuable insights into the speciation of metal
ions in the solution phase. Moreover, evaluation of the pH dependence of leaching
for various metal ions is a good approach to assessing the solid wastes, both for
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research purposes as well as in the context of the development of regulation and
standard operation procedure for leaching tests [27].

7.2.1.1 Mass Conservation Model

The leaching concentrations of various metal ions are generally observed to
increase rapidly in the beginning, and then gradually approach a maximum con-
centration. Therefore, the leaching kinetics of various metal ions (i) from the solid
matrix can be evaluated by the mass loss-based method, as shown in Eq. (7.2):

ri ¼ dCi

dt
¼ ki½Cmax;i � Ci�ni ð7:2Þ

where ri is the leaching rate of various metal ions, ki is the rate constant of leaching,
Cmax,i (mg/L) is the maximum leaching concentration for various metal ions in
solution, Ci (mg/L) is the leaching concentration of various metal ions, where the
background concentration of metal ions originally in the solution was subtracted,
and ni is the order of leaching reaction of various metal ions. Equation (7.3) can be
integrated as follows:

Ci ¼ Cmax;i 1� e�kit
� �

; for n ¼ 1 ð7:3aÞ

Ci ¼ Cmax;i � ½C1�n
max;i � 1� nð Þkit�1=ð1�nÞ; for n 6¼ 1 ð7:3bÞ

In general, both the values of Cmax and k are observed to increase as the particle size
of solid waste decreased. In the case of steel slag, the leaching behavior of Ca, Na,
K, and Fe ions was found to be more sensitive to the concentration driving force
than that of others because the obtained n values were greater than one.

7.2.1.2 Leaching Kinetics for Alkaline Solid Wastes

Calcium (Ca), sodium (Na), and potassium (K) metal ions are found to be the major
ions leaching out from in the case of steel slag [10]. Steel slag normally contained a
great amount of reactive Ca-bearing phases including lime (CaO), portlandite (Ca
(OH)2), and larnite (Ca2SiO4). This might account for most of the calcium leaching
concentration from the steel slag.

On the other hand, both Pb and Zn are considered minor elements that might not
affect the carbonation reaction. Similarly, Fe, Al, and Mg are considered slightly
released cations because the measured concentrations in the solution typically
remain low over the leaching time (*90 min). It might be attributed to the low
mobility of Mg–Fe–Al–Si oxides, where Mg and Al are commonly associated with
Fe-bearing phases in steel slag. In most curriculums, Mg release was found to be
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quite low compared to Ca release, which implies that the formation of MgCO3

should be negligible [10, 16].
Also, the releases of Ni and Cr ions are quite low, and the concentration of Ni

and Cr remained almost constant. For example, in the case of steel slag, the con-
centration of Ni and Cr was approximately 7.1–10.4 and 2.0–3.3 mg/L, respec-
tively, during the entire leaching time of 90 min [10]. According to De Windt et al.
[28], the maximum Cr leaching concentration in deionized (DI) water was about
0.015 ppm at a liquid-to-solid (L/S) ratio of 10.

7.2.1.3 Factors Affecting Leaching Kinetics

The rate and extent of calcium leaching are inversely related to particle size and pH,
and increased with increasing temperature, pressure, and surface area [28, 29]. The
effects of increased reaction temperature from 25 to 50 °C provided a 70%
improvement on the dissolution of the primary phase [30]. However, a higher
reaction temperature would reduce the dissolution of CO2 in water, which is dis-
advantageous to calcite precipitation [21, 31].

Other factors may hinder the leaching of metal ions, thereby leading to a low-
ering of mass-transfer rate:

• Lack of porosity in solid wastes
• Formation of protective layer on the surface of particles
• Over saturation of metal ions in the solution
• Insufficient stirring and mixing between solid and liquid phases
• Severe agglomeration of (fine) particles in the solution

The leaching of Ca2+ ions should result in a withdrawing Ca–silicate core sur-
rounded by a Ca-depleted SiO2 phase [32, 33]. This SiO2 rim apparently hindered
the diffusion of Ca2+ ions from the interior of the particle, resulting in a declining
reaction rate. Hence, Ca2+ ions’ leaching rate, probably determined by diffusion
through the Ca-depleted silicate rim, rather than by the boundary layer at the solid–
liquid interface, seems to be the main rate-limiting step in aqueous carbonation.

7.2.2 CO2 Dissolution into Solution

The kinetics of dissolution of CO2 and dehydration of H2CO3 has been studied
intensively [23, 34]. These two reactions should occur simultaneously, as shown in
Eq. (7.4):

ð7:4Þ
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The rate expression of the dissolution–dehydration reaction is:

� d½CO2�
dt

¼ k1 þ k2ð Þ CO2½ � � k�1 H2CO3½ � � k�2 HCO�
3

� �
Hþ½ � ð7:5Þ

By substituting Eq. (7.4) into Eq. (7.5), we obtain

� d½CO2�
dt

¼ k1 þ k2ð Þ CO2½ � � k�1 þ k�2Ka1ð Þ H2CO3½ �
¼ kCO2 CO2½ � � kH2CO3 H2CO3½ �

ð7:6Þ

where the overall rate constants in Eq. (7.5) were simplified to be kCO2 and kH2CO3 .
The values of kCO2 and kH2CO3 at 25 °C were 0.032 and 26.6 s−1, respectively [35].
However, at higher pH (e.g., pH higher than 9), an alternative reaction pathway
would be expressed as

CO2 þOH� $k4 HCO�
3 ð7:7Þ

where k4 (i.e., 8500 M−1 s−1 at 25 °C) and k−4 (i.e., 0.0002 s−1 at 25 °C) are the
rate constants [36].

7.2.3 Carbonate Precipitation

Carbonation reaction is regulated by solution equilibrium, and the reaction of
calcium ions combining with carbonate ions is very fast. Several models, such as
simplified first-order model, saturation state model, and heterogeneous dissolution–
precipitation model, have been extensively applied for determining the kinetic
parameters of carbonation reaction.

7.2.3.1 Simplified First-Order Model

It is suggested that the accelerated carbonation is a first-order reaction, with respect
to the concentrations of Ca2+ and CO3

2− [23]. In other words, the precipitation rate
is related to the CO2�

3 concentration in the liquid phase, but not to the concentration
of other species containing carbonate. Therefore, the rate of carbonation can be
described by the following Eq. (7.8):

QCO2 ¼
dðCCaCO3Þ

dt
¼ � dðCO2�

3 Þ
dt

¼ k Ca2þ
� �

CO2�
3

� � ð7:8Þ
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where CCaCO3 is the concentration of calcium carbonate (mole L−1), and k is the
reaction rate constant (mol−1 s−1). The rate constant (k) is dependent on the reaction
temperature according to Arrhenius’s law. The Boltzmann distribution law can also
be applied to determine the ratio of the molecule having a kinetic energy above the
activation energy of the chemical reaction. The k value reported by Ishida and
Maekawa [23] was 2.08 (L mol−1 s−1) at 25 °C from several sensitivity analyses.

7.2.3.2 Saturation State Model

The kinetic rate laws for weathering of rock-forming minerals can be in principle
applied to the leaching of solid wastes, since these materials consist of
well-crystallized solid phases. A simple kinetic formulation without any pH
dependency can be used for the dissolution of a primary mineral phase (Mi) [28]:

ri ¼ d½Mi�
dt

¼ kiAi
Qi

K�1
i

� 1
� �

ð7:9Þ

where the ki is the intrinsic rate constant far from equilibrium; Ai is the mineral
surface area; Qi stands for the ion activity product; and Ki is the thermodynamic
formation constant. It is noted that the term (Qi=K�1

i � 1) is the saturation state. At
equilibrium, this term becomes zero, and likewise so does the kinetic rate [28].

7.2.3.3 Heterogeneous Dissolution–Precipitation Model

Reaction with CO2 will lower the pH of slurry; therefore, the minerals will keep
dissolving in the course of the carbonation. In other words, as the calcium ions are
converted to CaCO3 precipitates, more calcium hydroxide dissolves to equalize the
concentration of metal ions. This reveals that precipitation kinetics is not equal to
dissolution kinetics. Assuming the heterogeneous dissolution–precipitation reac-
tions occur at the surface of a carbonate, the governing equation of carbonation rate
can be expressed as follows [37]:

rate ¼ k0 � As � exp � Ea

RT

� �
� anHHþ �

Y

i

anii � gðIÞ � f ðAÞ ð7:10Þ

where k0 is the rate constant; As is the reactive surface are of the mineral; Ea is the
activate energy; T is the activation energy (K); the term aH+

nH is the pH dependence
of the rate of the dissolution–precipitation reaction; the term

Q
i a

ni
i comprises

possible catalytic or inhibitory effects linked to other solution; and the terms g
(I) and f(A) account for the dependence of the rate on the ionic strength I of the
solution, and the ionic strength I of the aqueous solution, respectively. The a is the
fractional conversion, which can be expressed by
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da
dt

¼ A� exp � EA

RT

� �
� f ðaÞ ð7:11Þ

gðaÞ ¼
Z

da
f ðaÞ ¼

Z
A� exp � EA

RT

� �
dt ð7:12Þ

f ðaÞ ¼ �1
lnð1� aÞ ð7:13Þ

Although the Ca2+ ion dissolution kinetics can be improved with the increase in
temperature, carbonation precipitation is retarded at higher temperatures due to
reduced CO2 solubility [31, 38]. In some circumstance using steel slag under
ambient conditions, limited MgCO3 formation from carbonation is expected due to
the relatively low magnesium oxide content in the slag, low pressure of CO2, and
short reaction times. Via aqueous carbonation, typical process conditions for the
formation of magnesium carbonation are a pressure of CO2 (pCO2) higher than
100 bar for hours [39]. However, MgCO3 formation can be observed when natural
ores (e.g., serpentine and olivine) are used for carbonation [40, 41], as discussed in
Chap. 10.

7.3 Classical Heterogeneous Kinetic Models

Several classical (theoretical) models, such as random pore model [42], overlapping
grain model [43], shrinking core model [11, 16], and surface coverage model [44],
are available for simulating the performance of accelerated carbonation using a
CaO-based material. For the sake of simplicity, different assumptions should be
made by each model to avoid complicated calculations.

7.3.1 Shrinking Core Model

Shrinking core model (SCM), developed by Sohn and Szekely [45], has been
applied for kinetic analysis of heterogeneous reactions, such as the carbonation
reactions of solid particles [11, 22], because of its conceptual and mathematical
simplicity. A primary assumption under the SCM is that the reaction occurs first at
the outer layer of the particle and then proceeds into the inside of the particle,
leaving behind the completely reacted product and the reactive-species-depleted
rims referred to as the “ash” and/or “product” layer [11, 22, 46]. Therefore, at any
time, an unreacted core of material exists, which shrinks in size during the reaction.
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7.3.1.1 Classic Governing Equations

Experimental data can be utilized to determine the kinetics and rate-determining
step of a reaction based on the SCM. In the SCM, the governing equations of
possible rate-determining steps, as shown in Fig. 7.2, include the following:

• Chemical reaction at the unreacted core surface (C-mechanism)
• Ash-layer diffusion (A-mechanism)
• Fluid-film diffusion (F-mechanism)

Let us consider a fluid–solid reaction of the following general expression:

CO2ðfluidÞ þ bCaOðsolidÞ ! CaCO3ðsÞ ð7:14Þ

where b (–) is stoichiometric coefficient of a fluid–solid reaction, which can be
assigned a value of one for carbonation reaction.

The overall radius of the solid particle (R) is assumed to remain constant, which
is a primary assumption of SCM. Therefore, the time required for complete con-
version of particle to product (i.e., carbonation conversion dCaO ¼ 100%) for the
mechanisms of chemical reaction, ash-layer diffusion, and film diffusion (i.e., sC,
sA, and sF, respectively) can be obtained via various governing equation, as follows:

1. Chemical reaction at the un-reacted core surface (C-mechanism)

When the chemical reaction between reactants is the rate-limiting step, Eq. (7.15)
shows the relationship between the carbonation conversion of alkaline solid waste
(dCaO) and reaction time (t, sec):

Gas/Liquid interface Liquid/Solid interface

Gas film coeff .:
kg [mol/Pa*m2*s]

Liquid film coeff .:
kl [m3l/m2*s]

Film coeff.:
kc [m3l/m2cat*s]

Main body 
of gas (CO2)

Main body 
of liquid

Solid Wastes

Effec ve diffusion coeff .:
DAe [m3l/m2cat*s]PCO2

CCO2,l

CCO2,s

Un-reacted Core Surface 

(1) Film Control (F-mechanism)

(2) Diffusion Control 
(A-mechanism)

(3) Reac on Control 
(C-mechanism)

Ca2+
,l

Ca2+
,s

PCO2,i

CCO2,i

Fig. 7.2 Diagram of phase transition among gas, liquid, and solid phases for shrinking core model
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t ¼ sC � 1� 1� dCaOð Þ1=3
h i

ð7:15Þ

where s (s) is the time for complete conversion of a reactant particle to product.
For the C-mechanism, the relationship of sC and the rate constant for the surface

reaction (k″, s−1) is shown as Eq. (7.16):

sC ¼ qBR
bk00CAg

ð7:16Þ

where k″ is the first-order rate constant for the surface reaction, the term R (cm) is
the radius of the particles, qB (mol cm−3) is the molar density of particle, CAg

(mol cm−3) is the concentration of CO2 in the solution.

2. Ash-layer diffusion (A-mechanism)

When the diffusion of carbonate ions (i.e., reactant) through the ash layer is the
rate-limiting step, the relationship between the carbonation conversion and reaction
time can be illustrated by Eq. (7.17):

t ¼ sA � 1� 3 1� dCaOð Þ2=3 þ 2 1� dCaOð Þ
h i

ð7:17Þ

For the A-mechanism, the relationship of sA and the effective diffusivity of the
reactant through the ash layer (De, cm

2 s−1) is shown as Eq. (7.18):

sA ¼ qBR
2

6bDeCAg
ð7:18Þ

3. Fluid-film diffusion (F-mechanism)

When the mass transfer of the reactants through the boundary layer at the liquid–
solid interface is the rate-limiting step, Eq. (7.19) shows the relationship between
the conversion and reaction time:

t ¼ sF � dCaO ð7:19Þ

For the F-mechanism, the relationship of sF and the mass transfer coefficient (ke,
mol m−2 Pa−1 s−1) is shown as Eq. (7.20):

sF ¼ qBR
3bkeCAg

ð7:20Þ
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7.3.1.2 Modified SCM for Considering Particle Size Changes
with Reaction

Due to its conceptual and mathematical simplicity, classical SCM has been used to
determine the rate-limiting step in a heterogeneous reaction. However, in the SCM,
there is an inherent assumption that complete carbonation conversion of solid
particle should be eventually reached. From the experimental data in the literature,
the full carbonation conversion of particles will never occur, regardless of time
allowed. This implies that other factors, such as mineralogy of particles, particle
size changes, and pore blockage, should be considered in addition to the diffusion
limit of reactants into the particles [17]. The mineralogical compositions of particles
are complex [12], where some of mineral phases do not react during carbonation. In
actuality, the thickness of the ash layer would change with the reaction, which
might affect the diffusivity of the gaseous reactant in the ash layer. To include the
effect of particle size distribution on classical SCM, both “Z factor” and a “k factor”
[47] could be introduced to describe the relationship between the modified particle
conversion (dCaO) and reaction time (t).

1. Z factor

Sohn (2004) [48] included a Z factor and modified the governing equation for pore
diffusion control in SCM, as shown in Eq. (7.21), in the case where the volume of
the solid product is different from that of the solid reactant, i.e., R changes with
conversion:

t ¼ sA � Z � Z � Z � 1ð Þð1� dCaOÞð Þ2=3
ðZ � 1Þ=3 � 3ð1� dCaOÞ2=3

" #

ð7:21Þ

where Z is the volume of product solid formed from a unit volume of reactant solid
(both volumes include those of pores), and the term r is the particle size. If Z is
assigned a value of one (i.e., the overall volume of the solid product is the same as
that of the solid reactant), Eq. (7.21) can be simplified to Eq. (7.17) for Z = 1 by
applying L′ Hospital’s rule.

2. k factor

A “k factor” [47] can be introduced to modify the carbonation conversion of solid
particle with the changes in particle size with reaction, as shown in Eq. (7.22):

dCaO ¼ 1�
Zr0;max

t
�kð Þ 1

g�D

t
k þ rg�D
� � g

g�D

rg
f rð Þdr ð7:22Þ

where D is the fractal dimension of the particle external surface (i.e., D 2 [2, 3]),
and η is a function of fractal dimension.
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If the particle size remained unchanged in the course of reaction, then these
modified models should be identical to the traditional SCM. Based on the SEM
images, the size of precipitated calcium carbonate on the surface of the steel slag
was found to range from 1 to 3 lm, which was significantly smaller than the steel
slag [16]. In addition, in reality, the diffusion coefficient of CO2 in the solution
should be time-dependent, since the diffusion rate is a function of concentration
gradient. The buffering capacity of the slurry will change with the different L/S
ratios and reaction times, thereby resulting in different reactant concentrations (CAg)
in solution because the CAg also changes as a function of pH [17].

7.3.1.3 Mechanisms and Diffusivity

To scale up and optimize the process, the key parameters for reactor design, such as
mass-transfer coefficient and diffusivity of the reactant, can be obtained by the
SCM. Information on the kinetic model of carbonation for determining the
fluid-film diffusion-controlled and chemical-reaction-controlled conversions is
provided in the previous sections. Lekakh et al. [11] evaluated the calcium leaching
data of steelmaking slag to determine the rate-limiting step based on shrinking core
model and found that during the initial stage (to 30% conversion), the rate-limiting
step was chemical reaction controlled, and the later stage was controlled by dif-
fusion. Similar observations were also found in other research that the dissolution
step was generally assumed to be the rate-limiting step with respect to the overall
carbonation reaction [32, 49].

Compared to the natural weathering process, aqueous carbonation is a rapid
reaction because of rapid leaching of calcium ions from the particle surface of solid
wastes [12]. For steel slag, it is suggested that the carbonation in a slurry reactor
should be controlled by ash diffusion, which is verified through the SEM images of
the steelmaking slag surface structure taken during the carbonation [6, 17]. The
carbonation reaction would lead the reacted solid with a lower porosity, tortuosity,
and pore area due to the formation of calcite. Since the reaction product CaCO3

coated the particle surface, the pores of carbonated particles were blocked by the
products. In addition, the calcite precipitate was formed as a protective layer around
the reacting particles. Therefore, the diffusion paths were also blocked, resulting in
a dynamic equilibrium. This indicates the rationale for applying the SCM for
carbonation of alkaline solid wastes.

The carbonation reaction of alkaline solid wastes should be ash-diffusion con-
trolled. The diffusivity (De) of reactant is also quite different among the feedstock,
types of reactors, and operating conditions. For instance,

• Steelmaking slag with deionized water in a slurry reactor: from 2.88 � 10−7 to
7.28 � 10−7 cm2 s−1 [22].

• Steelmaking slag with deionized water in high-gravity carbonation: from
5.47 � 10−7 to 1.49 � 10−6 cm2 s−1 [16].
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• Steelmaking slag with deionized water in a slurry reactor: from 2.33 � 10−8

to 4.67 � 10−7 cm2 s−1 at temperatures of 30−70 °C [17].
• Bottom ash with cold-rolling wastewater in a slurry reactor: from 1.00 � 10−6

to 2.90 � 10−5 cm2 s−1 [50].

It was noted that the effective diffusivities measured in a slurry reactor and in a
rotating packed bed exhibited the same magnitude of 10−6 cm2 s−1 [16]. Several
examples for the effect of various operating factors on diffusivity are provided, as
shown in Fig. 7.3. The De value increases as the reaction temperature increases.

7.3.2 Surface Coverage Model

The surface coverage model was originally developed by considering the carbon-
ation and desulfurization of hydrated lime at low temperatures by Shih et al. [51].
Their previous studies demonstrated that the surface coverage model was the most
suitable model to describe the reaction between Ca(OH)2 and SO2 or CO2. Those
reaction behaviors are similar to the carbonation of steelmaking slag. Therefore, a
surface coverage model could be utilized to determine the kinetics of the carbon-
ation reaction. Figure 7.4 illustrates the mechanism of accelerated carbonation
reaction of alkaline solid wastes, expressed by the surface coverage model.

It is noted that the kinetics of the carbonation reaction of alkaline solid wastes
and the reaction rate constant could be described and estimated, respectively, by the
surface coverage model [21, 44, 46]. The inherent assumptions of the surface
coverage model include the following:

Rota ng Speed (rpm)
400 600 800 1000 1200 1400

Di
ffu

si
vi

ty
x 

10
-7

(c
m

2 /s
)

4

6

8

10

12

14

16

45 oC

25 oC

65 oC

Reac on Temperature (oC)
30 40 50 60 70

Di
ffu

si
vi

ty
 x

 1
0-6

 (c
m

2 /s
)

0

2

4

6

8

10

12

L/S = 10

L/S = 20

L/S = 5

Slurry reactor High-Gravity Carbonation

Fig. 7.3 Variation in effective diffusivity with (left) reaction temperature in a slurry reactor
(PCO2 = 1 bar; CO2 flow rate = 0.1 L min−1) and (right) rotating speed in high-gravity
carbonation (PCO2 = 1 bar; slurry flow rate = 1.2 L min−1; Dp * 62 µm; L/S = 20 mL g−1)

7.3 Classical Heterogeneous Kinetic Models 141



• Reaction occurs only at un-reacted surface sites without being covered by the
reaction product.

• The reaction product is deposited on the surface of the solid reactant.
• The fraction of the active surface sites (u) that is still not covered by the reaction

product changes with reaction times depending on the reaction rate.
• The solid reactant will reach a maximum conversion of reaction (dmax).

In the surface coverage model, the rate of carbonation conversion (dCaO) can be
expressed by Eq. (7.23) [20, 22]:

ddCaO
dt

¼ SgM � rs ¼ SgM � ksU ð7:23Þ

where Sg (m2/g) is the initial specific surface area of alkaline solid wastes;
M (g/mole) is the weight of alkaline solid wastes per mole of the reactive species
(i.e., CaO); rs (mole/min/m2) is the carbonation reaction rate per initial surface area
of alkaline solid wastes; and ks (mole/min/m2) is the overall rate constant. The
fraction of the active surface sites (U) that changes with reaction times can be
expressed by Eq. (7.24):

� dU
dt

¼ kpU
n�1 � rs ¼ kp � ksUn ð7:24Þ

where kp (m2/mole) is a proportional constant reflecting the fraction of the active
surface that is not covered by the reaction product. The principles and operating
details of thermal analysis can be found in Chap. 6. Since calcium-bearing phases
were assumed to be the major components participating in the carbonation reaction,
the carbonation conversion (dCaO) of alkaline solid wastes was calculated with a
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TGA by measuring the weight loss caused by the thermal decomposition of CaCO3

in alkaline solid wastes.
Moreover, the above kinetic rate constants can be simplified by assuming k1

(min−1) and k2 (dimensionless), as shown in Eqs. (7.25) and (7.26), respectively:

k1 ¼ ksSgM ð7:25Þ

k2 ¼ kp=ðSgMÞ ð7:26Þ

For the carbonation of hydrated lime, the standard deviations for n = 1.0, 1.7,
and 2.0 were found to be 0.015, 0.012, and 0.013, respectively, where n = 1.7 is the
best fitting value [24]. Since these standard deviation values were within the range
of experimental error [24], it was difficult to determine the most appropriate rate
expression (n value). Consequently, it suggests that the n value in Eq. (7.24) could
be assigned to be one for simplicity. In other words, the integration of Eq. (7.23)
can be used to describe the relationship between the carbonation conversion and
reaction time, in terms of k1 and k2, by Eq. (7.27):

dCaO ¼ ½1� exp �k1k2tð Þ�=k2; for n ¼ 1 ð7:27Þ

The two terms, k1 and k2, in Eq. (7.27) can be obtained accordingly by least
squares fitting to the experimental data of carbonation conversion and reaction time.
Based on the surface coverage model, it is noted that the carbonation conversion of
alkaline solid wastes would reach a maximum value under a specific condition. If
the reaction time extends to the saturation time, the exponential term (i.e., exp
(−k1k2t)) in Eq. (7.27) would approach to zero. The carbonation conversion of
alkaline solid wastes can be then expressed as a constant value of the reciprocal of
k2. Therefore, Eq. (7.27) can be expressed, in terms of maximum carbonation
conversion for alkaline solid wastes (dmax), as Eq. (7.28):

dCaO ¼ dmax 1� exp �kSkpt
� �� � ð7:28Þ

It is noted that the overall rate constant (ks) is related to the following factors:

• The rate of gaseous CO2 dissolution into solution
• The rate of calcium ions leaching from the solid matrix into solution,
• The rate of calcium carbonate precipitation

The CaCO3 product deposited on the surface of reactant particle would hinder
further leaching of the calcium species in the solid matrix into the solution.
A higher ks might result in a greater amount of product formation on the surface of
alkaline solid wastes at the beginning of the reaction, which would decrease the
dissolution rate of unreacted calcium species from the inside alkaline solid wastes
into solution afterward [44].

On the other hand, the active surface site of alkaline solid wastes would be
gradually covered by the carbonated product during the reaction. Once the product
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layer formed around the surface of alkaline solid wastes, the diffusion of reactants
through the product layer would be the rate-limiting step for carbonation, hindering
the alkaline solid wastes from further carbonation, thereby reaching a maximum
carbonation conversion. In the course of carbonation, the surface structure of
reacted alkaline solid wastes was found to change, where the small CaCO3 particles
were formed on the surface of alkaline solid wastes. Therefore, the carbonation
reaction of alkaline solid wastes took place at the surface of alkaline solid wastes
and formed a protective layer around the reacting particles. The rate of product
deposition on the surface of the alkaline solid wastes (ks � kp) was found to be
higher at lower temperature [44]. This implies that carbonation would reach steady
state much faster at lower temperatures than at higher temperatures. The leaching of
calcium ions from alkaline solid wastes into solution can be accelerated as the
reaction temperature increased. However, at higher temperatures, the precipitation
of calcium carbonate was retarded due to the decrease in CO2 solubility.

Table 7.2 compares the kinetic parameters of carbonation reaction for iron and
steel slags via different processes, including high-gravity carbonation, slurry reac-
tor, and autoclave reactor, by the surface coverage model.

The carbonation reaction rate per initial surface area (kS) in different reactors is
summarized as follows:

• Autoclave reactor: 0.8–2.6 mmol/min/m2

• Slurry reactor: 0.3–0.5 mmol/min/m2

• High-gravity carbonation process: 0.2–0.3 mmol/min/m2

This might be attributed to the higher operating pressure of CO2 (1400 psig) and
reaction temperature (160 °C) performed in the autoclave reactor. However,
operations with high pressure and temperature maintained in an autoclave reactor
over a long period will require more energy and generate extra CO2 emissions,
which is not beneficial to the CO2 capture process. In addition, in the slurry reactor,
carbonation with alkaline wastewater (i.e., CRW) exhibited higher ks values (i.e.,
0.7 mmol/min/m2) than that using effluent water (i.e., 0.3 mmol/min/m2) and DI
water (i.e., 0.5 mmol/min/m2). It is evident that the carbonation conversion in the
wastewater/solid residues system could be higher than that in the pure water/solid
residues system [34, 35]. On the other hand, regardless the initial surface area of
particles, the overall rate constant (k1) for DW in different reactors is summarized as
follows:

• High-gravity carbonation process: 0.299 min−1

• Slurry reactor: 0.227 min−1

• Autoclave reactor: 0.033 min−1

It was noted that carbonation of steel slag in the high-gravity carbonation pro-
cess exhibits superior performance for CO2 capture due to the highest carbonation
conversion of solid waste with the greatest reaction kinetics and a lower reaction
time. Generally, the carbonation conversion (dCaO) of steel slag in the high-gravity
carbonation process was found to be greater than that in the other two cases, i.e., the
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autoclave reactor and the slurry reactor. It suggests that the carbonation of steel slag
should be integrated with co-utilizing alkaline wastewater (i.e., CRW) in the
high-gravity carbonation process.

Similarly, the kp values for high-gravity carbonation is greater than that for slurry
reactor and autoclave reactor, as follows:

• High-gravity carbonation process: 1164–1183 m2/mol
• Slurry reactor: 567–634 m2/mol
• Autoclave reactor: 21–108 m2/mol

This indicates that the reaction product covers the surface of solid wastes more
uniformly in the cases of the high-gravity carbonation and the slurry reactor,
whereas the product builds up more cluster-like and covers less of the surface of
steel slag in the autoclave reactor. In all cases, the fresh steelmaking slag possesses
a smooth surface before carbonation but then exhibits characteristics such as
rhombohedral, cubic, or needle-like CaCO3 crystals on the surface of reacted slags
after carbonation [44].

7.4 Mass Transfer Models

Since the accelerated carbonation has been regarded as a diffusion-controlled
reaction (i.e., mass transfer limited) [5, 11, 15], mass transfer among phases is a key
to effective carbonation for CO2 capture. The mass transfer model for the car-
bonation process can be developed based on several classical models, e.g., two-film
theory.

7.4.1 General Concepts and Key Parameters

Mass transfer involves the movement of an element or molecular (mass) from one
phase into another phase. It occurs in many processes; for example, dissolution of
gaseous CO2 in solution is the mass transfer phenomena. In classical, the mass
transfer rate of a component mass can be described by two-film theory, where the
rate of mass transfer is proportional to a mass transfer coefficient. The important
mass transfer characteristics, especially for CO2 absorption and/or dissolution,
include overall gas-phase mass transfer coefficient (KGa) and height of a transfer
unit (HTU).

The solid–liquid mass transfer coefficient can be occasionally correlated as itself,
where such correlations are specific to the system under consideration and are not
generally applicable [52]. The Sherwood number (Sh) and the Colburn Jd factor
relate the physical properties of the system to the mass transfer coefficient and are
more often used. To determine the gas-phase mass transfer coefficient in a
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heterogeneous system (containing gas, liquid, and solid phases), several assump-
tions can be made:

• The effect of an inclined gas–liquid interface is neglected.
• The concentration of the liquid at the particle surface is equal to the saturation

concentration of the solution (the mass transfer between the liquid and the solid
is neglected).

• The changes in size and surface area of solid particles are neglected.
• The solid distribution throughout the bed is uniform.
• The Grashof (Gr) number is determined by the mean radius of the packed bed.

As described in the two-film theory, the KGa (s−1) in a packed bed can be
determined by Eq. (7.29):

1
KGae

¼ 1
kGae

þ H
IðkLaeÞ ð7:29Þ

where kG (m s−1) is gas-side mass transfer coefficient; ae (m2 m−3) is effective
surface area per unit volume of packed bed (gas–liquid interfacial); I (–) is the
enhancement factor; and H is the Henry’s law constant, expressed as the ratio of the
partial pressure in the gas phase to the mass concentration in the liquid phase.

On the other hand, the relationship between mass transfer coefficient and dif-
fusivity can be expressed as Eq. (7.30):

kCO2 ¼
DCO2

d
ð7:30Þ

where DCO2 (m
2/s) is the diffusivity; d is the film thickness (m); and kCO2 is the mass

transfer coefficient (m/s). Table 7.3 presents several key thermodynamic state
variables of CO2 and water for model development. More thermodynamic state
parameters for CO2 and water can be also referred to Chap. 3.

The diffusivity of CO2 in water (m2/s) can be estimated by various methods,
such as Eq. (7.31) [53] or Eq. (7.32) [54]:

DCO2 H2O ¼ 2:35� 10�6 � exp �2119=Tð Þ ð7:31Þ

DCO2 H2O ¼ 1:81� 10�6 � exp �16900=RTð Þ ð7:32Þ

7.4.2 Incorporation with Reaction Kinetics

Direct carbonation is a heterogeneous reaction, i.e., containing the gas, liquid, and
solid phases. It consists of mass transfer and chemical reaction. Therefore, a kinetic
model can be developed for determining the reaction rate constant of carbonation
(kc) under different experimental conditions based on the shell mass balance.
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The gas phase can be characterized by convection behaviors between the gas inlet
and outlet, indicating that the mass transfer phenomenon of CO2 between the gas
and liquid was significant. In addition, the chemical reaction between total inor-
ganic carbon (TIC) concentration in the liquid and the calcium species from the
solid should be considered. The following assumptions could be made to simplify
the mathematical model:

• The reaction remains at a temperature of 30 °C, where calcium carbonate
(CaCO3) is the major product.

• The mass transfer between the liquid and the solid is neglected.
• Total inorganic carbon concentration in liquid phase (CTIC) is a constant.
• The carbonation conversion (dCa) in solid phase is a function of reaction time.

Thus, the apparent kinetic model of direct carbonation can be described by the
mass balance over a thin shell of gas fluid with the reactor. The CO2 concentration
in exhaust gas (CCO2 ; dimensionless) is expressed in Eq. (7.33):

qgVg
dCCO2

dt
¼ qgðQg;iCCO2;i � Qg;oCCO2Þ � kLapVl PCO2HCO2 � CTICð Þ ð7:33Þ

where qg (mole cm−3) is the CO2 gas density at the operating condition; Vg (cm
3)

and Vl (cm
3) are the volumes of gas and liquid; t (s) is the reaction time; kL (cm s−1)

is the liquid-phase mass transfer coefficient; ap (cm2 cm−3) is the specific surface
area of packing materials; HCO2 (mole cm−3 atm−1) is the Henry’s constant of CO2

in water; and CTIC (mole cm−3) is TIC concentration in the liquid phase. The
consumption rate of TIC in the liquid phase can be expressed by Eq. (7.34):

Table 7.3 Key thermodynamic state variables of CO2 and water for mass transfer model
development at 1 atm and 30 °C

Abbreviation Properties Units Values

qG Density of gas (CO2) mole cm−3 4.02 � 10−5

kg/m3 1.778

qL Density of water kg/m3 995.7

lG Viscosity of gas (CO2) kg/m/s 1.53 � 10−5

centipoise (cp) 1.53 � 10−2

lb s/ft2 3.19 � 10−7

lL Dynamic viscosity of water kg/m/s 7.97 � 10−4

mG Kinematic viscosity of gas m2/s 8.53 � 10−6

mL Kinematic viscosity of liquid (water) m2/s 8.00 � 10−7

DG_air Diffusivity of CO2 gas in air m2/s 1.60 � 10−5

DG_water Diffusivity of CO2 gas in water m2/s 1.92 � 10−9

rL Surface tension of water kg/s2 7.12 � 10−2

rc Surface tension of packinga kg/s2 7.50 � 10−2

HCO2 Henry’s constant of CO2 in water mole/cm3/atm 2.98 � 10−5

aFor metal packing
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Vl
dCTIC

dt
¼ kLapVl PCO2HCO2 � CTICð Þþ kcCTICVlðCS � CS;0Þ ð7:34Þ

where kc (cm
3 mol−1 s−1) is the rate constant of the carbonation reaction; and Cs

(mol cm−3) is the CaO concentration of alkaline solid waste. It is assumed that the
reaction was at steady state because the TIC concentration remained relatively
unchanged during the carbonation. Therefore, Eq. (7.35) became:

kLapVl CTIC � PCO2HCO2ð Þ ¼ kcCTICVlðCS � CS;0Þ ð7:35Þ

Substituting Eq. (7.35) into Eq. (7.33), the following kinetic equation can be
obtained:

qgVg
dCCO2

dt
¼ qgðQg;iCCO2;i � Qg;oCCO2;oÞþ kcCTICVðCS � CS;0Þl ð7:36Þ

On the other hand, the rate of the solid concentration can be described by
Eq. (7.37):

Vs
dCs

dt
¼ kcCTICCsVl ð7:37Þ

It was assumed that Cs was a function of carbonation conversion and also
substituted the liquid volume (Vl) by solid volume (Vs), as expressed in Eqs. (7.38)
and (7.39), respectively.

Cs ¼ Cs0ð1� dCaOÞ ð7:38Þ

Vl ¼ qsVs
L
S

ð7:39Þ

where Cs0 is the initial solid concentration (mole cm−3). Thus, we can rearrange and
integrate Eq. (7.37) by substituting Eqs. (7.38) and (7.39) into it:

Z
ddCaO

1� dCaO
¼ qs

L
S
kcCTIC

Z
dt ð7:40Þ

or

dCaO ¼ 1� exp �qs
L
SkcCTICtð Þ ð7:41Þ

As a result, the developed kinetic model could be validated by fitting Eq. (7.41)
with the experimental data.Meanwhile, the reaction rate constant (kc) can be estimated
accordingly. According to the results in the literature [55], the rate constant for
reaction using wastewater (i.e., cold-rolling wastewater (CRW)) with a slag particle
size of less than 125 lm was the highest (216.9 cm3 mol−1 s−1). In addition, the
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carbonation reaction in the high-gravity carbonation should be accelerated by using
wastewater (with a rate constant of 188–217 cm3 mol−1 s−1) instead ofDIwater (with
a rate constant of 160–195 cm3 mol−1 s−1).

In addition, the liquid-phase mass transfer coefficient (kL) can be determined
using Eq. (7.42) by substituting Eq. (7.41) into Eq. (7.35).

kcCTICCs0 1� exp �qs
L
SkcCTICtð Þ� 	

¼ kLap PCO2HCO2 � CTICð Þ ð7:42Þ

The experimental results of carbonation could be well predicted by the devel-
oped kinetic model. For example, the mass transfer coefficient (kLa) for reaction
using wastewater with a slag particle size of less than 125 lm was the highest (i.e.,
9.23�10−4 s−1) [55].

7.4.3 Modelling for Various Types of Reactors

7.4.3.1 Slurry Bubble Column (SBC)

Slurry bubble column (SBC) mass transfer correlations are often derived from
boundary layer theory where the Kolmogroff’s isotropic turbulence theory has been
applied [52]. The general correlations can be a variation of

Sh ¼ 2þ bScm½ed4p=v3�n ð7:43Þ

where e is the energy dissipation term and defined as Ugg. The term of m is often set
equal to 1/3 as predicted by boundary layer theory.

Research has conducted different kinetic models to determine the rate-limiting
step of mineral carbonation in a conventional bubble column [11, 22]. In fact,
liquid–solid mass transfer is important and considered as the rate limiting factor in
many cases of mineral carbonation [52, 56]. This might be due to the fact that
minerals in solid matrix dissolve partly, and the passive layers are gradually formed,
which increase resistance to mass transfer, and eventually lead to incomplete
conversion.

7.4.3.2 Rotating Packed Bed (RPB)

Rotating packed bed (RPB) has been intensively applied and studied in many fields
including gas absorption [57–59], stripping [60, 61], distillation [62], ozonation
[63], deaeration [61], and biofuel production [64]. An RPB reactor has been
introduced to improve the mass transfer rate among phases due to its high cen-
trifugal forces and great micro-mixing ability. It thus can enhance mass transfer
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between gas and liquid, and even between liquid and solid. The features of utilizing
the RPB reactor for process intensification include [1, 58, 62, 65, 66] the following:

• It can provide a mean acceleration of hundreds, and even thousands, of times
greater than the force of gravity.

• It can effectively lead to the formation of thin liquid films and micro- or
nano-droplets.

• The overall mass transfer coefficient in an RPB, especially the liquid-side mass
transfer coefficient, was greater than that in a packed column.

• The volumetric gas–liquid mass transfer coefficients are an order of magnitude
higher than those in a conventional packed bed.

• Dramatic reductions in equipment size over that required for equivalent mass
transfer in a gravity-flow-packed bed.

• If the tangential gas velocity in the rotor is nearly the same as that in the packing
zone, the gas-side mass transfer coefficient is believed to be in the same range as
that of the conventional packed columns.

1. Assumptions

Performance of the carbonation reaction using an RPB reactor (so-called
high-gravity carbonation) was found to be better than using an autoclave or
slurry reactor [10, 16, 67]. Over the past years, several theoretical models have been
developed for describing mass transfer phenomena of RPB for gas–liquid absorp-
tion [56, 68]. However, a few studies on gas–liquid–solid mass transfer for the
high-gravity carbonation of alkaline solid wastes have appeared in the literature.
This is attributed to the fact that sophisticated assumptions and complicated, partial
differential equation programming are usually required to determine the gas–liquid–
solid mass transfer.

The solid–liquid mass transfer coefficient is occasionally correlated as itself;
however, such correlations are specific to the system under consideration and are
not generally applicable [52]. Precipitation is usually a rapid reaction and the
mixing (especially micro-mixing) of the process is very important for particle size
distribution [69]. Therefore, in high-gravity carbonation process, the carbonation
reaction would be controlled by the intrinsic reaction kinetics due to the excellent
micro-mixing and the fine particle size (with a particle size of 44–88 lm) [16, 55,
67]. Before the passive layers around particles are formed, the minerals in solid
particle can be rapidly dissolved into solution when the solid particle is moved
through the packed bed. This indicates that the mass transfer between liquid and
solid phases may not be the rate-limiting factor in the high-gravity carbonation
system.

2. Gas-phase mass transfer coefficient

The driving force between the saturated CO2 concentration in the bulk gas and the
CO2 concentration on the surface of liquid film can be determined by mass balance
over a thin shell of fluid with the RPB, as shown in Eq. (7.44):
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1
qCO2

dMG

dV
¼ KGaeðC�

G � C
0
GÞ ð7:44Þ

where dV can be expressed by Eq. (7.45):

dV ¼ 2prh � dr ð7:45Þ

By substitution of Eq. (7.45) into Eq. (7.44), the overall gas-phase mass transfer
coefficient (KGa, s

−1) can be obtained as Eq. (7.46):

KGae ¼ MG

qGhpðr2o � r2i Þ
ðNTUGÞ ¼ QG

hpðr2o � r2i Þ
ln

CG;i

CG;o

� �
ð7:46Þ

where CG,i (%) and CG,o (%) are CO2 contents in inlet and outlet gas streams,
respectively. The terms of ro (m) and ri (m) are the outside and inside radii of
packed bed, respectively. In general, the KGa value increases with the gas flow rate,
with the liquid flow rate, and mainly with the rotor speed [70]. Also since the
KGa values in an RPB are an order of magnitude higher than those in a conventional
packed bed, the reactor size of RPB could be much smaller than that of a con-
ventional reactor such as slurry reactor and bubble column [58, 62].

Beside the KGa value, the height of transfer unit (HTU) and the area of transfer
unit (ATU) are important mass transfer characteristics. The values of HTU and
ATU can be calculated using Eqs. (7.47) and (7.48), respectively [71, 72]:

HTU ¼ ro � ri
NTU

¼ ro � ri
lnðCG;i=CG;oÞ ð7:47Þ

ATU ¼ pðr2o � r2i Þ
NTU

¼ pðr2o � r2i Þ
lnðCG;i=CG;oÞ ð7:48Þ

3. Liquid-phase mass transfer coefficient

In spite of the significant differences between RPB and traditional packed bed
column, penetration theory can be capable of describing the liquid-side mass
transfer behavior fairly well in RPB [73]. These correlations are most often
expressed in terms of dimensionless numbers in the form of a power series. As
described in the penetration theory, the liquid-side mass transfer coefficient (kL) can
be expressed in Eq. (7.49):

kL ¼ a
DL

dp

� �
ScbLRe

c
LGr

d
L ð7:49Þ

where the terms of a, b, c, and d are constants. The Grashof number, representing
the ratio of gravitational to viscous forces, can be determined by Eq. (7.50):
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GrL ¼ gd3p
qL
lL

� �2

ð7:50Þ

In Eq. (7.50), the g value (m/s2) can be replaced by the centrifugal acceleration
in the RPB, which can be determined by Eq. (7.51):

g ¼ am ¼ r2o þ r2i
2

� �1=2

x2 ð7:51Þ

where x is the rotational speed (rad s−1) at the mean radius of packed bed.

4. Empirical mass transfer models

In a conventional packed bed column, the commonly used model for liquid-side
(kL) and gas-side (kG) mass transfer coefficient is originally developed by Onda
et al. [74], as shown in Eqs. (7.52) and (7.53), respectively. It was suggested that
the constant of 5.23 in Eq. (7.53) should be well correlated by changing the con-
stant into 2.00 for smaller packings (when the diameter of packings is less than
1.5 cm).

kL ¼ 0:0051
at
aw

� �2=3

Re2=3L Sc�1=2
L

qL
lLg

� ��1=3

ðapdpÞ0:4 ð7:52Þ

and

kG ¼ 5:23 apDG
� �

Re0:7G Sc1=3G apdp
� ��2 ð7:53Þ

It is difficult to determine mass transfer coefficients separated from volumetric mass
transfer coefficients kLae and kGae, since the effective interfacial area (ae) between
the liquid phase and vapor phase is usually not known [62]. Several correlations
could be used to estimate the wetted surface area (aw), as shown in Eq. (7.54) [73,
75]. It suggests that the aw/at predicted value should be reliable under high-gravity
RPB process, if packing materials with small static hold up (i.e., large packing size)
the wetted area (aw) may equal the interfacial area (ae).

aw
at

¼ ae
at

¼ 1� exp �1:45
rc
rL

� �0:75

Re0:1L We0:2L Fr�0:05
L

" #

ð7:54Þ

Pan et al. [76] developed a correlation for KGa in the high-gravity carbonation
process. In this model, the important operating parameters for high-gravity car-
bonation include gas flow rate, slurry flow rate, liquid-to-solid ratio, and rotation
speed. The relevant models were obtained by the nonlinear regression of experi-
mental data for estimation of both the KGa and HTU values:
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KGae ¼ 0:01
atDG

dp

� �
Re�1:16

G Gr0:33G Re2:12L ð7:55Þ

HTU ¼ 0:0003
atDG

dp

� �
Re2:16G Gr�0:33

G Re�2:12
L ð7:56Þ

where the ranges of the dimensionless groups in this correlation are as follows:

7:8\ReG\15:9 ð7:57Þ

1:3\ReL\2:2 ð7:58Þ

2:3\GrG\26:8 ð7:59Þ

Both the KGa and HTU values varied with the centrifugal acceleration to the
0.33 power. The dependence of liquid velocity on KGa value was much higher than
that of gas velocity, indicating that the high-gravity carbonation of steel slag could
exhibit a mass transfer resistance lay on the liquid side [76]. Figure 7.5 shows the
comparison of the estimated KGa value by the models with the experimental data.
The result indicates that the KGa values predicted by the developed model were
similar to the experimental value, where the experimental KGa values lay within
±20% of the values estimated by Eq. (7.55).

In contrast, the effect of gas velocity on the HTU value was similar to that of
liquid velocity. The overall mass transfer coefficient in high-gravity carbonation,
especially the liquid-side mass transfer coefficient (kLa), was greater than in packed
bed columns [76]. It is noted that since the tangential gas velocity in the rotor is
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nearly the same as that in the packing zone, the gas-side mass transfer coefficient
should be in the same range as that of the conventional packed column [66]. The
results in the literature indicate [55] that the kLa value for high-gravity reaction with
a steel slag particle size of less than 125 lm was 9.23 � 10−4 s−1, based on the
shell mass balance model.
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Chapter 8
Applications of Carbonation Technologies

Abstract Reduction of CO2 emission in industries and/or power plants should be a
portfolio option; for example, CO2 capture and alkaline solid waste treatment can
be combined through an integrated approach, i.e., accelerated carbonation. Gaseous
CO2 is fixed as thermodynamically stable solid precipitates, which are rarely
released after mineralization. In addition, the proximity between the industrial CO2

emission and the waste residue sources reduces transportation costs. This chapter
presents an integrated approach (i.e., accelerated carbonation technology) to cap-
turing CO2 while improving the physico-chemical properties of alkaline solid
wastes for the utilization in civil engineering. The carbonation of industrial alkaline
wastes, such as steel slags and metalworking wastewater, has been proved to be an
effective way to capture CO2.

8.1 Concept of Accelerated Carbonation

The concept behind carbonation reaction is similar to natural weathering processes,
where CO2 reacts with metal oxide-bearing materials, such as CaO and MgO, to
form stable and insoluble carbonates (such as CaCO3 and MgCO3). In this section,
different types of carbonation technologies are first reviewed and discussed. The
concept of the system mass and energy balance is then provided. Several key
performance indicators for carbonation reaction are also illustrated.

8.1.1 Types of Carbonation Technologies

Figure 8.1 shows various approaches to integrating solid waste treatment with CO2

fixation and utilization, including the following:

• Indirect carbonation (using natural ore or alkaline solid wastes)
• Direct carbonation (using natural ore or alkaline solid wastes)
• Carbonation curing (for the production of cement mortar or concrete block)

© Springer Nature Singapore Pte Ltd. 2017
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For the indirect carbonation using alkaline solid wastes, high purity of CaCO3

precipitates (e.g., 99%) can be produced and implemented as high value industrial
materials, such as coating pigments and filters [1–3]. In contrast, the direct car-
bonation can fix CO2 into carbonate precipitates with alkaline solid wastes, which is
superior in providing high storage capacity and long storage time [4–6]. Another
approach to integrating CO2 with alkaline solid wastes treatment is the carbonation
curing for blended cement or concrete through the injection of pressurized CO2 gas
(normally using pure CO2 stream) into a sealed chamber.

8.1.2 System Mass and Energy Balance

The CO2 mass balance can be carried out in the system by measuring the CO2 loss
in the gas phase as well as the increase of inorganic carbon content in both the
liquid (i.e., total inorganic carbon (TIC) concentration) and solid phases (i.e.,
CaCO3 content). Figure 8.2 shows the systematic diagram among gas, liquid, and
solid phases.

Accordingly, the CO2 mass balance equation can be developed as shown in
Eq. (8.1):

qCO2;iQg;iCg;i � qCO2;oQg;oCg;o ¼ QlDCTIC þQslCs;actðS=LÞ ð8:1Þ

where qg (i.e., 1.796 g L−1) is the density of CO2 at standard temperature and
pressure (STP); DCTIC (g/L) is the concentration difference of the TIC in the liquid
agents before and after carbonation; Ql (L/min) is the liquid flow rate; Qs (L/min) is
the solid input rate; Cs,act (g) is the mass of CO2 captured in the solid waste; and L/S
(mL/g) is the liquid-to-solid ratio. The molar volume of CO2 is generally assumed

Fig. 8.1 Various approaches to integrating alkaline solid waste treatment with CO2 fixation and
utilization through carbonation process
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to be 24.5 L mol−1 at standard temperature and pressure (STP). The STP is defined
as the temperature of 0 °C (or 32 °F) and the pressure of 760 mmHg (or 14.7 psi).

In the gas phase, CO2 concentrations in the inlet and exhausted gas streams
could be measured using a non-dispersive infrared (NDIR) CO2 analyzer. The CO2

removal efficiency (η, %) of the carbonation process can be calculated by Eq. (8.2):

g ¼ qCO2;iQg;iCg;i � qCO2;oQg;oCg;o
� �

qCO2;iQg;iCg;i
�% ð8:2Þ

where qCO2;i
and qCO2;0

(g/L) are the CO2 mass density at the temperature of the
inflow and exhaust gas streams, respectively; Qg,i (m

3/min) and Qg,o (m
3/min) are

the volumetric flow rate of the inlet gas and exhaust gas, respectively; and Cg,i (%)
and Cg,o (%) are the CO2 concentration in the inlet gas and exhaust gas, respec-
tively, which can be measured by a portable gas analyzer. If pure CO2 gas is utilized
for carbonation, since the CO2 concentration in the input and output streams should
be 99.9%, the amounts of CO2 captured by the slurry reactor can be determined by
the difference in the volumes of the gas flows measured at the inlet and outlet of the
slurry reactor.

In the solid phase, the carbonation conversion (also referred to as carbonation
degree) of alkaline solid wastes was determined by thermal analysis (see details in
Chap. 6). Generally, the weight loss between 500 and 850 °C is caused mainly by
the decomposition of CaCO3 based on Eq. (8.3):

CaCO3ðsÞ �!500� 850 �C
CaOðsÞ þCO2ðgÞ ð8:3Þ

For direct carbonation, it is observed that most of the gaseous CO2 was fixed as
CaCO3 precipitate (i.e., solid phase). Less than 0.1% of the gaseous CO2 was

Process 
System

(Reactor)
Flue 
Gas

in
Exhausted 

Gas
out

Qg,i , Cg,i Qg,out , Cg,out

Solid 
waste

Carbonated
Solid Waste

Wastewater

Wastewater

in in

out out,
TICout

Ql

,
TICi

Ql
,

Cs, i

Qs

,
Cs, out

Qs

Fig. 8.2 Schematic of mass
balance among gas, liquid,
and solid phases (Qg: Gas
flow rate (L/min); Cg: CO2

Concentration (%); CTIC: TIC
concentration in liquid phase
(g/L); Ql: Liquid flow rate
(L/min); Cs,act: CO2 capture
on solid (g); L/S:
Liquid-to-solid ratio (mL/g))

8.1 Concept of Accelerated Carbonation 161

http://dx.doi.org/10.1007/978-981-10-3268-4_6


dissolved as HCO3
− ions and existed in the liquid phase after 120-min reaction

time.
On the other hand, the mass balance of calcium species between the liquid and

solid phases for indirect carbonation was determined by Eq. (8.4):

CCa;iVl ¼ CCa;oVl þ mCaCO3

MWCaCO3

�MWCa ð8:4Þ

where CCa,i and CCa,o are the concentrations of calcium ions in the solution before
and after carbonation, respectively.

In addition, the errors of the mass balance for Eqs. (8.3) and (8.4) were evalu-
ated by the recovery ratio (R), which is defined by Eq. (8.5):

Rð%Þ ¼ Production
Input� Output

�% ð8:5Þ

8.1.3 Novel Concept and Process Intensification

Mineralization of CO2 by accelerated carbonation of alkaline wastes has the
potential not only to sequester CO2 but also to upgrade the physicochemical
properties of waste streams. One of the challenges of accelerated carbonation using
alkaline waste is to accelerate the reaction and exploit the heat of reaction to
minimize energy and material losses. Also, pretreatments and addition of chemicals
tend to consume additional energy and materials. More challenges of accelerated
carbonation can be referred to Chap. 5.

To overcome the aforementioned challenges, various novel concepts and process
intensification should be considered. For example, the rate of carbonation reaction
can be enhanced by

• Adding acids or caustic alkali metal hydroxide
• Utilizing a bicarbonate/salt (NaHCO3/NaCl) mixture
• Employing various pretreatment techniques (i.e., including physical and

chemical pretreatment, electrolysis and heat pretreatment, mechanical activation
methods)

• Using wastewater/brine as liquid agents
• Process intensification concepts such as

– Thermal heat activation [7, 8]
– Chemical activation using solvents, acids, and bases [8, 9]
– Co-utilization with wastewater (or brine solution) [10–12]
– Biological enhancement using enzymes and microorganisms
– Centrifugal force [13, 14]
– Ultrasonic vibration [9, 15, 16]
– Electrolysis treatment [7]
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In the following section, indirect carbonation and direct carbonation using
alkaline solid wastes, as well as carbonation curing processes, are discussed.

8.2 Indirect Carbonation

Several effective extractants, such as acetic acid and ammonium salts (e.g.,
CH3COONH4, NH4NO3, NH4SO4, and NH4HSO4), are commonly used in the
extraction stage [17–20]. Table 8.1 presents the types of acid and ammonium salt
extractants for metal ion extraction. For ammonium salts, the acid type of the
solvent is a more important factor affecting the efficiency of calcium extraction
rather than the acidity of the solvent [18].

8.2.1 Acidic Extraction Process

Research on the performance of enhancing dissolution using acetic acid solutions
and other chemicals has also been investigated in the literature [22, 23]. In the
presence of acetic acid, the solubility of metal ions in slag was found to decrease
with an increase in temperature [24]. Better chemical extractions of calcium occur
at low temperatures (30 °C) at long durations (� 2 h). In addition, the concentra-
tion of acetic acid within the range of 0–10 wt% in the solution exhibited a dramatic

Table 8.1 Types of acid and ammonium salt extractants for metal ion extraction

Types Extractants Name PH Acidity (pKa) Tested
concentration

Acid HCl Hydrogen
chloride

3.72 −3.0 –

H2SO4 Sulphuric acid – −3; 1.99 –

HNO3 Nitric acid – −1.44 –

H3PO4 Phosphoric acid – 2.148; 7.198;
12.319

–

ClCH2COOH Haloacetic acid – 2.86 –

CH3COOH Acetic acid 5.32 4.76 –

Base
(salt)

NH4NO3 Ammonium
nitrate

9.8–
10.5

Solid form 0.5–1 M [18]

CH3COONH4 Ammonium
acetate

9.5 Solid form 0.5–1 M [18]

NH4Cl Ammonium
chloride

9.0–
9.6

Solid form 2 M at 60 °C
[21]

(NH4)2SO4 Ammonium
sulfate

9.6 Solid form 0.5–1 M [18]
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effect upon the extraction of calcium [24]. Compared to only 30 mg/L of calcium
after 2 h without acetic acid addition, 4000 mg/L of calcium can be extracted in
5 min using an aqueous solution of 10 wt% acetic acid. However, a further increase
of acetic acid concentration to 33.3 wt% did not result in a significant difference
from that of 10 wt% acetic acid. Therefore, approximately 6–7 mL glacial acetic
acid per gram of slag is suggested for effective calcium extraction [24]. After
extraction, a maximum carbonation conversion of 86% can be achieved under a
CO2 concentration of 10% at 30 °C, with a CaCO3 purity of 99.8%. Roughly 4.7
tons of steel slag are consumed for one ton CO2 capture, with 2.3 tons of end
CaCO3 products and 3.4 tons of residual slag [23].

8.2.2 Base Extraction Process

In base extraction process, ammonium chloride (NH4Cl) is commonly used due to
its relative ease of recycling. The ammonia being stripped out during extraction step
can be recycled and utilized for pH adjustment in order for the leachate to minimize
the consumption of ammonia during the operation [21]. When ammonium chloride
is used, the extraction can be improved as the particle size of slag decreased and the
reaction temperature increased, with a maximum extraction yield of 60% [25]. As
the extraction reaction proceeded, the deposition of an inert layer (such as SiO2)
formed on the reactive surface, thereby limiting further diffusion of extractant into
slag particles [26].

The overall carbonation reactions of leachate can be expressed as shown in
Eq. (8.6):

2NH4OHþ Ca;Mgð ÞCl2 þCO2 ! Ca;Mgð ÞCO3 þ 2NH4ClþH2O ð8:6Þ

In fact, at the beginning, the CO2 will react with NH4OH, as described in Eqs. (8.7)
and (8.8):

NH4OHðaqÞ þCO2 ðaqÞ ! NH4HCO3 ðaqÞ ð8:7Þ

2NHþ
4 ðaqÞ þHCO�

3 ðaqÞ þOH�
ðaqÞ ! NH4ð Þ2CO3ðaqÞ þH2OðaqÞ ð8:8Þ

As carbonation proceeds, the dissolved CO2 will continuously consume OH− in
solution, thereby inhabiting reaction (8.8). In this case, the produced NH4HCO3

(Eq. 8.7) will begin to react with calcium/magnesium ions to form calcium/
magnesium bicarbonate, which is described in Eq. (8.9)

Ca;Mgð Þ2þðaqÞ þ 2HCO�
3ðaqÞ ! Ca;Mgð Þ HCO3ð Þ2ðaqÞ ð8:9Þ

The efficiency of calcium extraction was found to be higher in the order of
(NH4)2SO4 < NH4Cl < CH3COONH4 < NH4NO3, regardless of their solution
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concentrations [18]. Similarly, the efficiency of various extractants on the carbon-
ation behavior was found to be in the same sequence [18]. It was noted that the
maximum CO2 capture capacity can reach around 210 kg CO2 per ton of slag, with
the consideration of the contribution of Mg(HCO3)2 in capturing CO2 [21]. In this
case, the precipitates obtained under optimized carbonation conditions were rich in
CaCO3 with a purity of 96 ± 2%.

On the basis of experimental analysis, the energy consumption of the proposed
process using ammonium chloride was estimated as 300 kWh/ton-CO2 [25].
This value is smaller than other CO2 sequestration processes; for instance,
470–640 kWh/t-CO2 for amine absorption and geological sequestration [27].

8.2.3 Multistage Indirect Carbonation

Multistage indirect carbonation, in the presence of additives, can reach high car-
bonation efficiency under mild operating conditions within a short residence time
[28, 29]. It was noted that high-purity carbonate precipitates (e.g., spherical vaterite)
can be generated by multistage indirect carbonation [18]. For example, two-stage
(or so-called pH swing) indirect carbonation processes are one type of the multi-
stage indirect carbonation. They have been evaluated to optimize the efficiency of
the dissolution and carbonation processes, as well as to achieve a pure precipitate
product for specific industrial applications. The pH-swing using a weak base—
strong acid solution, with a fine particle size (e.g., less than 63 lm) at 80 °C, in
which the maximum calcium extraction ratio and carbonation conversion achieved,
was 60 and 70%, respectively [25].

The requirement of an energy-intensive process for chemical regeneration might
be a limiting factor for large-scale deployment. It was noted that energy and
chemical costs could be reduced by carrying out the reaction between hydroxide
and CO2 at high pressure (i.e., 2.5 MPa) and temperature (i.e., 450 °C) [30]. This
potentially makes the hydroxide route technically achievable on an industrial scale.

8.3 Direct Carbonation

Recently, the ex situ direct aqueous carbonation has aggressively developed for
carbon fixation and utilization. There is more than enough natural ore on Earth to
sequester the CO2 emissions from all fossil fuels [6]. However, the existing
methods for mineral carbonation are still expensive due to the energy-intensive
mining process. To effectively lower the carbonation process, alkaline solid wastes
are thus used in the carbonation process because they are relatively cheaper
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feedstocks than natural ores. Accelerated carbonation involves the following three
steps (see details in Chap. 5).

• Calcium leaching from alkaline solid matrix into solution
• Gaseous CO2 dissolution in solution
• Calcium carbonate precipitation

For various types of processes, the mass transfer steps, i.e., CO2 dissolution into
solution and the diffusion of reactants in solid matrix, are typically considered to be
the rate-limiting step. Consequently, it is essential to improve the mass transfer
phenomena to achieve a rapid reaction.

Accelerated carbonation has been focused on assessing and maximizing the
performance of CO2 capture capacity by optimizing the operating conditions, such
as pressure, temperature, liquid-to-solid (L/S) ratio, gas humidity, gas flow rate,
liquid flow rate, particle size, and solid pretreatment in the literature [1, 28, 31–34].
In the following part, several important processes, such as slurry reactor, autoclave
reactor, high-gravity carbonation, and ultrasonic technology, are introduced.

8.3.1 Autoclave Reactor

A schematic diagram demonstrating the carbonation of alkaline solid wastes in an
autoclave reactor is shown in Fig. 8.3. CO2 was injected continuously into the
reactor at a designated pressure and a constant flow rate. The key operational
factors, including the reaction time (t), liquid-to-solid ratio (L/S), reaction tem-
perature (T), CO2 pressure (P), and initial pH, are varied systematically with the
various feedstocks to minimize energy and chemical consumption.

In the case of operation at 160 °C and 700 psig, the carbonation of the ultra-fine
slag (UFS), fly ash slag (FAS), and blended hydraulic cement slag (BHCS) are
38.1, 34.7, and 68.3%, respectively [35]. Accordingly, the actual CO2 capture
capacities per kg of dry solid are approximately 130, 110, and 280 kg CO2 for the
UFS, FAS, and BHCS, respectively. The carbonation reaction exhibited a stationary
phase after 60 min because of the formation of a calcium-depleted SiO2 rim on the
surface of particle. This would strongly block the reactive surface sites, thereby
inhibiting the further release of calcium ions from the particle.

The CO2 pressure in the autoclave reactor could vary between two various
conditions: a normal condition (700 psig) and a supercritical condition (1300 psig).
The conversion of alkaline solid wastes in supercritical CO2 was found to be
slightly less than that in normal CO2 [35], due to the inhibition of CaCO3 crystal
growth under this supercritical pressure. However, in general, a high pressure
increases the rate of the carbonation reaction, which precludes the formation of
CaCO3 crystals and inhibits the reaction. In the supercritical conditions (e.g.,
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1300 psig), the CO2 fluid has a relatively higher solubility of liquid and lower
dynamic viscosity of gas. The conversion of BHCS increases due to its superior
CO2 solubility at higher pressure and temperatures. The temperature significantly
influenced the carbonation conversion of BHCS, with increasing temperatures
resulting in higher conversions.

8.3.2 Slurry Reactor

A slurry reactor contains fine solid particles suspended in a liquid. It is frequently
used in the chemical and/or biochemical industries due to its ability to enhance
mass transfer [36]. The first application of the two-phase fluidization system was
made by Winkler in 1922. The gas–liquid–particle three-phase system was then
developed, which seems to be a more efficient tool for a chemical reactor [37].
Compared to that using an autoclave reactor, slurry reactor can provide a higher

Fig. 8.3 Schematic diagram of the experimental setup of autoclave reactor for the carbonation of
alkaline solid wastes (1) gas cylinder; (2) circulating bath; (3) syringe pump; (4) magnetic stirrer
and heater; (5) autoclave reactor; (6) thermo couple and pH analyzer; (7) needle valve; and (8) vent
to hood
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contact frequency between CO2 and the feedstock, and can be operated in a con-
tinuous mode at relatively low (ambient) temperature and pressure.

8.3.2.1 Performance Evaluation

Figure 8.4 shows the schematic diagram of the slurry reactor for accelerated car-
bonation of alkaline solid wastes. Normally, CO2 is injected into the slurry reactor
continuously at 101.3 kPa (ambient) and a constant flow rate. The key operation
factors generally include the reaction time (or hydraulic retention time),
liquid-to-solid (L/S) ratio, slurry volume, reaction temperature, and gas flow rate.

In the slurry reactor system, a carbonation conversion of 53.8% for steel slag can
be achieved at an L/S ratio of 20:1 (with DI water) and a CO2 pressure of 0.1 MPa
at 25 °C for 60 min [38]. The carbonation uptake at atmospheric pressure exceeded
80% of the reference 56-day value after 7 days of exposure and had reached 95%
within 28 days. Although the atmospheric pressure carbonation treatment provided
a slightly lower carbonation conversion, it was accomplished with a gas of low
pressure and dilute CO2 concentration [39]. In addition, with the consideration
given to the grinding process and blowers, the energy consumption for capturing 1
ton of CO2 using the slurry reactor is estimated to be 180.3 kWh (in the case of
MSWI bottom ash) [40]. It thus suggests that an economical approach to seques-
tering CO2 in alkaline solid wastes with minimum energy consumption and direct
use of flue gas could be achieved.
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Slurry

(3)

(4)

(8)

(9)

25 
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(6)
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Fig. 8.4 Schematic diagram
of the experimental setup of
slurry reactor for accelerated
carbonation of alkaline solid
wastes (1) gas cylinder;
(2) circulating bath;
(3) rotameter; (4) slurry
reactor; (5) heating jacket;
(6) gas distributor;
(7) sampling; (8) thermo
couple and pH analyzer;
and (9) vent to hood
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8.3.2.2 Key Operating Factors

Since the mass transfer between the liquid and gas phases could be enhanced by
increasing the CO2 flow rate, the conversion of steel slag was observed to improve
when the flow rate increased [11]. However, the conversion decreases moderately
with further increasing flow rate in the slurry reactor [38]. This is because the
channeling effect in the slurry reactor becomes significant at a high flow rate,
resulting in a poor gas–liquid mass transfer rate and a decrease of carbonation
conversion. Moreover, a higher CO2 flow rate delivered a greater amount of CO2

into the reactor. At a constant reaction time, the pH value drops more rapidly with a
high flow rate than with a low flow rate, which is unfavorable to carbonation
reaction. Therefore, the flow rate should be limited to a certain value that is able to
make the slurry reactor in a fluidization mode.

The carbonation conversion of alkaline solid waste largely depends on the
reaction temperature since the temperature would affect several system parameters,
including the reaction kinetics, equilibrium, CO2 dissolution, and calcium leaching
simultaneously. In general, reaction rate would significantly increase with
increasing reaction temperature, since the reaction rate constant exponentially
increases with increasing temperature as expressed by the Arrhenius equation.
However, because the carbonation is an exothermic reaction, an increase in tem-
perature may also lead to a decrease in the equilibrium constant based on Le
Chatelier’s principle. Similarly, the rate of the CO2 dissolution and the calcium ion
leaching at higher temperature would decrease and increase, respectively.

It suggests that the maximum carbonation conversion of steel slag should be at a
temperature of 60 °C [38]. In this case, the carbonation reaction can be generally
categorized into two main regimes:

• Temperatures below 60 °C: The carbonation conversion increased with
increasing reaction temperature due to the higher leaching rate of calcium ions.
The CaCO3 crystallization reaction was thus accelerated at higher temperature in
this regime (30–60 °C).

• Temperatures above 60 °C: Boiling in the slurry reactor was accompanied by
the low dissolution of CO2, resulting in a decrease in the carbonation conver-
sion. In this regime (60–80 °C), the CO2 solubility is likely to be the key factor
affecting the carbonation conversion.

The liquid-to-solid (L/S) ratio represents the weight ratio of water solution to
alkaline solid wastes. It suggests that the L/S ratio should be greater than 5 mL/g to
achieve a better carbonation of alkaline solid wastes [40]. Otherwise, the significant
amounts of foreign ions would dissolve in the slurry, resulting in a competitive
reaction and lowering the rate of calcium dissolution. It was noted that a maximum
carbonation conversion of steel slag achieved in the slurry reactor was 89% at an
L/S ratio of 20. When the L/S ratio was lower than 20, the slurry could not mix well
in the slurry reactor, leading to poor mass transfer between liquid and solid phases.
However, when the L/S ratio was higher than 20, a lower leaching concentration of
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calcium ions in solution occurred since the amount of solid waste per unit volume
of liquid solution was lower.

8.3.3 High-Gravity Carbonation (HiGCarb)

A rotating packed-bed (RPB) reactor is designed to enhance mass transfer between
gas and liquid phases via high centrifugal acceleration. RPB reactor can provide a
mean acceleration of up to 1000 times greater than the force of gravity, thereby
leading to the formation of thin liquid films and tiny liquid droplets (microscale to
nanoscale) [41–47]. With this feature, the mass transfer between gas (CO2) and
aqueous solution in an RPB reactor can be significantly improved, resulting in a
high capture efficiency within a short contact period. Moreover, using an RPB
reactor can intensify the mixing of microscopic amounts of material by molecular
diffusion (so-called micromixing efficiency) due to the formation of thin film flow
on the packings. As a result, the excellent micromixing abilities of the RPB reactor
can be applied for numerous applications of contact between two different phases
(also refer to Chap. 17 for details), such as

• Absorption: for example, CO2 capture through the use of absorbents (e.g.,
alkanolamine, piperazine, and NaOH).

• Distillation: for example, petrochemical process.
• Stripping: for example, ammonia stripping.
• Ozonation: for example, water disinfection.
• Biodiesel production: for example, transesterification.

In the case of accelerated carbonation using an RPB reactor, it involves in a
three-phase mixing (i.e., gas, liquid, and solid phases) system. Since the aqueous
carbonation of alkaline solid wastes was believed to be a diffusion-controlled
reaction, an RPB reactor was introduced to improve the mass transfer rate among
phases due to its high centrifugal forces and effective micromixing ability. This
approach using an RPB reactor for accelerated carbonation of solid wastes is
so-called high-gravity carbonation (HiGCarb) process [10, 13, 14, 48, 49], as
shown in Fig. 8.5. The reactants are presumed to be intensively mixed within a
short time, typically *1 min, in the packed-bed rotator while the carbonation
reaction proceeds quickly.

8.3.3.1 Batch Operation

Figure 8.6 shows the schematic diagram of experimental setup for HiGCarb pro-
cess. The slurry of alkaline solid waste is constantly stirred in all experiments. In
the experiments, CO2 gas stream flows inward from the outer edge of the RPB
under a pressure driving force, while the slurry of alkaline solid waste is pumped
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from the repository to the inner edge of the RPB. The slurry moves outward and
leaves from the outer edge of the RPB under centrifugal force. As shown in
Fig. 8.5, both CO2 and slurry are mixed countercurrently within the RPB, in which
CO2 is dissolved in the liquid phase and reacts with the reactive species dissociated
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Performance: 
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Fig. 8.5 Schematic diagram of process intensification via rotating packed-bed reactor for
accelerated carbonation, i.e., high-gravity carbonation (HiGCarb) process
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Fig. 8.6 Schematic diagram of the experimental setup for high-gravity carbonation (HiGCarb)
process (1) gas cylinder; (2) mass controller; (3) rotor; (4) high-gravity RPB reactor; (5) stirring
and heating machine; (6) slurry storage tank; (7) pump; (8) rotameter; (9) pH meter; and (10)
thermometer
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from the slag. The slurry is discharged from the bottom of the RPB, whereas the
exhausted CO2 streams are expelled from the top.

Chang et al. [49] conducted a batch-modulus HiGCarb process under low
temperature (i.e., less than 70 °C) at ambient pressure. A maximum basic oxygen
furnace slag (BOFS) carbonation conversion of 94% can be achieved by the
HiGCarb process at 65 °C for 30 min, corresponding to a capture capacity of
290 kg CO2/t-BOFS. The experimental results revealed a rapid reaction rate during
the first 5 min at a gas-to-slurry ratio of 20 and an approximately constant rate
thereafter. In general, an increase in the rotation speed would not only enhance the
mass transfer of CO2 from the gas phase to the liquid phase, but would also reduce
the residence time distribution (RTD) of the slurry within the packed bed.
Therefore, an optimal rotation speed should be determined to balance the mass
transfer and reaction kinetics.

Figure 8.7 shows the comparison of carbonation conversion for steel slag using
autoclave reactor, slurry reactor, and HiGCarb process with cold-rolling wastewater
(CRW) and DI water. The HiGCarb process evidenced a relatively higher CO2

removal efficiency and carbonation conversion of alkaline solid waste with a short
reaction time than those in an autoclave or a slurry reactor [13, 34, 48, 49]. It was
also found that carbonation conversion of steel slags could be significantly
enhanced by using wastewater (i.e., CRW) in the HiGCarb process [13].
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8.3.3.2 Continuous Field Operation

For continuous operation using the HiGCarb process, CO2 fixation and waste
treatment at a blast furnace plant in steel industry are performed using the BOFS. In
this operation tests, the packed bed is in horizontal rotation with a mean diameter
and height of 46.5 and 19.9 cm, respectively. The maximal rotation speed of the
packed bed is designed as 900 rpm, to provide a centrifugal acceleration of up to
2065 m/s2 (about 210 g). The CO2 source with an average concentration of
30 ± 2% was supplied directly from a hot-stove furnace at the steel industry; no
capture or concentrated processes were required in advance.

High CO2 removal efficiency can be achieved with a retention time of less than
1 min under ambient temperature and pressure conditions [13]. A maximal CO2

removal of 97% was achieved at a G/L ratio of 40, with a capture capacity of
165 kg CO2 per day, as shown in Fig. 8.8. The CO2 removal efficiency moderately
increases as the rotation speed increases up to 500 rpm. This is due to the reduction
of mass transfer resistance (i.e., reduced liquid film thickness) by increasing the
rotation speed within this range, which is favorable to the carbonation reaction [13].

In addition, the increase of slurry flow rate can also improve the liquid-side mass
transfer. In the HiGCarb process, a higher slurry flow rate brings a faster initial
radial velocity of slurry droplets and causes a relatively thinner liquid film and a
higher relative velocity between the slurry and the CO2, thereby enhancing the mass
transfer between the liquid and gas and intensifying the micromixing. However, it
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also results in a lower RTD within the packing zone of the RPB reactor at higher
slurry flow rates. This implies that the overall mass transfer resistance of carbon-
ation reaction in the HiGCarb process might be mainly led on the liquid-phase side
according to the two-film theory. Furthermore, the amount of calcium left in solid
waste decreased as the calcium rapidly dissolved into solution, thereby resulting in
a diminished concentration gradient needed to maintain the dissolution rate.

Similar observations can be found by adjusting other operating parameters. At
higher gas flow rates, an increase in gas–liquid contact area and a reduction in
gas-phase mass transfer resistance occur. However, the CO2 removal efficiency was
observed to decrease at a higher gas flow rate (i.e., a higher G/L ratio). It is
confirmed that the high-gravity process is a liquid-side mass transfer controlled
reaction. This suggests that both the rotation speed and G/L ratio should be the key
factors for scale-up design of the HiGCarb process.

8.3.4 Ultrasonic Carbonation

Since the carbonation reaction is regarded as diffusion controlled (i.e., mass transfer
limited), intensification of mass transfer efficiency among phases was essential to
improve CO2 capture capacity and reduce energy consumption and operating costs.
A slurry reactor incorporated with ultrasound vibration has been introduced to
accelerate the precipitation rate of calcium carbonate via ultrasonic irradiation
[9, 15, 16, 51]. The results indicate that the efficiency of physical mixing, particle
breakdown, and removal of passivation layers increased with sound waves with
frequencies in the range of 16–100 kHz. Therefore, a better conversion can be
achieved in a shorter time compared to that without ultrasound; for instance, the
carbonation conversion of combustion ashes increased from 27 to 83% with
ultrasound for 40 min [51].

8.3.5 Biologically Enhanced Carbonation

8.3.5.1 Microorganism

Microorganisms are the microscopic living organism, such as bacteria, protozoa, and
algae. The anaerobic and aerobic bacteria can positively promote carbonation by
enhancing the solubility and dissolution ofminerals [52]. The absorption of cations by
a cell wall (net negative) can increase the cation concentration within the cell, which
can be used to facilitate mineral precipitation. The “carbonation ponds” or “basins”
with a high alkalinity are designed to use a natural cyanobacteria-dominated con-
sortium for the photoautotrophs to thrive and precipitate carbonates [53]. This process
also can serve as silicon sinks by the formation of mineralized cell walls (i.e., frustule)
from [SiO2�nH2O] in the bioreactor.
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Another approach is to utilize algae and cyanobacteria to perform photosynthesis
in the presence of sunlight. The sunlight is used as energy by proteins (so-called
reaction centers) to convert gaseous CO2 into biosubstance (i.e., chemical energy)
[52, 53]. The reaction centers (proteins) contain green chlorophyll pigments, which
can strip electrons from suitable substances such as water to produce water. This
part of mechanism is called light reactions. Then, the CO2 can be used to convert
into carbohydrate molecules, such as sugar, where the chemical energy is stored in.
This part of mechanism is called light-independent (dark) reactions, or Calvin–
Benson cycle, as shown in Eq. (8.10).

3CO2þ 9ATPþ 6NADPHþ 6Hþ ! C3H6O3 � phosphateþ 9ADPþ 8 Pi þ 6NADPþ þ 3H2O

ð8:10Þ

Usually, plants can convert light energy into chemical energy with a photosynthetic
efficiency of 3–6% [54]. For comparison, solar panels can convert light energy into
electric energy at an efficiency of 6–20% for large-scale production and >40% in
the laboratory scale.

8.3.5.2 Enzymatic Carbonation

Typically, the supply of CO2 is limiting the rate of carbonation due to the slow
kinetics of CO2 dissolution. Enzymatic carbonation relying on carbonic anhydrase
(CA) could be an effective approach to overcoming the above process hurdle, even
in an industrial environment, or when utilized in an open-air environment. The CA
family can catalyze the rapid interconversion of gaseous CO2 and water to form
bicarbonate (HCO3

−) and protons (H+), as shown in Eq. (8.11). There are at least
five distinct CA families (i.e., a-CA, b-CA, c-CA, d-CA, and e-CA), where these
families exhibit no significant amino acid sequence similarity. The catalytic rates of
various CA enzyme families typically range between 104 and 106 reactions per
second [55].

CO2ðgÞ þH2OðaqÞ �!Carbonic Anhydrase
H2CO3ðaqÞ ! HCO�

3ðaqÞ þHþ
ðaqÞ ð8:11Þ

It is noted that the CA enzyme could enhance the carbonation of Ca- and
Mg-bearing materials [56, 57]. For example, a CA enzyme-based membrane system
was able to remove 90% of the CO2 supplied [58]. However, the instability and
high material costs of CA are still the challenges for practical and large-scale
applications [28].
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8.4 Integrated Carbonation with Brine (Wastewater)
Treatment

Brine or wastewater is a saline-based waste solution (e.g., total dissolved solid is
generally more than 50,000 mg/L) produced from industrial procedures, such as oil
and natural gas extraction (known as oil-field brines). It can be used as the liquid
agents in the carbonation reaction [12, 59–61]. Most wastewater treatments use
chemicals as a neutralizing agent to adjust pH of wastewater and enhance metal
precipitation. However, the use of chemicals carries with it a high economic and
environmental cost because it is a “resource” and not a “residue.”

The wastewater or brine solution can be used for accelerated carbonation process
to enhance (1) the rate of calcium ion leaching from solid wastes, or (2) gaseous
CO2 dissolution into the liquid phase. The total dissolved solid (TDS) in wastewater
is generally higher than that in tap water due to high concentrations of anions and
cations. The criteria of wastewater and/or brine property for carbonation are
illustrated as follows [12, 61]:

• A pH of the solution over 9.0 is favored to the precipitation of carbonate
because CO3

2− dominates under a basic condition.
• The selected solution should contain neither bicarbonate nor carbonate ions.

Under the appropriate conditions, CO2 would dissolve in the brine solution to
initiate a series of reactions that ultimately lead to the bonding of carbonate ions to
various metal cations inherent in brine or wastewater to form carbonate precipitates,
such as calcite (CaCO3), magnesite (MgCO3), and dolomite (CaMg(CO3)2).

8.4.1 Enhanced Calcium Leaching for Carbonation

The carbonation reaction can be enhanced by coupling with brine solution and/or
wastewater, such as metalworking wastewater. Pan et al. [48] found that the
leaching concentration of calcium ions in metalworking wastewater was higher than
that in DI water, thereby resulting in a greater carbonation reaction rate and higher
CO2 capture capacity. Figure 8.9 shows the leaching concentration of calcium ions
in DI water and metalworking wastewater (e.g., CRW) for different particle sizes of
steel slag (i.e., BOFS). The leaching rate and capacity of calcium ions from steel
slag in metalworking wastewater were greater than that in tap water. The measured
pH values of metalworking wastewater ranged from 11.20 to 11.87. A maximum
Ca2+ concentration of 2600 mg/L was measured in the alkaline wastewater with a
particle size of steel slag less than 125 lm. The leaching of metal ions from the
solid waste into solution would be higher with smaller particle size.

The high concentration of Na+ and Cl− in wastewater might accelerate the
leaching behavior of Ca-bearing phases in solid wastes. The presence of inorganic
ionic species in solution, such as sodium and chloride, can promote the dissolution
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of silicate-bearing minerals due to the formation of surface complexes, leading to
the reductive (and oxidative) dissolution of minerals [62–64]. O’Connor et al. [65]
found that the addition of the sodium chloride can improve the extent of the
carbonation reaction. Similarly, the use of the caustic alkali metal hydroxide can
enhance the carbonation of metal silicates via the following mechanism [66]:

3CaSiO3ðsÞ þNaOHðaqÞ þCO2ðgÞ ! CaCO3ðsÞ þNaCa2Si3O8 OHð ÞðsÞ ð8:12Þ

Jo et al. [67] found that Ca leaching from ordinary Portland cement (OPC) in
aqueous solution and the hydration of C–S–H into Ca(OH)2 in the OPC were
enhanced by the presence of NaCl. In the presence of 0.2–2.0 M NaCl, the car-
bonation of OPC can thus be enhanced by 7.5–18.4%, in terms of the amount of
CaCO3 precipitation, which might be attributed to the increase in C–S–H disso-
lution by interaction with chloride ions. This suggests that a greater reactivity of the
calcium-bearing complex toward chloride than other ions was found, thereby
resulting in greater dissolution rates of minerals in the presence of chloride.
Likewise, Nyambura et al. [68] suggest that the carbonation conversion of solid
wastes is higher in the brine/solid residues system, compared to the water/solid
residues.
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8.4.2 Enhanced Carbonation Conversion of Alkaline Solid
Wastes

In general, the carbonation conversion in the brine/solid residues system is higher
than that in the water/solid residues [11, 50, 68]. O’Connor et al. [65] found that the
addition of sodium chloride can enhance the carbonation reaction. Similarly, the
concentrations of sodium and chloride in alkaline wastewater are generally higher
than those in DI water. As a result, Nyambura et al. [68] found that the carbonation
conversion in the brine/solid residues system should be higher than that in the
water/solid residues. The carbonation efficiency in the fly ash (FA)/brine system
under a pressure of 4 MPa at 30 °C was 86%, which was superior to the water/brine
system (i.e., 68.2%) [68].

A maximum capture capacity of 283 g CO2 per kg slag, corresponding to a
carbonation conversion of 89%, can be achieved in alkaline wastewater with a
reaction time of 120 min at 25 °C and an L/S ratio of 20 [11]. The highest car-
bonation conversion was observed in the alkaline wastewater system, compared to
the neutralized effluent water and DI water. This might be attributed to more CO2

dissolved in the liquid phase under higher pH, thereby enhancing the carbonation
reaction. It thus suggests that the carbonation reaction of steel slag was enhanced
more in the alkaline wastewater system than in the DI water system.

8.4.3 Improved Water Quality After Carbonation

Although the concentration of Fe, Sr, and Ba decreases in the solution, iron
hydroxide, strontium carbonates, and barium carbonates were not detected by XRD,
most likely, due to the small amounts of iron (i.e., 434 ppm) and barium (i.e.,
917 ppm) present in the fresh brines [61]. After carbonation, the concentrations of
TIC and magnesium in wastewater increased significantly, while the concentrations
of sodium and calcium were found to be decreased as well as the pH value. The
decrease of the calcium concentration after carbonation might be caused by the
formation of the calcium carbonate in the course of carbonation. In addition, the
concentrations of potassium, iron, and nitrate remained roughly constant for
wastewater. It was noted that the CO2 was absorbed into the slurry, thus leading to
the formation of calcium carbonate precipitations and the increase of the TIC
concentration in the slurry [11].
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8.5 Carbonation Curing Process

The use of supplementary cementitious materials (SCMs) is a sustainable practice
to make environmentally friendly cement and concrete industries. Aside from using
CO2 in direct carbonation of solid wastes for the production of SCMs, the CO2 can
be used in the curing process during the preparation of cement mortar, so-called
“carbonation curing” process. Carbonation is a common type of attack in mortars
and concretes, where CO2 penetrates into the mortar and reacts with Ca2+ from
calcium hydroxide (CH), calcium silicate hydrate (C–S–H), and the hydrated cal-
cium aluminates and ferroaluminates. As a result, various types of calcium car-
bonate (CaCO3), silica gel, and hydrated Al/Fe oxides can be formed during
carbonation curing.

The carbonation curing process can significantly improve the mechanical
properties and durability of the cementitious materials. This early-age carbonation
in curing is the reaction between calcium silicates or early hydration products with
carbon dioxide producing a hybrid binder structure of calcium silicate hydrates and
calcium carbonates [69]. With the carbonation curing process, the initial porosity of
mortar reduces since the volume of the formed CaCO3 is about 12% greater than the
volume of the original CH phase. This would result in a higher compressive
strength at early ages of carbonation, thereby preventing further CO2 diffusion and
carbonation attack [70, 71]. Ghouleh et al. [72] suggest that the improvement on the
early strength could be attributed to carbonation of the c-C2S component in solid
waste, as shown in Eq. (8.13).

2 2CaO � SiO2ð ÞþCO2 þ 3H2O ! 3CaO � 2SiO2 � 3H2OþCaCO3 ð8:13Þ

However, if the porosity of the carbonated pastes is sufficiently high to permit
constant CO2 diffusion, the CH will be depleted and the interlayer calcium from
C–S–H will react with CO2. Polymerization of the silicate chains in C–S–H occurs
afterward and causes a volumetric shrinkage, resulting in material cracks and coarse
porosity [70].

Several studies have been carried out to evaluate the effect of carbonation curing
on the properties of blended cement [73] and concrete masonry [69]. Table 8.2
presents the performance of carbonation curing for cements or concretes with
various types of solid wastes. Wu et al. [74] demonstrated that, after carbonation
curing, the blended cement with steel slags exhibited higher strength and eligible
soundness. With carbonation curing process, early hydration products in cement are
converted to a crystalline microstructure, and subsequent hydration transforms
amorphous carbonates into more crystalline calcite [69].

In addition, Mo et al. [73] showed that carbonation curing using higher pressure
CO2 could result in faster strength development due to the rapid penetration of CO2

and carbonation of blended cement. Salman et al. [78] found that a higher strength
for cylindrical specimens (d = 55 mm, h = 75 mm) made out of compressed
continuous casting slag could be achieved within 6 h by the carbonation curing
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process at higher temperature and pressure (i.e., 60 °C and 1.2 MPa CO2), com-
pared to 4-week carbonation at atmospheric conditions (22 °C, fixed humidity 80,
5% CO2 at atmosphere pressure). This would help to reduce the costs of the
carbonation curing process.
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Chapter 9
System Analysis

Abstract Accelerated carbonation may include a large amount of energy
requirements and the high costs. The challenges encountered are to accelerate the
reaction and utilize the heat of reaction to maximize the overall capture capacity and
minimize energy demand, as well as to determine the optimal operating conditions.
As a result, significant technological breakthroughs, such as reactor design,
waste-to-resource supply chain, and system optimization, are needed before
deployment can be considered. In addition, it is important to evaluate greenhouse
gas emission reduction by geographic region, engineering performance, environ-
mental benefit, and economic viability for decision making. Therefore, in this
chapter, the methodologies and tools pertaining to the geospatial analysis, response
surface analysis, life cycle assessment, and cost–benefit analysis are illustrated.

9.1 Geospatial Analysis

Geospatial analysis (or so-called spatial analysis) is an approach to applying sta-
tistical analysis and other analytic techniques to evaluate data that contains a
geographic or spatial aspect. Geospatial data has great potential to contribute in
many societal applications, such as climate change, smart city, disease surveillance
and response, and transportation. Such data analysis typically employs computer
techniques and software capable of rendering maps processing spatial data and
terrestrial or geographic datasets, such as the use of geographic information system
(GIS) and geomatics. The spatial statistics primarily result from observation rather
than experimentation.

9.1.1 Geographic Information System (GIS)

GIS can provide a variety of capabilities designed to capture, store, manipulate,
analyze, manage, and present all types of geographic data, and utilize geospatial
analysis in a variety of contexts, operations, and applications. It was originally
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developed for issues in the environmental and life science, particularly ecology,
geology ad epidemiology. Nowadays, it has extended to almost all areas including
natural resources, defense, intelligence, utilities, social science, medicine, public
safety, disaster risk reduction and management (DRRM), and adaptation to climate
change.

The advanced GIS-based operations and facilities can augment the core tools
employed in spatial analysis throughout the analytical process, such as exploration
of data and identification of patterns and relationships. Several functions of
geospatial analysis using GIS are briefly illustrated as follows:

• Vector-based GIS operations: related to map overlay (combining two or more
map layers to the predefined rules), simple buffering (identifying regions of a
map within a specified distance of one or more features) and similar basic
operations.

• Raster-based GIS operations: related to a range of actions applied to the grid
cells of one or more maps, involving filtering and/or algebraic operations. It is
frequently used in the environmental sciences and remote sensing.

• Surface analysis: related to examining the properties of physical surface, such
as gradient, aspect, and visibility, involving the analysis of surface-like data
“fields.”

• GIS-based network analysis: related to evaluating the properties of natural and
man-made networks to examine the behavior of flows within and around such
networks. It may be used to address a wide range of practical issues, such as
route selection, facility location, and transportation research.

• Geovisualization: related to the creations and manipulations of images, maps,
diagrams, charts, 3D views, and their associated tabular datasets.

Figure 9.1 shows an example of GIS-based analysis for the source of alkaline
solid wastes in Taiwan. In Taiwan, since different types of alkaline solid wastes may
not be generated closely in distance, the centralized accelerated carbonation process
may not be feasible due to the institutional, regulatory, technological, and financial
barriers. However, it is possible to integrate the carbonation process directly by
stacks to avoid additional long-distance piping for CO2. By utilizing the GIS-based
analysis, the best location to obtain the cost-effective solution could be identified
throughout the facility location analysis. The best solution also should be determined
by considering the aspects of environment (impacts) and economic (costs and
benefits), which are illustrated in Sects. 2 and 3, respectively, in this chapter.

9.1.2 Big Data Analysis and Data Visualization

Geospatial data is typically a large data set. Therefore, big data analysis for
geospatial data has been received considerable attention to allow users to analyze
huge amounts of geospatial data. Big data analysis can be considered as “structured
and unstructured datasets with massive volumes that cannot be easily captured,
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stored, manipulated, analyzed, managed, and presented by traditional hardware,
software, and database technologies [1].” According to the estimation by United
Nations Initiative on Global Geospatial Information Management (UN-GGIM),
2.5 quintillion bytes of data is being generated every day, and a large portion of the
data is location-aware [2].

Visualizations are widely acknowledged as a part of analysis process, where we
could explore the data and build hypotheses during this process. Interactive and
exploratory visualization environments help at the early stages to identify the real
information with big data. So far, there are still several challenges and issues for
future directions, including the following:

• Efficient representation and modeling for geospatial big data (e.g., real-time data
handling).

• Analyzing, mining, and visualizing geospatial data for decision support.
• Quality assurance and control of geospatial big data from new sources.
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Fig. 9.1 GIS-based analysis for the sources of alkaline solid wastes in Taiwan
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9.2 Design and Analysis of Experiments

Experiments are used to evaluate the performance of processes or systems. Every
experiments could be imaged as a general model of a process system, as shown in
Fig. 9.2. A process is defined as a combination of input materials, resources,
machines, methods, operations, and people. As a result, a typical process system
could be possible to have more than one response or output.

In a process system, the controllable factors may include the following:

• Gas and liquid flow rate,
• Reaction temperature and pressure,
• Rotating and stirring speed, and
• Formulation of input materials.

The uncontrollable factors are largely related to the surrounding environment
and people, such as follows:

• Environmental temperature,
• Humidity, and
• Different operators.

Figure 9.3 illustrates a systematic approach to determination of good engi-
neering practice (GEP) for a process system via an Engineering–Environmental–
Economic (3E) analysis. To evaluate the performance of a process system, the
system boundary and scope of work for the process should be clearly defined in the
beginning. Through a well-designed experimental set, both the time and costs for
performance evaluation would be minimized. Along the way, the key parameters
for reactor design (such as dimensions and operating factors) can also be deter-
mined by the prediction model for further scale-up of the process. On the other
hand, both the environmental impacts and economic costs of a process should be
quantified and estimated via life cycle assessment and technoeconomic assessment,
respectively. By collecting and analyzing the above information, the GEP can be

Fig. 9.2 Conceptual diagram
of a process system for design
and analysis of experiments
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systematically obtained via the 3E analysis to facilitate the process scale-up and
demonstration toward commercialization.

In this section, the concept of experimental design and its subsequent analysis of
experiments, i.e., via a response surface methodology (RSM), are illustrated. In the
field of chemical engineering, “experimental design,” “regression analysis,” and
“operations research” are three major courses to become a qualified process system
engineer.

9.2.1 Experimental Design

Design of experiments (DOE) refers to a structured and organized methods used to
determine the interactions between factors affecting a process and the output of that
process statistically. It is usually carried out through observance of forced changes
made methodically as directed by mathematically systematic tables. Four principles
of DOE are as follows:

• Control: to know the potential effect of factors that are not being studied.
• Randomization: subjects to treatments to even out effects that we cannot control.
• Replicate: to avoid unrepresentative sample if only a single test was carried out.
• Block: to reduce the effects of identifiable attributes of the subjects, preferably

controlled.

For a typical application of experimental design for a chemical process, the
procedure of characterizing the key operating factors of a process is as follows:

• Step 1 “Local Optimization”: In this stage, experiments with randomly deter-
mined ranges for different operating factors (n) are typically conducted by a 2n

factorial design. The analysis of variance (ANOVA) is a powerful tool to
determine the most significant variable(s) affecting response(s).
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Fig. 9.3 Systematic approach to determination of good engineering practice (GEP) for a process
system via an Engineering–Environmental–Economic (3E) analysis
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• Step 2 “Steepest Ascent (or Descent) Method”: A series of experiments are
carried out in the path to the direction of steepest ascent (or descent) to reach or
pass the saddle point of response.

• Step 3 “Global Optimization”: After reached the saddle point, a new set of
experiments are designed through (RSM).

A numerous number of commercial software, such as Design Expert (Stat-Ease,
Inc.) and Minitab (Minitab Inc.), can be used for the DOE and its subsequent RSM.
To obtain the global optimization in step 3, several statistical designs, such as
central composite design (CCD) and Box–Behnken design (BBD), for building a
second-order model of the response variables are frequently used in developing the
response surface methodology (RSM). These designs should be sufficient to fit a
quadratic model, that is, one containing squared terms and products of two factors.

• Central composite design (CCD)

– A factorial design in various numeric (or nominal) factors, each having two
levels, usually coded as −1 and +1.

– A set of center points is carried out at the medians of the values used in the
factorial portion, which is often replicated to improve the precision of the
experiment.

– A set of axial points will take on value both below and above the median of
the two factorial levels.

• Box–Behnken design (BBD)

– Each factor is placed at one of three equally spaced values, usually coded as
−1, 0, and +1.

– The ratio of the number of experimental points to the number of coefficient
in the quadratic model should keep in the range of 1.5 to 2.6.

– The estimation variance should more or less depend only on the distance
from the center, especially for the designs with 4 and 7 factors.

9.2.2 Response Surface Methodology

Response surface methodology (RSM) is considered as a collection of statistical
design, empirical modeling methodologies, and numerical optimization techniques
used to optimize response variables. It is developed based on the experimental
design from the statistics point of view to examine the maximal response of system
performance. With a proper design of experiments, the RSM can be applied to
determine the operating conditions for maximal responses, e.g., CO2 removal
efficiency, from a statistical point of view. Based on the developed RSM, several
candidates can be revealed to determine the maximum objective function, such as
carbonation conversion of alkaline solid wastes. It thus can be introduced to
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evaluate the effects of the relating operational parameters, such as reaction time,
temperature, and liquid-to-solid ratio on the carbonation conversions of alkaline
solid wastes.

The response surface can be analyzed with various commercial software pack-
ages, such as Design Expert (Stat-Ease Inc., USA) and Minitab (Minitab Inc.,
USA). By employing the software, RSM can explore the relationships between
several explanatory variables and one (or more) response variables by using a
sequence of designed experiments. The experimental variables and responses can
be analyzed by regression procedure using a second-order polynomial equation:

y ¼ b0 þ
X

bixi þ
X

biix
2
i þ

X
bijxixj þ e ð9:1Þ

where y is the response variable; xi and xj are the independent variables; b0, b0, bii,
and bij are incept, linear, quadratic, and interaction constant coefficients, respec-
tively, and e is the residual.

In the RSM, the least-squares estimation is used to determine the model
parameters in an approximating polynomial equation. This polynomial equation,
representing the response surface, can be a quadratic- or cubic-order model. The
analysis of the obtained response surface is generally equivalent to the analysis of
the actual system if the fitted surface is a satisfactory estimation of the true response
function. From the statistical point of view, the significance of each individual
coefficient term in the response surface model can be determined from the analysis
of variance (ANOVA) using the p value and/or F value with 95% confidence level.

As indicated in Fig. 9.3, a well design of experiments is crucial to determine the
optimal objective for a process system. In the real application of RSM, sometimes,
the operating factor of the experiments (such as L/S ratio) determined as the
optimum conditions might be peripheral. This means that the obtained surface
model is not suitably used to predict the values outside the assigned experimental
ranges.

9.2.3 Multi-response Surface Optimization

Multi-response surface (MRS) optimization is an approach to simultaneously
dealing with several responses that are conflicting; for instance, to maximize the
performance and efficiency of a process while minimizing the operating costs of the
process. The MRS optimization often encounters several challenges, such as fol-
lows [3]:

• Correlation among multiple responses,
• Robustness measurement of multivariate process,
• Confliction among multiple goals,
• Prediction performance of the process model, and
• Reliability assessment for optimization results.
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In the following part, we provide an example on accelerated carbonation process
for CO2 capture and utilization to illustrate the applications and constrains of MRS.
Based on the response surfaces developed by the CCD method, the MRS can be
used to balance the CO2 removal efficiency (η) and energy consumption (w) for
high-gravity carbonation process. The optimization design objectives are used to
maximize the CO2 removal efficiency while minimizing the energy consumption of
the carbonation process, as expressed in Eqs. (9.2) and (9.3):

Max CO2 removal efficiencyð Þ: g ¼ f X1;X2;X3;X4ð Þ[ 90% ð9:2Þ

Min energy consumptionð Þ : w ¼ f X1;X2;X;X4ð Þ\250 kWh per t-CO2 ð9:3Þ

The effects of four different operating factors (e.g., X1, X2, X3, and X4) on both η
and w responses can be examined with the analysis of variance (ANOVA) table and
visualized by a response surface model from a statistical point of view. The
mathematical models of η and w responses, as formulated in terms of the operating
factors with coded values, can be obtained from the RSM, as shown in Eqs. (9.4)
and (9.5), respectively:

g %ð Þ ¼ 39:1þ 10:7 � X1 þ 14:7 � X3�15:8 � X4�20:8 � X2
1 þ 136:3 � X2

2 ð9:4Þ

w kWhð Þ ¼ 432:2�32:6 � X1 þ 270:1 � X2 þ 21:0 � X3 þ 15:3 � X4 þ 38:6
� X1X3�35:1 � X1X4�59:1 � X3X4 þ 110:6 � X2

1 ð9:5Þ

The ANOVA results will indicate that the developed response models are sig-
nificant if the p value was less than 0.05; for instance, the CO2 removal efficiency
was presented in Table 9.1.

Calculated by Eqs. (9.4) and (9.5), Fig. 9.4a, b present the 2D contour plots of
CO2 removal efficiency and energy consumption, respectively. These 2D plots can
be also converted into 3D response surface plots.

Table 9.1 Analysis of variance (ANOVA) table of RSM for CO2 removal efficiency

Source SS DF MS F value p value (Prob > F)

Model 19597.1 5 3919.4 65.6 <0.0001

X1: rotation speed 1664.4 1 1664.4 27.9 <0.0001

X3: slurry flow rate 4099.9 1 4099.9 68.6 <0.0001

X4: L/S ratio 3173.4 1 3173.4 53.1 <0.0001

X1
2 2131.2 1 2131.2 35.7 <0.0001

X2
2 6493.3 1 6493.3 108.7 <0.0001

Residual 2091.0 35 59.7

Cor total 21688.1 40

SS Sum of squares; DF degree of freedom; MS mean of square. RSM was performed using Design
Expert statistical software (Stat-Ease Inc., Minneapolis, USA)
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Thus, the optimum ranges of the operating factors can be determined graphically
by setting optimization objectives for each targeted response (e.g., CO2 removal
efficiency and energy consumption) and then creating an overlay contour that
highlights an area of operability. As shown in Fig. 9.5, the optimal rotation speed
and gas flow rate should be in the ranges of 259.2–410.2 rpm and 0.34–0.45 m3/
min, respectively. According to the MRS analysis, one of the optimum candidates
within the above optimal ranges was estimated to be operated at a rotation speed of

Fig. 9.4 2D contour plots of a CO2 removal efficiency and b energy consumption, in terms of
rotation speed and liquid-to-solid (L/S) ratio. Reprinted with the permission from Ref. [4].
Copyright 2015 American Chemical Society

Fig. 9.5 Optimal operating
conditions of high-gravity
carbonation process in the
cases of an L/S ratio of 10 and
a slurry flow rate of 0.42 m3/h.
Reprinted with the permission
from Ref. [4]. Copyright 2015
American Chemical Society
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400 rpm with a slurry flow rate of 0.36 m3/h at an L/S ratio of 10, corresponding to
a CO2 removal efficiency of 98% at energy consumption of 196.6 kWh/t-CO2.

9.3 Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is a scientific and technical tool to assess the
requirements and impacts of technologies, processes, and products so as to deter-
mine their propensity to consume resources and cause pollution. The LCA can
assist in the following:

• Selection of relevant environmental performance indicators and adequate mea-
surement techniques.

• Identification of improvement opportunities for a product (service or technol-
ogy) throughout its life cycle.

• Decision making in industry, and governmental and non-governmental
organizations.

• Marketing opportunities for a product (service or technology) by using LCA
data for ecolabeling, environmental product declaration, etc.

With the LCA, the environmental impacts of each input and output material
and/or energy source for a process or product can be quantified by various software
packages. Table 9.2 presents the notable feature of various software packages, such
as SimaPro (Pré Consultants B.V., the Netherlands), Umberto (ifu hamburg,
Germany), and GaBi (Thinkstep, Germany), associated with their available
database.

Taking the Umberto software as an example, it is frequently used for
computer-based material and energy flow analysis to achieve successful manage-
ment on material and energy efficiency, and process optimization. A balance for
material and energy flows can be drawn up in Umberto to analyze the defined
system boundary. Several functions such as life cycle assessment, integrated cost
accounting, and carbon footprint can be conducted in the framework of Umberto. In
the Umberto program, transitions (conversion processes) and places (the input and
output of the process) are symbolized in squares and circles, respectively. Then, the
links between the transitions and the places can be established with arrows.

9.3.1 Importance of LCA for CCUS Technologies

Carbon capture, utilization, and storage (CCUS) are prominent emerging tech-
nologies for mitigating global climate change. The CCUS processes would con-
sume additional energy and materials, leading to further emissions of CO2 into the
atmosphere. On the other hand, CCUS may increase other environmental impacts
such as eutrophication or acidification due to the increase in the concentrations of
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other pollutants. As a result, an LCA of the CCUS process is particularly important,
where the effects of CCUS on changes in the environmental impacts should be
systematically weighed and compared.

As proved by the results of LCA, CCUS can offer great potential of decreasing
greenhouse gas (GHG) emissions. For instance, the GHG emissions from UK fossil
fuel plant stations with CO2 capture and storage can be reduced by 75–84% relative
to a subcritical pulverized coal power plant [5]. In pulverized hard coal combustion,
the energy penalty ranged from 5 to 18% with applications of various types of
processes for CO2 capture and storage [6].

9.3.2 Methodology

Life cycle assessment (LCA) is a systematic approach to estimating the perfor-
mance and its associated environmental impacts of a product or a service during the
life cycle. In other words, the purpose of LCA is to quantify the environmental
impacts and benefits of technologies or services (e.g., GHG emissions and
eutrophication) over their lifetimes using a “cradle to grave” approach [7]. The

Table 9.2 Comparison of software for life cycle assessment (LCA)

Software Company Database Notable features

SimaPro Netherlands Ecoinvent, ELCD,
US-LCI,
LCAfood, etc.

• Determine the impacts with statistical
accuracy

• Calculate carbon footprint of products
and systems

Umberto Germany Ecoinvent, GaBi,
etc.

• Support ISO compliant LCAs and
Footprints

• Flexibility in specifying processes
• Update data directly using Excel

GaBi Germany GaBi • Database documentation in accordance
with International Life Cycle Database
formatting

• Collect data across every point of
process

Quantis
Suite

Switzerland Predefined • feature non-expert access capabilities
• Result analysis at the inventory level

EarthSmart USA Ecoinvent, US-EI,
Australian LCI,
etc.

• Rapid creation of professional reports
that can be updated almost
instantaneously

• Easy to upload data from SimaPro into
the tool

DoITPro Taiwan
(ROC)

DoITPro • Incorporate with Taiwan localized
database

• Support carbon footprint analysis
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framework and structure of LCA have been proposed by the International Standards
Organization (ISO). ISO 14000 is a family of standards related to environmental
management, which are generally accepted by all stakeholders and the international
community. The ISO standards provide principles, framework, methodological
requirement, and guidelines for conducting LCA work, including the following:

• ISO 14040:2006: Environmental management—Life cycle assessment—
Principles and framework;

• ISO 14041:1999: Environmental management—Life cycle assessment—Goal
and scope definition and inventory analysis;

• ISO 14042:2000: Environmental management—Life cycle assessment—Life
cycle impact assessment; and

• ISO 14043:2000: Environmental management—Life cycle assessment—Life
cycle interpretation.

As shown in Fig. 9.6, according to ISO 14040, the framework for LCA includes
the following:

• Definition of goal and scope,
• Life cycle inventory (LCI) analysis,
• Life cycle impact assessment (LCIA), and
• Interpretation.

In particular, in dealing with the energy issues by LCA, several key elements
should be considered in the first stage of LCA, such as

• Energy penalty,
• Scale-up challenges,
• Non-climate environmental impacts,
• Uncertainty management,
• Policy-making needs, and
• Market effects.

Goal and Scope
Defini on

Inventory Analysis

Impact Assessment

Interpreta on 

LCA Framework

Direct Applica on:
Product Development
and Improvement
Strategic Planning
Public Policy Making
Marke ng
Other

Fig. 9.6 Phases of life cycle assessment (LCA) according to ISO 14040
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9.3.2.1 Goal and Scope

LCA can quantify the potential environmental impacts throughout the life cycle
(i.e., cradle to grave) consideration of a product and/or process from raw material
acquisition through production, use, and disposal. According to ISO 14040, several
key items should be precisely defined in this step to ensure the validity of the
results:

• Goal and objectives,
• Method,
• The function of the system,
• Functional unit (i.e., comparison basis),
• System boundary,
• Time and system options,
• Allocation procedures,
• Types of environmental impacts,
• Data requirements, and
• Assumptions and limitations.

The scope describes the depth of the study, showing that the purpose can be
fulfilled with the actual extent of the limitations.

The functional unit (FU) is a key element of LCA which has to be clearly
defined. The FU is a measure of the function of the studied system for providing a
reference to which the inputs and outputs can be related, thereby enabling com-
parison of two essential different systems. For example, the FU for a paint process
may be defined as the unit surface protected for 15 years. Therefore, a comparison
of the environmental impacts of two different paint systems with the same func-
tional unit is therefore possible. Typically, the FU for accelerated carbonation was
set to be “1 kg CO2 captured by process.”

In the scope phase, the system boundaries define the types of unit processes to be
included in the LCA study based on a subjective choice. The features of system
boundaries include the following:

• Boundaries between the technological system and nature (or ecosystem):
Usually, it begins at the extraction point of raw materials and energy carriers
from nature, while ends at the waste generation and/or heat production.

• Space (geographic area): In most LCA studies, geography plays a crucial role,
e.g., infrastructures vary from one region to another. Moreover, the sensitivity of
ecosystem to environmental impacts differs regionally.

• Time horizon: Basically, the LCA is performed to evaluate the present impacts
and predict the future scenarios. Limitations to time horizon are included, such
as types of technologies (or product) and pollutants life span.
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9.3.2.2 Life Cycle Inventory (LCI)

In this step, a balance for material and energy flows is drawn up for calculating and
analyzing of the investigated system. The data collection forms must be properly
designed for optimal collection. Inventory analysis compiles an inventory of the
relevant inputs and outputs of a product, service, and/or process. Normally, the life
cycle inventory (LCI) data of materials and processes within the system boundary
can be processed from the database in LCA software. Several guidelines are rec-
ommended for the LCI phase:

• If possible, allocation should be avoided. Otherwise, the inputs and outputs
should be partitioned between its different functions (or products) in the
approach to reflecting the underlying physical relationships between them.

• When the data situation is unclear, an assumption has to be made and its
influence has to be investigated via sensitivity analysis in results.

The data collection is the most resource consuming part of the LCA. The inputs
to the process system, including energy (e.g., electricity consumption) and materials
(e.g., water, alkaline solid wastes, and CO2 source), should be identified. The
outputs comprise pollutant emissions and treated wastes, where the output solid
residues generated from the process are generally assumed to be treated by landfill.

9.3.2.3 Life Cycle Impact Assessment (LCIA)

LCA could expand the database on environmental concerns beyond a single issue
(global warming) to a wider range of environmental issue (acidification, ecotoxi-
city, human toxicity, etc.). In the phase of life cycle impact assessment (LCIA), the
significance of potential environmental impacts is evaluated using the results from
the LCI phase. Usually, three methods, i.e., EPS (Environmental Priority
Strategies), ECO (Ecological scarcity), and ET (Environmental Theme), are used
for LCIA. In a formal LCA, three steps are required to conduct an LCIA as
presented in Fig. 9.7.

According to ISO 14040, several steps should be conducted during this phase:

• Category: selection of impact categories, category indicators, and characteri-
zation models (mandatory).

• Classification: Assignment of individual inventory parameters to impact cate-
gories (mandatory).

• Characterization: conversion of LCI results to common units within each impact
category to aggregate the results into category indicator results (mandatory).

• Normalization: calculation of the magnitude of the category indicator relatively
to reference information (optional).
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• Weighting: conversion of different impact categories to a common unit by using
factors based on value choices (optional).

• Grouping: assignment of impact categories into one or more groups sorted after
geographic relevance, company priorities, etc. (optional).

In the LCA, the environmental impacts of a process can be assessed by
(1) midpoint impact indicators or (2) endpoint impact indicators:

• Midpoint impact: A problem-oriented approach describing environment themes.
• Endpoint impact: A damage-oriented approach expressing a consistent and

concise view of, typically, ecosystem quality, human health, and resource
depletion.

As shown in Table 9.3, the various midpoint impacts can be normalized into
endpoint impacts, such as the human health potential in the dimension unit of
DALY (disability-adjusted life year). The environmental impacts can be evaluated
and quantified using various types of valuation systems, such as ReCiPe,
Eco-indicator 99, and IMPACT 2002+.

Selec on of impact categories, category indicators
 and characteriza on models

Assignment of LCI results (classifica on)

Calcula on of category indicator results (characteriza on)

Mandatory elements

Life Cycle Impact Assessment

Category indicators results, LCIA results (LCIA profile)

Op onal elements
Calcula on of the magnitude of category indicator 

results rela ve to reference informa on (normaliza on)

Grouping

Weigh ng

Fig. 9.7 Elements of life cycle impact assessment (LCIA) according to ISO 14040
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1. ReCiPe
ReCiPe is constructed based on both the CML (midpoint impact assessment
approach) and Eco-indicator 99 (endpoint impact assessment approach) [8]. As
shown in Fig. 9.8, it comprises 18 midpoint impact indicators and three end-
point impact indicators.

Table 9.3 Impact categories considered in the life cycle impact assessment

Impact category Relevant parameters Characterization
factor

Cumulative
energy demand

Consumption of energetic resources CED (fossil and
nuclear)

Global
warming

CO2, CH4, N2O, halocarbons GWP100, CO2-
equivalent

Summer smog NOX, NMHC, CH4 Ethene-equivalent

Eutrophication NOX, NH3 PO4
3−-equivalent

Acidification SO2, NOX, NH3, HCl, HF, H2S SO2-equivalent

Health impacts PM10, PM2.5, soot, SO2, NOX, CH4, formaldehyde,
benzene, B(a)P, PAH, arsenic, cadmium, dioxin, furan

Year of life lost
(YOLL)

Fig. 9.8 Overall scheme of the ReCiPe framework. Reproduced from Ref. [8] by permission of
Mark Goedkoop in PRé Consultants bv
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The midpoint indicators in ReCiPe include the following:

• Decreased ozone potential,
• Hazardous waste dose,
• Absorbed dose,
• Ozone concentration,
• PM10 concentration,
• Infrared forcing,
• Hazardous waste concentration for terrestrial ecotoxicity,
• Base saturation,
• Occupied area,
• Transformed area,
• Hazardous waste concentration for marine ecotoxicity,
• Algae growth for marine eutrophication,
• Algae growth for fresh water eutrophication,
• Hazardous waste concentration for fresh water ecotoxicity,
• Energy content,
• Decreased concentration, and
• Water use.

Since the large number of midpoint indicators with a very abstract meaning is
difficult to elucidate and interpret, the endpoint indicators with a more under-
standable meaning could be utilized for interpretation. The above midpoint indi-
cators are further weighted and converted to three endpoint indicators, i.e.,
(1) human health potential, (2) ecosystem quality potential, and (3) ecosystem
resources potential.

2. Eco-indicator 99
Eco-indicator 99 is a damage-oriented method (i.e., endpoint) for life cycle
impact assessment. The standard Eco-indicator values can be regarded a
dimensionless figure [9]. In the Eco-indicator 99, the environmental impacts are
defined with three types of damages:

– Human health: the number and duration of diseases, and life year lost due to
premature death from environment causes. This includes climate change,
ozone layer depletion, carcinogenic effects, respiratory effects, and ionizing
nuclear radiation.

– Ecosystem quality: the effect on species diversity, especially for vascular
plants and lower organisms. This includes ecotoxicity, acidification,
eutrophication, and land-use.

– Resources: the surplus energy needed in future to extract lower quality
mineral and fossil resources. This includes depletion of agricultural and bulk
resources as sand and gravel.

3. Impact 2002+
IMPACT 2002+, adapted by Quantis, is a method of a combined
midpoint/damage approach via several midpoint categories to several damage
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categories. As shown in Fig. 9.9, the midpoint categories comprise human
toxicity (e.g., human toxicity carcinogenic effects and human toxicity
non-carcinogenic effects), respiratory effects (due to inorganics), ionizing radi-
ation, ozone layer depletion, photochemical oxidation, aquatic ecotoxicity, ter-
restrial ecotoxicity, aquatic acidification, aquatic eutrophication, terrestrial
acidification/nutrification, land occupation, water turbined, global warming,
non-renewable energy consumption, mineral extraction, water withdrawal, and
water consumption. These midpoint categories can be further converted to four
damage categories, i.e., human health, ecosystem quality, climate change, and
resources.

9.3.2.4 Interpretation

The interpretation phase aims to analyze the consistency with the goal and scope
defined in first step and to reach conclusions and recommendations. According to
ISO 14040 and 14044, the two key elements of an LCA are the assessment of the

Fig. 9.9 Overall scheme of the IMPACT 2002+ framework. Reprinted from Ref. [10], with kind
permission from Springer Science+Business Media
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entire life cycle of the investigated system and the assessment of a variety of
environmental impacts. In this phase, results from the LCI and LCIA are combined
together to provide a complete and unbiased account of the study. Three main
elements are comprised in this phase:

• Identification: significant issues should be identified based on the results of the
LCI and LCIA phases of a LCA.

• Evaluation: completeness, sensitivity, and consistency checks should be
considered.

• Decision making: The strategies and decisions should be made according to the
conclusions and recommendations of the LCA studies.

Uncertainties from conceptual errors (assuming importance of irrelevant infor-
mation and disregarding relevant information) might exist throughout the LCA
procedure. Therefore, a sensitivity analysis should be conducted to determine the
effects of assessment parameters such as quantifiable data components (generation
rate and composition of wastes) on the LCA results.

9.3.3 Case Study: Accelerated Carbonation

Although accelerated carbonation can potentially fix and store CO2 over a geo-
logical time scale, the environmental effects of the process involved need to be
considered from the perspective of LCA. The LCA of the accelerated carbonation
process is particularly important, since energy is used in transporting, grinding,
sieving, pressuring, heating, and operating the reactor. Accelerated carbonation may
increase other environmental impacts, such as human toxicity, eutrophication, and
acidification. For instance, to achieve an acceptable reaction rate for industrial
applications, alkaline solid wastes are usually ground down to fine particles (ap-
proximately 100 lm) prior to use. The effect and toxicity of finely ground particles
seem to cause significant health issues related to particulate formation, which is
often believed to be a leading cause of respiratory disease [11–13]. Therefore, the
effects of accelerated carbonation on changes in the environmental impacts should
be carefully weighed and compared.

For instance, Fig. 9.10 shows the scope of work for evaluating the environ-
mental impacts of accelerated carbonation process for carbon capture and utiliza-
tion. The pretreatment of alkaline wastes and carbonation process should be
employed within the system boundary. In general, alkaline solid wastes can be
characterized by its strongly alkaline nature and significant levels of metal ions,
especially calcium. After carbonation, the physico-chemical properties of solid
wastes can be improved and suitably used as green materials, such as supple-
mentary cementitious materials (SCMs) for replacing portions of the Portland
cement in concrete/cement.
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The carbonated product can be utilized as construction aggregate (large particles)
or SCM (fine particles) to avoid the use of aggregate and cement clinker in con-
crete. Therefore, it can be expected that huge environmental benefits, in terms of
global warming potential and natural resource depletions, are achievable with the
use of alkaline solid waste in blended cement. According to the LCA results by
Chang et al. [14], a net capture capacity of *100 kg CO2 per ton of BHC can be
achieved in an autoclave reactor. In the study, energy consumption, including
grinding, sieving, pressuring, and heating, was taken into account into the LCA.
Similarly, the net CO2 emission of the aqueous carbonation of serpentine by the
pH-swing method was estimated to be negative 0.02 kg CO2 per kg of feedstock
input [15]. However, the pH-swing method consumed base and acid solvents,
which would cause adverse effects on the environment.

On the other hand, for one ton of cement clinker production, 1.5–1.7 tons of
natural resource (e.g., limestone and clay) and 0.11–0.13 ton of coal are used [16].
In addition, concrete made from Portland cement carries a carbon footprint of
0.73–0.99 ton CO2 per ton cement [17]. To evaluate the worldwide impacts and
benefits, the annual world cement production is expected to reach 3.7–4.4 Gt by
2050, compared to *2.5 Gt in 2006 [17]. In the case of steel slag, blended cements
with up to 60% residual steel slag could exhibit similar properties, comparable to
those of Portland cement.

9.4 Cost–Benefit Analysis (CBA)

Alkaline solid wastes can be used to fix a great amount of CO2, especially if the
wastes are generated nearby the point source of CO2, for achieving both the
environmental and economic benefits. In addition to determining the environmental
benefits by LCA, the economic cost analysis for a developed process can be per-
formed by the cost–benefit analysis (CBA). Since costs and benefits may be tan-
gible or intangible, not all of them are reasonably assigned a monetary value.

Fig. 9.10 System boundary of accelerated carbonation process in life cycle assessment (LCA)
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A CBA can provide a distinct value that represents the total marketable services
costs to the total non-marketable services and impacts. One of the commonly used
indicators for CBA is the benefit–cost ratio (BCR), which can be calculated
according to Eq. (9.6):

BCR ¼ R0t=C0t ð9:6Þ

where R0t is the revenue gained at the tth year, C0t is the cost investment at the tth
year, and t is the expected operation period. The BCR considers the amount of
monetary gain realized by performing a project versus the amount of costs by
executing the project. A higher BCR indicates the more economically viable to the
invested project. The rule of thumb is that the project is economically feasible (a
good investment) if the BCR was greater than one.

Depreciation represents the periodic transfer of the cost of a fixed asset to an
expense account. In accountancy, the deprecation refers to (1) the decrease in value
of assets (fair value depreciation) and (2) the allocation of the cost of assets to
periods where the assets are used (depreciation with the matching principle).
Typically, the depreciation rate can be assumed within the range of 5 and 10%.

The investment costs of a process or service include (1) capital cost; (2) opera-
tion and maintenance (O&M); (3) land costs; (4) sale tax and surcharges (without
value-added tax); and (5) environmental cost due to secondary pollutions. In the
case of accelerated carbonation process, the benefits (or profits) are mainly from
(1) carbon credit from certified emission reductions (CER), (2) sale profits of
stabilized solid wastes as green products, and (3) avoidance of treatment fees for
solid wastes and/or wastewater. To estimate the cost and benefit, the impacts of
carbonation on steel and cement industries should be assessed, where the evaluation
framework can be referred to the literature [18].

A major difficulty in CBA is in placing monetary values on most costs and
benefits [19]. In this case, detailed inflow and outflow cash mush be estimated by
considering the discounted value by various tools, such as interest rate, price
inflation, and opportunity costs. In the following section, the net present value on
estimating the discounted cash over the periods of time is illustrated. Moreover, the
concepts of cost-effectiveness and cost-optimal beyond CBA are introduced
afterward.

9.4.1 Net Present Value (NPV)

Some indices can be used to obtain the discounted values that are required for CBA.
Net present value (NPV) method is widely used throughout economics, finance, and
accounting, which is intended to determine the difference between the present value
of cash inflows and the present value of cash outflows. It is usually used in capital
budgeting to analyze the profitability of a project or investment. In finance, the NPV
is defined as the sum of the present values (PVs) of incoming (e.g., profits and
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benefits) and outgoing (e.g., costs) cash flows over a period of operation. The PV of
each cash flow, such as benefits and costs, can be discounted back and determined
by the following formula:

PV ¼ Rt

ð1þ iÞt ð9:7Þ

where Rt is the net cash flow (e.g., benefits or costs); i is the discount rate. As a
result, the NPV is the sum of all terms of cash flow.

NPV ¼
XN

t¼0

Rt

ð1þ iÞt ð9:8Þ

where N is the total number of periods.
NPV can measure the excess or shortfall of cash flows, in terms of PV, above the

cost of funds. It is a central tool of analysis in discounted cash flow (DCF) and is a
standard method for using the “time value of money” to assess long-term projects.
The concept of time value of money indicates that cash flows in different periods of
time cannot be accurately compared, unless they have been adjusted to reflect their
value at the same period of time (in this instance, t = 0). The PV of each cash flow
must be determined to provide the meaningful comparison between cash flows at
different periods of time. There are three assumptions in this type of DCF (i.e.,
NPV) analysis:

• The investment horizon of all projects considered is equally acceptable to the
investor. For instance, a 2-year project is not necessary preferable to a 20-year
project.

• Each project is equally speculative. Normally, a 10% discount rate is the
appropriate and stable rate.

• The shareholders cannot get above a 10% return on their money if the level of
risk for all possibility was equivalent.

In addition, the rate used to discount future cash flows to the present value is a
key variable of the NPV analysis. An NPV analysis using variable discount rates
may adequately reflect the situation than that from a constant discount rate for the
NPV calculation. It suggests that a direct comparison should be carried out between
the profitability of the project and the desired rate of return.

Furthermore, NPV does not provide an overall picture of the gain or loss of
executing a certain project. Typically, internal rate of return (IRR) or other efficiency
measures should be applied as a complement to NPV. The IRR implies during
project operation, all cash flows that firmly received will be reinvested by desired
interest rate, i.e., minimum attractive rate of return (MARR), than market lending
interest rate. Therefore, IRR is an overestimate indicator, which provides multiple
solutions of rates of returns that are unreasonable. In contrast, external rate of return
(ERR) is more realistic than IRR, which implies all cash flows that firmly received
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will be reinvested by lending interest rate (lower than MARR). A project with higher
IRR or ERR is better for investors [19]. It is noted that the NPV comes from various
positive and negative cash flows, discounted to present time together (t = 0) or
starting time when the initial capital is invested and/or equipment is installed.

9.4.2 Cost Effectiveness and Cost Optimal

CBA differs from the other commonly used cost-effectiveness analysis since most
research in engineering economics and financial feasibility involves
cost-effectiveness analysis rather than CBA. To evaluate the energy (or engineer-
ing) and economic performance of a certain process or service, a comparative
methodology for determining cost optimal (CO) levels of engineering performance
requirements, as shown in Fig. 9.11. The framework of the CO methodology can be
referred to the delegated regulation 244/2012 [20]. The method defines a reference
scenario, representing the local situation or the state-of-the-art process and com-
pares several alternative solutions based on their engineering performance (such as
energy efficiency). The methodology assumes that all of the alternatives (shown in
dots) can be represented in a form of U-shaped curve. The less expensive solution is
thus identified at the bottom of curve.

The payback period is a good indicator of the economic feasibility of an alter-
native process because it estimates the length of time when all discounted net cash
flow has recovered the initial investment for the investor. A short payback period
indicates that the project has a good implementation potential. In this case, investors
would be a greater economic incentive to invest more money in expanding the

Fig. 9.11 Graphical presentation of conceptual relations between cost-effectiveness and cost
optimal
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capacity of the plant or building up a new plant. Otherwise, it would not be
preferable if its initial costs are higher than the amount of the investor is able to
invest [21]. It is noted that the CO method follows the above concepts to determine
the best payback period.

9.5 Engineering, Environmental, and Economic (3E)
Triangle Model

To accelerate technology development and implementation, a balanced performance
in the 3Es (Engineering, Environmental, and Economic) is quite important. Any
large-scale implementation of carbon capture, utilization, and storage (CCUS) tech-
nologies must be less energy and material intensive as well as economically viable.

9.5.1 Principles

A triangle model has been extensively utilized for assessments of new energy
technologies or sustainability trends [22, 23]. As shown in Fig. 9.12, the 3E triangle
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Fig. 9.12 Engineering, Environmental, and Economic (3E) triangle model for determining good
engineering practice of a process. LCEI (x-axis): life cycle environmental impact; EP (y-axis):
engineering performance; LCC (z-axis): life cycle cost
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model considers the aspects of life cycle environmental impact (LCEI) on the
x-axis, engineering performance (EP) on the y-axis, and life cycle cost (LCC) on
the z-axis. In general, each of the 3E perspectives exhibit equal importance, i.e.,
each weighting one-third, for performance evaluation. Therefore, the 3E perfor-
mance of a process can be conducted in a triangle model to provide a holistic
assessment.

Each axis, ranging from 0 to 1 in the counterclockwise direction, can be divided
into five levels: very low (0–0.2), low (0.2–0.4), medium (0.4–0.6), high (0.6–0.8),
and very high (0.8–1.0). Therefore, the performance of a process can be subdivided
into five zones within the 3E triangle model:

• Zone A: excellent scenario,
• Zone B: good scenario,
• Zone C: fair scenario,
• Zone D: bad scenario, and
• Zone E: poor scenario.

For example, a point located in “zone A” represents an operation that offers very
high engineering performance with a very low environmental impact at a very low
cost. In comparison, an operation located in “zone E” is considered as poor per-
formance with a very high environmental impact at a very high cost.

9.5.2 Key Performance Indicators (KPIs)

9.5.2.1 Engineering Aspect

Engineering aspect considers the flexibility, reliability, efficiency, productivity, and
redundancy of a process. For instance, in a mineral carbonation process, the
engineering performance (EP) could include the capacities for CO2 removal,
wastewater neutralization, and carbonated product. More details on the RSM and
for evaluating the engineering performance can be referred to this chapter and
Chap. 19, respectively.

For process energy consumption, feedstock grinding is a commonly used and
typically energy-intensive process for accelerated carbonation. The energy con-
sumption of material grinding (EG) can be estimated by Bond’s equation [24], as
shown in Eq. (9.9). It is noted that the Bond’s equation should give the most
accurate estimation of grinding energy requirement within the conventional
grinding range of 25,000 to 20 lm [25].

EG ¼ wi
10
ffiffiffiffiffiffiffiffiffiffi
DP80

p � 10
ffiffiffiffiffiffiffiffiffiffi
DF80

p
� �

ð9:9Þ

where DF80 (lm) and DP80 (lm) are the 80% passing size of feed and product,
respectively. The wi (kWh/ton) is the work index of ground material, which
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expresses the resistance of the material to crushing and grinding. The work index is
subject to variations because of variations in the inherent properties of materials,
variations in the grinding environment, and variations in the mechanism of energy
transfer from the grinding equipment to its charge [26]. The work index for various
types of materials can be found as follows:

• Natural ores:

– Bauxite: 25.66 kWh/ton [27].
– Dolomite: 9.82–12.19 kWh/ton for feed particle sizes of 3300 and 830 lm,

respectively [28].
– Feldspar from 11.14 [26] to 12.80 kWh/ton [29].
– Hematite: 12.68 kWh/ton [29].
– Kaolin: 10.52 kWh/ton [26].
– Limestone: 22.67 kWh/ton [27].
– Quartz: from 11.38 [26] to 12.77 kWh/ton [29].

• Alkaline solid wastes:

– Iron slag: 30.40 kWh/ton [30]

Any variation in the work index in tests at different product sizes indicates that
the material is non-homogeneous to size reduction. As a result, laboratory evalu-
ation should preferably be performed at the product size required in commercial
grinding.

9.5.2.2 Environmental Aspect

For the environmental aspect, the life cycle assessment (LCA) approach is con-
sidered as the most suitable tool for environmental assessment of technologies
and/or processes along their entire life cycles [31–34]. Various types of environ-
mental indicators, expected for their relevance in the process, should be selected to
determine the life cycle environmental impact (LCEI) in the 3E triangle model. The
remaining impact categories could be excluded for the 3E analysis, once they did
not exhibit significant difference among the scenarios. More details on environ-
mental impact assessment via life cycle assessment (LCA) can be referred to
Chap. 9.

9.5.2.3 Economic Aspect

Economic aspect can be determined using various types of economic indicators,
such as costs of operation and maintenance, operation profits, and payback period.
In an accelerated carbonation process, the profits from carbon price (tax) can be
expected since the CO2 emission from industry is reduced. Moreover, the car-
bonated product from carbonation process could be sold as SCMs in blended
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cement or aggregates in concrete block. Table 9.4 presents the price of commonly
used materials in construction engineering. More details on the CBA can be referred
to this chapter.

9.5.3 Data Analyses and Interpretation

Since the complex relationships among 3E aspects can be easily visualized on a
ternary plot among the different scenarios, the triangle graphical presentation can be
used for evaluating key factors that are related but also complementary [36, 37].

9.5.3.1 Data Evaluation

Depending on evaluation goals and objectives, various key performance indicators
(KPIs) should be selected for evaluating the entire process using a triangle model.
From the 3E perspectives, the KPIs can be categorized into engineering perfor-
mance (EP), life cycle environmental impact (LCEI), and economic cost (EC). The
determined KPIs can be thus arranged as a data matrix for LCEI, EP, and EC
indicators, as shown in Eqs. (9.10) to (9.12):

LCEIyi ¼ ðeyiÞ ¼
e11 � � � e1m
..
. . .

. ..
.

es1 � � � esm

2

64

3

75 ð9:10Þ

Table 9.4 Price of commonly used materials in construction engineering. Information is available
in the literature [35]

Materials Category Unit Locations

Mainland Taiwana

Steel slag (BOFS) Amount Mt/y 60 1.2

Price USD/t 6.0

Fly ash (APC) Amount t/y

Price USD/t 6.6–10.0

Cement (CEM I/42.5) Amount Mt/y – 13.2 (in 2016)

Price USD/t 49.8 (in 2008) 73.0 (in 2016)

Fine aggregate Price USD/m3
– 21.7 (in 2016)

Coarse aggregate Price USD/m3
– 19.7 (in 2016)

Fe2O3 (>50%) Price USD/t 75.5 (in 2008) –
a1 USD = 30 NTD
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EPyj ¼ ðpyjÞ ¼
p11 � � � p1m
..
. . .

. ..
.

ps1 � � � psm

2

64

3

75 ð9:11Þ

ECyk ¼ ðcykÞ ¼
c11 � � � c1m
..
. . .

. ..
.

cs1 � � � csm

2

64

3

75 ð9:12Þ

where LCEIyi, EPyj, and ECyk are the original data matrix for LCEI, EP, and EC
indicators, respectively. “y” is the yth studied object, which is different scenarios
with various evaluation targets (e.g., various levels of CO2 capture performance); i,
j, and k are the ith selected LCEI indicator, the jth selected EP indicator, and the kth
selected EC indicator, respectively.

9.5.3.2 Data Normalization and Standardization

Because the KPI usually include multiple dimensions and the value range of KPI
data varies widely, feature rescaling methods should be adopted to make the fea-
tures independent of each other and to scale the range between 0 and 1. Various
types of feature rescaling methods, such as direct and inverse rescaling, are avail-
able to be applied for different types of situations.

1. Direct Rescaling
Equation (9.13) can be used for a “direct rescaling,” where the maximal value in
a certain row represents the highest level of dimensionless feature, i.e., “1”. For
instance, a high treatment scale of a process represents a high performance on
engineering aspect.

X0
yj ¼ x0yj

� �
¼

xyj �min
y¼1

xyj
� �

max
y¼1

xyj
� ��min

y¼1
xyj
� �

0

@

1

A ¼
x011 � � � x01m
..
. . .

. ..
.

x0s1 � � � x0sm

2

664

3

775

ðy ¼ 1; 2; . . .; s; j ¼ 1; 2; . . .; nÞ

ð9:13Þ

where X’yi is the standardized data matrix for direct rescaling indicators.
2. Inverse Rescaling

Equation (9.14) can be used for an “inverse rescaling,” where the maximal value
possesses the lowest level of dimensionless feature, i.e., “0”. For instance, a
high product sale profit represents a low economic impact.
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T0
yi ¼ t0yi

� �
¼

max
y¼1

tyi
� �� tyi

max
y¼1

tyi
� ��min

y¼1
tyi
� �

0

@

1

A ¼
t011 � � � t01m
..
. . .

. ..
.

t0s1 � � � t0sm

2

664

3

775

ðy ¼ 1; 2; . . .; s; i ¼ 1; 2; . . .;mÞ

ð9:14Þ

where T′yj is the standardized data matrix for inverse rescaling indicators.

9.5.3.3 Weighting Factors

The synthetic KPI indexes for LCEI, EP, and LCC can be calculated by Eq. (9.15):

KPIy ¼
Xm

i¼1

ðKPI0yi �WyiÞ ð9:15Þ

where the Wi is the weighting factor of each KPI. The weighting factors (Wi) of
each KPI can be determined by an ad hoc committee, so-called expert consulting,
via the Delphi method [38]. The Delphi method is a widely used methodology for
gathering data from respondents within their domain of expertise [39, 40]. It
originally developed as a systematic and interactive forecasting method, which
relies on a panel of experts. Typically, the experts answer questionnaires in at least
two rounds until getting a consensus.
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Part III
Types of Feedstock for CO2 Mineralization



Chapter 10
Natural Silicate and Carbonate
Minerals (Ores)

Abstract Natural silicate-type (e.g., wollastonite) and carbonate-type (e.g., lime-
stone) ores containing alkaline earth metal are suitable for mineral carbonation
reaction due to their excellent theoretical sequestration potential. Over geologic
time, the natural weathering of carbonate-type ores captures and sequesters atmo-
spheric CO2. On the other hand, vast quantities of silicate-type minerals are
required to sequester a significant fraction of emitted CO2. In this chapter, the
physico-chemical properties of various types of natural ores and/or minerals are
illustrated. Two promising processes utilizing natural ores to capture CO2 from the
flue gas, (1) accelerated mineral carbonation and (2) accelerated carbonate weath-
ering, are discussed in detail in terms of theoretical process chemistry and practical
applications, including challenges and barriers.

10.1 Types of Natural Minerals/Ores

Natural silicate minerals are suitable feedstock for natural carbonation (i.e.,
weathering) because they are rich in calcium or magnesium content. They are
abundant but generally difficult to access. Based on their chemical properties, they
can be categorized into two types: (1) silicate ores and (2) carbonate ores. The
majority of previous researches have focused on the aqueous carbonation of nat-
urally existing silicate minerals, for example, wollastonite [1–3], serpentine [4–6],
and olivine [7, 8]. According to Lackner [9], although there are natural ores on earth
to sequester CO2 emissions from all fossil fuels, cost-effective methods for accel-
erating carbonation (for silicate-type ores or alkaline solid wastes) or accelerating
weathering (for carbonate-type ores) should be developed.

Different types of natural ores are involved with different reaction with CO2.
Table 10.1 presents the physico-chemical properties of these natural ores. Natural
silicate ores, suitable materials subject to accelerated mineral carbonation (see
details in Sect. 10.2 in this chapter), include wollastonite (CaSiO3), serpentine
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(Mg3Si2O5(OH)4), olivine ((Mg,Fe)2SiO4), talcum (Mg3Si4O10(OH)2), pyroxene
((Ca,Na,Fe,Mg)2(Si,Al)2O6), and amphibole. On the other hand, natural carbonate
ores, such as limestone (CaCO3), marble (CaCO3), and dolomite (CaMg(CO3)2),
are suitable for accelerated carbonate weathering (see details in Sect. 10.3 in this
chapter).

10.1.1 Silicate Ores

1. Wollastonite (CaSiO3)

Wollastonite is a mineral rich in calcium inosilicate (CaSiO3), containing small
amounts of iron, magnesium, and manganese substituting for calcium. It has a
specific gravity of 2.87–3.09 and is known as hard material with the Mohs hardness
scale of 4.5–5.0. Moreover, it exhibits brightness and whiteness with low moisture
and oil absorption. Therefore, it is used primarily in ceramics, paint filler, friction
products, and plastics. In 2014, world reserves of wollastonite were estimated to
exceed 90 million tons, where the major producers were China (*300,000 ton/y),
India (*160,000 ton/y), USA (*67,000 ton/y), Mexico (*55,000 ton/y), and
Finland (*11,500 ton/y) [10].

2. Serpentine

Serpentine is not a single mineral and can be classified into two main groups:
(1) Antigorite represents more solid form; and (2) chrysotile represents the fibrous
form, especially asbestos. These kaolinite–serpentine groups are greenish and
brownish and used as a source of magnesium and asbestos. It has a specific gravity
of 2.2–2.9 and is known as soft material with the Mohs hardness scale of 2.5–4.0.
The serpentine group is composed of several related minerals, where a generic
formula could be presented as follows:

Table 10.1 Physico-chemical properties of natural silicate-type and carbonate-type ores

Properties Items Unit Silicate-type Carbonate-type

Serpentine Wollastonite Olivine Talc Dolomite Limestone

Physical Density g/cm3 2.5–2.6 2.5–2.6 3.3–4.3 2.5–2.8 2.8–2.9 2.71

Hardness – 3–5 5–5.5 6.5–7.0 1.0 3.5–4.0 3.0

Chemical CaO % – 45.53 0–18 30.41 56.0

MgO % 43.0 0.03 9–32 21.87 –

SiO2 % 44.1 52.91 42–61 – –

Al2O3 % – 0.07 0–11 – –

FeO % – 0.38 3–20 – –

MnO % – 0.56 – – –

CO2 % – – – 47.72 44.0

H2O % 12.9 – – – –

222 10 Natural Silicate and Carbonate Minerals (Ores)



X2�3Si2O5 OHð Þ4 ð10:1Þ

where X could be Mg, Fe2+, Fe3+, Ni, Al, Zn, or Mn. For example, the antigorite
can be expressed by (Mg,Fe)3Si2O5(OH)4, while the chrysotile is Mg3Si2O5(OH)4.
Chrysotile is a group of polymorphous minerals (different crystal lattice) with the
same chemical composition.

3. Olivine (Mg2SiO4)

Olivine is a mineral rich in hydrated magnesium silicate, expressed as the chemical
formula (Mg,Fe)2SiO4. It is a common mineral in the earth’s subsurface. It has a
specific gravity of 3.2–4.5 and is known as a hard material with the Mohs hardness
scale of 6.5–7.0. Olivine gives its name to the group of minerals with a related
structure (the olivine group), which includes tephroite (Mn2SiO4), monticellite
(CaMgSiO4), and kirschsteinite (CaFeSiO4).

4. Talc (Mg3Si4O10(OH)2)

Talc is a clay mineral rich in hydrated magnesium silicate expressed as the chemical
formula H2Mg3(SiO3)4 or Mg3Si4O10(OH)2. It is commonly used as a substance for
baby powder (or talcum powder). It has a specific gravity of 2.5–2.8 and is known
as the softest material with the Mohs hardness scale of 1. Since 1994, the pro-
duction and apparent consumption of talc decreased by 44 and 34%, respectively
[10]. In 2014, the major talc producers were China (*2200 t/y), India (*660 t/y),
Korea (*540 t/y), USA (*535 t/y), and Brazil (*500 t/y) [10].

10.1.2 Carbonate Ores

1. Limestone

Limestone, a naturally sedimentary rock with 92–98% CaCO3 [11], composes
largely of the minerals of calcite and/or aragonite, which are different crystal forms
of calcium carbonate (CaCO3). In other words, limestone is an abundant and
inexpensive natural ores as CaCO3 sources. Limestone also is the major ingredient
in cement industry. Consequently, clinker manufacturing plants are colocated with
limestone quarries to economically transport limestone from the supply quarry to
the plant [12].

Limestone has numerous applications in building and construction such as
aggregate, white pigment, and filler. Currently, more than 20% of limestone pro-
duction and processing in the USA results in waste limestone fines (<10 mm),
which could be further utilized or being accumulated at limestone mining and
processing sites [13].
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2. Marble

Marble is a non-foliated metamorphic rock, which is primarily composed of
recrystalized carbonates, such as calcite (CaCO3) and dolomite (CaMg(CO3)2), with
trace amounts of clay, micas, quartz, pyrite, iron oxides, and graphite. It usually forms
when limestone is subjected to the heat and pressure ofmetamorphism.Moreover, the
Mohs hardness scale of marble is around 3, indicating that it is easy to carve.
Therefore, it is commonly used for sculpture or served as a material for building.

10.2 Accelerated Mineral Carbonation: Silicate Ores

10.2.1 Natural Mineral Carbonation

Carbonation can occur naturally. Natural carbonation is also well known as
“weathering,” which eventually removes CO2 from the atmosphere by neutralizing
the acid with mineral alkalinity. Natural weathering occurs by the reaction between
natural alkaline silicates and atmospheric CO2, as shown in Eqs. (10.2) and (10.3).
It is noted that the gaseous CO2 in the atmosphere is fixed and stored in the form of
bicarbonate ions via natural carbonation.

CaSiO3ðsÞ þ 2CO2ðaqÞ þH2OðlÞ ! Ca2þðaqÞ þ 2HCO�
3 ðaqÞ þ SiO2ðsÞ

DH ¼ �63 kJ=mol CO2

ð10:2Þ

Mg2SiO4ðsÞ þ 4 CO2ðaqÞ þ 2 H2OðlÞ ! 2 Mg2þðaqÞ þ 4 HCO�
3ðaqÞ þ SiO2ðsÞ

DH ¼ �280 kJ=mol CO2

ð10:3Þ

Another pathway of CO2 fixation in nature is through the formation of carbonate
precipitates. Atmospheric CO2 dissolves in rainwater, producing weak carbonic
acid (CO3

2−), and becomes slightly acidic by nature. Once contact with the rain-
water, calcium and magnesium silicates are leached from the mineral matrix.
Rainwater thus carries the leached calcium and magnesium ions to rivers and
subsequently to the ocean, where solid carbonates (M2+ represents alkaline earth
metal element), such as calcium and magnesium precipitates, are formed as shown
in Eq. (10.4):

M2þ
ðaqÞ þCO2�

3ðaqÞ ! M2þCO�
3ðaqÞ ! M2þCO�

3ðsÞ ð10:4Þ

Chemical weathering of natural mineral ores is one of the main mechanisms
contributing to the global geochemical carbon cycle. Nature’s carbon cycle
sequesters CO2 as mineral carbonates by precipitation from the ocean in a geo-
logical timescale [14]. However, the kinetics of natural carbonation is extremely
slow due to the relatively low CO2 concentration, about 0.03–0.06% [15].
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According to an investigation by Haug et al. [7], the weathering rate of olivine is
estimated to be 10−8.5 mol/(m2s) using the average ground temperature in Norway
of 6 °C and a pH of 5.6, which can be considered as the acidity of rainwater.

10.2.2 Process Chemistry and Reaction Mechanisms

Accelerated mineral carbonation (or accelerated weathering) utilizes natural ores,
such as wollastonite (CaSiO3), larnite (Ca2SiO4), olivine (Mg2SiO4), serpentine
(Mg3Si2O5(OH)4), and fayalite (Fe2SiO4) to react with high-purity CO2, as shown
in Eqs. (10.5)–(10.10). These processes are based on acid–base reactions in which
carbonic acid is neutralized by a base from alkaline minerals. It has been exten-
sively studied in the literature [14, 16, 17]. It was found that the reaction between
minerals and CO2 would form at least one type of carbonate product [18].
Compared to the other proposed technologies (see Chap. 2), the main advantage of
mineral carbonation is that it represents the form of permanent CO2 storage with
environmentally friendly product, i.e., various types of carbonate precipitates.

Wollastonite : CaSiO3ðsÞ þCO2ðgÞ þ 2 H2OðlÞ ! CaCO3ðsÞ þH4SiO4ðaqÞ ð10:5Þ

Larnite : Ca2SiO4ðsÞ þ 2 CO2ðgÞ ! 2 CaCO3ðsÞ þ SiO2ðsÞ ð10:6Þ

Olivine : Mg2SiO4ðsÞ þ 2 CO2ðgÞ þ 2 H2OðlÞ ! 2MgCO3ðsÞ þH4SiO4ðaqÞ ð10:7Þ

Olivine : 2 Mg2SiO4ðsÞ þCO2ðgÞ þ 2 H2OðlÞ ! MgCO3ðsÞ þMg3Si2O5 OHð Þ4ðsÞ
ð10:8Þ

Serpentine : Mg3Si2O5 OHð Þ4ðsÞ þ 3 CO2ðgÞ þ 2 H2OðlÞ
! 3MgCO3ðsÞ þ 2 H4SiO4ðaqÞ þ 2 H2OðlÞ ð10:9Þ

Fayalite : Fe2SiO4ðsÞ þ 2 CO2ðgÞ þ 2 H2OðlÞ ! 2FeCO3ðsÞ þH4SiO4ðaqÞ ð10:10Þ

Typically, the natural minerals containing alkaline earth metals are suitable for
mineral carbonation reaction due to their excellent theoretical sequestration
potential. For instance [19]:

• wollastonite: 0.36 g CO2/g dry sample,
• olivine (forsterite): 0.55 g CO2/g dry sample, and
• serpentine (lizardite): 0.40 g CO2/g dry sample.

In reality, Park and Fan [20] showed that the net CO2 emission of the aqueous
carbonation of serpentine by the pH-swing method was −0.02 kg CO2/kg
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feedstock. However, prior investigations using the pH-swing method consumed a
great amount of base and acid solvents, which would cause adverse effects on the
environment.

10.3 Accelerated Carbonate Weathering: Carbonate Ores

10.3.1 Process Chemistry and Reaction Mechanisms

Accelerated carbonate weathering imitates the natural carbonate weathering reac-
tion according to Eq. (10.11). Natural limestone composes largely of the minerals
of calcite and/or aragonite, which are different crystal forms of calcium carbonate
(CaCO3). Since limestone is much abundant and inexpensive source of calcium
carbonate, extensive studies have been carried out on the accelerated weathering of
limestone (AWL) [11, 21]. In principle, according to the theoretical consideration,
capturing one ton of CO2 will require 2.3 tons of CaCO3 ores and 0.3 tons of water,
thereby generating 2.8 tons of bicarbonate ions.

CO2ðgÞ þH2OðlÞ þCaCO3ðsÞ ! Ca2þðaqÞ þ 2 HCO�
3ðaqÞ ð10:11Þ

The above reaction can be expressed via several steps. First, gaseous CO2 should
be dissolved into solution (liquid phase) to form carbonic acid, as shown in
Eqs. (10.12) and (10.13):

CO2ðgÞ ! CO2ðaqÞ ð10:12Þ

CO2ðaqÞ þH2O ! H2CO3ðaqÞ ð10:13Þ

After that, the carbonic acid is reacted with calcium carbonate in natural ores, as
presented in Eq. (10.14):

H2CO3ðaqÞ þCaCO3ðsÞ ! Ca2þðaqÞ þ 2 HCO�
3ðaqÞ ð10:14Þ

Therefore, the dissolved calcium and bicarbonate ions can be directly released
and diluted in the ocean. The overall process is geochemically equivalent to con-
tinental and marine carbonate weathering, which will otherwise naturally consume
anthropogenic CO2 over many millennia [11].

10.3.2 Seawater as The Liquid Phase for Reaction

In Eq. (10.11), the reaction can be spontaneously driven to the right under elevated
CO2 concentrations (or high pressure). In the case of using seawater with 0.15 atm
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partial pressure of CO2 in flue gas, a carbonic acid solution will be produced, with a
pH of 5.7 at equilibrium condition [13].

Using seawater for the reaction is less effective in dissolving CaCO3 since the
seawater already contains significant quantities of HCO3

− and CO3
2− that act as a

buffer for pH andCaCO3 saturation state depression. Nevertheless, calcium carbonate
undersaturation and CaCO3 dissolution could be easily achieved when seawater is
equilibrated with CO2 in concentrations typical of flue gas (e.g., 5–15 V%) [22]. It
was noted that the dissolution rates of calcium carbonate would be on the order of
2 � 10−6 mmol s−1 per cm2 of reactive surface area of carbonate minerals [23].

10.3.3 CO2 Emulsion with Limestone for Storage in Ocean

Concentrated CO2 storage in deep ocean encounters several challenges: (1) It must
be injected at sufficient depth (*500 m) in the ocean since liquid CO2 is less dense
than water and poorly miscible with water; and (2) it might form carbonic acid and
lower the pH of seawater, which might pose adverse impacts on marine biota. To
overcome the above issues, several researches [24] have been conducted to inject an
emulsion of CO2 in water stabilized by limestone (CaCO3) particles into the ocean.
Under specific conditions, liquid CO2 will form an emulsion in water in the
presence of limestone powders. Since the CO2 emulsion (globule) is denser than
seawater, it could sink deeper from the injection point rather than buoying upward.
In addition, the CaCO3-coated CO2 droplets will not acidify the seawater.

Through proper mixing in a high-pressure batch reactor, a stable emulsion could
be formed with globules consisting of an inner core of liquid CO2 coated with a
sheath CaCO3 (limestone) particles dispersed in solution, as shown in Fig. 10.1

Fig. 10.1 CO2 globules
coated with a sheath of
limestone particles and
settling out of suspension.
Reproduced from Ref. [24]
with the permission from
USDOE, National Energy
Technology Laboratory
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[24]. It is estimated that approximately 0.50–0.75 tons of pulverized limestone
should be required to fix one ton of CO2 into stable emulsions. It was noted that
globules of 100–200 µm diameter were observed by using limestone particles with
a size range of 6–13 µm, at a pH value of solution at 7–10 [24]. Furthermore, the
seawater could be used instead of deionized water to form a stable emulsion.

10.4 Feedstock Processing and Activation

In mineral carbonation, the most important factor is the surface activities of the
feedstock. Various studies have addressed various methods to accelerate the ki-
netics of direct aqueous carbonation, including physico-chemical pretreatment [25,
26], electrolysis [27], thermal heat or steam pretreatment [16, 27], and mechanical
activation methods [4, 7, 18, 20]. It is possible to enhance the reactivity of the
minerals considerably, while these methods require additional chemicals and
energy.

10.4.1 Physico-chemical Pretreatment

In general, the chemical activations were found to be more effective than physical
activation at increasing the surface area. Chemical activation utilizes the solvent,
acid or base agents, to weaken the Ca or Mg bonds in a silicate structure. This
would improve the dissolution kinetics of minerals, thereby increasing the effi-
ciency of substantial carbonation. Many chemical solutions, such as ammonia,
acetone, and hydrogen chloride, have been evaluated in the literature [26, 28, 29].

The “pH-swing” process is also a similar approach to enhancing the mineral
dissolution and CO2 conversion, which is commonly used in indirect carbonation
[30]. It allows silicate minerals to be dissolved at a relatively low pH (<4.0) by acid
treatment and then precipitates carbonates at a relatively high pH (>10.0) with base
addition. This would result in more control of the carbonation process (see dis-
cussion in Chap. 8). However, it is much more expensive than traditional car-
bonation due to the cost of huge usage of chemicals.

10.4.2 Thermal Heat or Steam Pretreatment

As a pretreatment for natural minerals, thermal (heat) activation is commonly used
to remove chemically bound water in the ores. In particular, for serpentines con-
taining up to 13% of chemically bound water, the crystalline features are changed to
amorphous ones following the decomposition of hydroxyl groups after heating to
600–650 °C [20, 27]. For heat pretreatment, O’Connor et al. [16] found that the
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maximum achievable conversion of serpentine could increase up to 78% using a
supercritical CO2 (185 atm) in 30 min at 155 °C and 15% solid contents.

After thermal heat treatment, the porosity and surface area of materials increase,
creating the structural instability. This allows to promote the rate of carbonation
afterward [20, 27]. However, the challenges in this process are that huge amounts of
energy are required to maintain high temperatures, making it impractical for use as
a large-scale treatment. Thus, another new approach is utilizing the exothermic
reaction from mineral carbonation. It has been proved to be self-sufficient in terms
of energy [31].

10.5 Challenges and Barriers in Mineral Carbonation

For mineral carbonation, extensive research studies have focused on the identifi-
cation of reaction pathways and kinetics by bench-scale experiments and charac-
terization of the mineralogy of the reactants and products. Although the CO2

storage capacity of the natural Ca–Mg–silicate minerals is sufficient to fix the CO2

emitted from the combustion of fossil fuels, mineral carbonation of natural ores is
suffered from (1) slow kinetics and (2) energy demanding. These factors become
the major challenges that hinder mineral carbonation from the large-scale use of
silicate minerals. Thus, it suggests that research and implementation of these
technologies require new collaborative efforts among the crushed stone and cement
industries, electric utilities, and the science and engineering communities [12].

10.5.1 Slow Mineral Dissolution and Reaction Kinetics

Pure calcium or magnesium oxides are rarely found in nature minerals due to their
high reactivity. Instead, they are present in a variation of oxides in a silicate matrix,
such as CaSiO3. Conversion of the silicate to carbonate does not occur in the solid
state, but appears to require mineral dissolution in the aqueous phase [16]. In
general, the dissolution of the mineral is considered to be the rate-limiting step in
aqueous mineral carbonation process [20]. In other words, the accelerated mineral
carbonation (or accelerated weathering) reaction is limited by the mass transfer
phenomena, thereby resulting in a slow reaction kinetics and a huge reactor size. It
is estimated that a reactor volume of roughly equivalent to a 60-m cube could
achieve a 20% reduction of the CO2 emissions from a typical 500-MW coal-fired
power plant [32].

Furthermore, the types of reaction product are directly related to the required
operating conditions. Typically, under ambient condition, calcium carbonate
(CaCO3) could be easily formed, compared to magnesium carbonate (MgCO3). It is
noted that mineral carbonation of olivine (rich in Mg contents) at 115 bar and 185 °C
is limited byMgCO3 (magnesite) precipitation, not the dissolution rate of olivine [18].
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10.5.2 High Energy Consumption

The principle drawback of mineral carbonation using natural materials is the
necessity of mining. Beside the energy-intensive mining process, with the present
technology, there is always a net demand for high-grade energy to drive the mineral
carbonation process [14, 33]. For example,

• preparation of the solid minerals, including mining, transport, grinding, and
activation when necessary,

• processing, including the energy associated with recycling and possible losses of
additives or catalysts,

• separation of valuable metals (e.g., iron oxide) from feedstock prior to accel-
erated carbonation or accelerated weathering, and

• disposal of carbonates and by-products.

The use of alkaline solid wastes has received a great attention as an alternative to
natural feedstock since no additional mining process was required. Usually, the
proximity between the CO2 emission and the residue sources reduces transportation
costs [34]. In addition, in an oxidizing atmosphere, the presence of magnetic
material, especially oxides of iron, will negatively affect mineral carbonation by
forming a passive layer of hematite [35]. Therefore, the separation of magnetic
particles (e.g., iron oxide) from the mineral feedstock prior to mineral carbonation is
recommended, where gravity and magnetic separation are the commonly used
techniques [35].

The relevant details regarding accelerated carbonation using alkaline solid
wastes, such as iron/steel slags and air pollution control ashes, are illustrated in the
following chapters.
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Chapter 11
Iron and Steel Slags

Abstract Nowadays, iron and steel industries are moving toward environmental
sustainability through careful control of greenhouse gas emissions and appropriate
management of iron/steel manufacturing residues generated. Application of fresh
iron and steel slags as an alternative to standard materials has been known for a
number of years around the world. It was frequently used in asphalt mixtures, other
layers of pavement structure, unbound base courses, and embankments. However,
several barriers, including volume expansion of blended materials and concerns
about environmental impacts and social acceptance, have been encountered. In this
chapter, the types of iron and steel industries are first illustrated. The
physico-chemical properties of four different types of iron and steel slags, including
blast furnace slag, basic oxygen furnace slag, electric arc furnace slag, and ladle
furnace slag, are then illustrated. In addition, the challenges in direct use of slag in
civil engineering are summarized.

11.1 Iron and Steel Industries

Iron and steel mills are energy- and material-intensive industries because they have
brought down the time for transformation from iron ore to steel within a day.
Typically, the manufacturing process of iron and steel can be divided into two
major groups: (1) integrated mill using natural ore to produce iron and steel and
(2) electric arc furnace using scrap to remake iron and steel.

11.1.1 Integrated Mill Process

Figure 11.1 shows the schematic diagram of an integrated mill manufacturing
process. It comprises of all the functions for primary steel production, including
iron making (convert ore to liquid iron), steelmaking (convert pig iron to liquid
steel), casting (solidification of the liquid steel), roughing and/or billet rolling
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(reduce size of blocks), and product rolling (shaping). The principal raw materials
for an integrated mill are coal (or coke), iron ore, and limestone, which are charged
in batches into a blast furnace. In the blast furnace, the iron compounds in the ore
react with excess oxygen and become liquid iron. Then, the liquid iron will either
case into pig iron product, or direct to other vessel for further steelmaking (e.g.,
basic oxygen furnace). Typically, the final products from an integrated mill plant
are large structural sections (such as heavy plate and railway rails) and long
products (such as bars and pipes).

11.1.2 Electric Arc Furnace (EAF)

An electric arc furnace (EAF) is a furnace that heats a charged material by means of
an electric arc. Figure 11.2 shows a typical EAF process for stainless steel manu-
facturing using scrap material. The EAF normally comprises of three graphite
electrodes, molten bath, tapping spout, refractory movable brick roof, and brick
shell. The EAF is built on a tilting platform so that the liquid steel can be poured
into another vessel for transport. After the EAF process, the molten liquid steel is
sent to ladle refining furnaces, such as argon oxygen decarburization
(AOD) process and desulfurization process, to produce high-quality steel prior to
casting.

In a typical EAF process, the energy sources include electrical energy and
chemical energy resulting from oxidation reactions, while the energy sinks com-
prise the off-gas extraction and furnace cooling systems. Industrial EAF tempera-
tures can be up to 1800 °C (3272 °F). To melt a tonne of scrap steel, the theoretical
minimum amount of energy required is 300 kWh (melting point at 1520 °C or
2768 °F). In Germany, the electrical energy requirements of EAF plants are
approximately 500 kWh/tsteel [1]. The energy supplied to the EAF process,
including electrical energy and chemical energy, is released from the combustion of

Fig. 11.1 Schematic diagram of the integrated steel manufacturing process. Rough values of
some of the raw material and by-product streams are presented in parentheses
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nature gas, liquefied petroleum gas or oil, and the oxidation of elements in the melt
during refining (e.g., C, Si, Al, Fe, Cr, and Mn) [1].

It is noted that the total energy consumption and CO2 emissions levels in the
EAF process are significantly lower than that for oxygen steelmaking due to the
high proportion of recycled scrap (i.e., 1389–4250 kWh per ton steel production)
and the use of electrical energy (i.e., 0.15–1.08 t-CO2 per ton steel production) [2].
On the other hand, the total primary energy consumption of steelmaking defined in
a global life cycle inventory study is 5960–8810 kWh/t with a total CO2 emission
between 1.61 and 2.60 t-CO2 per ton steel production [2].

11.2 Types of Iron and Steel Slags

Steel slag is an inevitable solid waste of the steel manufacturing industry charac-
terized by its strongly alkaline nature and significant levels of metal ions, especially
calcium. Appropriate stabilization and utilization of iron and steel slags are chal-
lenging because these materials are highly active chemically. In the USA, Japan,
German, and France, the fraction of slag utilization is close to 100%, where a half
of the produced slag has been directly used as road base, with the remainder used
for sintering and iron-making recycling [3]. The utilization of slags can not only
provide a partial solution to environmental pollution caused by improper man-
agement of slag but also modify the microstructure and significantly improve the
durability of cement/concrete. There are five main types of iron and steelmaking
slags, including electric arc furnace (EAF), blast furnace (BF), desulphurization
(DS), basic oxygen furnace (BOF), and ladle furnace (LF) slags, each named for the
processes where they are produced.

Iron and steel slags can be generally categorized as iron slag, carbon steel slag,
and stainless steel slag [3]. The chemical composition of iron and steel slags,
primarily in the form of Ca and Mg silicates, is similar to natural sand, gravel, and
crushed stones. The composition of slags varies widely depending on the source
and particle sizes [4]. For instance, the CaO and SiO2 contents in BOF slag increase

Fig. 11.2 Stainless steel manufacturing process from scrap material
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remarkably with the decrease in particle size, while the Fe2O3 fraction decreases
significantly [5, 6]. Moreover, some types of steel slag may contain a notable
amount of heavy metals, such as As, Cd, and Hg, which could cause severe
environmental impacts [4].

Worldwide iron and steel productions in 2014 were estimated to be 1190 and
1650 Mt, respectively [7]. In steel production, about 2–4 tons of solid wastes would
be generated for one ton of steel produced. As a result, huge amounts of iron and
steel slags are annually produced from the BF, BOF, LF, and EAF. Table 11.1
summarizes the typical amounts of the typical solid wastes generated from iron and
steelmaking plants. Worldwide iron slag production in 2014 was estimated on the
order of 310–370 Mt, while steel slag was about 170–250 Mt [7]. In the USA, the
steel produced via either the integrated manufacturing process (e.g., BOF) or the
EAF process is approximately 37 and 63% of total steel production, respectively [7].

Figure 11.3 shows a normalized phase diagram of CaO(MgO)–SiO2(Na2O,
K2O)–Al2O3(Fe2O3) for various types of iron and steel slags. It is noted that the
mineralogical compositions of the steel slags are generally more complex than those
of other types of residues, such as air pollution control ashes [15]. They are a
consolidated mix of many compounds, e.g., primarily calcium, iron, silicon, alu-
minum, magnesium, and manganese oxides, presented in different phases [16]. If
the slag is used in cement and concrete, the CaO and SiO2 contents are primarily
related to the hydraulic and pozzolanic properties, respectively. The CaO and MgO
contents also determine the CO2 fixation capacity for accelerated carbonation or
CO2 curing for cement. On the other hand, the Fe2O3 content contributes to
hardness and grindability of a slag; for instance, the BOFS, DSS, and EAFOS are
relatively hard materials due to their high Fe2O3 content. Consequently, the min-
eralogical investigation is crucial to identify the possible CO2-reacting phases and
the main reaction products contributed by the carbonation process.

Table 11.1 Types of solid wastes generated from iron and steelmaking plants

Source of generation Solid wastes Hot metal
(kg/t)

References

Blast furnace Blast furnace slag (BFS) 250–420 [4, 8]

Blast furnace dust 5–30 [4, 9]

Basic oxygen
furnace

Basic oxygen furnace slag
(BOFS)

50–200 [10–12]

Steel melting shop Ladle furnace slag (LFS) 150–200 [4]

Ladle furnace sludge 15–16 [4]

Refractory, bricks 5–12 [4, 9]

Fly ash 7–15 [9]

Electric arc furnace Electric arc furnace slag (EAFS) 200 [13]

Electric arc furnace dust 10–20 [14]

Rolling mills Mill sludge 12 [4]

Mill scale 22–33 [4, 12]
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In the following sections, the physicochemical properties of blast furnace slag
(BFS), basic oxygen furnace slag (BOFS), electric arc furnace slag (EAFS), and
ladle furnace slag (LFS) are illustrated.

11.2.1 Blast Furnace Slag (BFS): Physico-chemical
Properties

Blast furnace slag (BFS) is a coproduct of the pig iron production and has been
widely used in various applications for many decades. Two types of BFS are
generated from steel plants: (1) air-cooled BFS and (2) granulated (crystallized)
BFS. A portion of the BFS is drenched in water, thereby resulting in a glassy
granulated material with latent hydration properties [17]. Table 11.2 presents the
physico-chemical properties of BFS used in the literature. The specific gravity of
BFS is about 2.90 with bulk density ranging from 1.0 to 1.3 g/cm3. In addition,
BFS contains numerous inorganic constituents, including SiO2 (30–36%), CaO
(32–45%), Al2O3 (10–16%), MgO (6–9%), and Fe2O3 (0.2–1.5%), where their
crystal structure is mainly amorphous [18]. It is also noted that the BFS is rich in
silicon–aluminum components, which is suitable as the raw materials for
geopolymer preparation.

BFS is whitish in color with low iron content and high calcium content, being
similar to the compositions of clinker. Therefore, air-cooled BFS is frequently used
as a substitute for stones, aggregates, and chips for road construction [4]. Similarly,
granulated BFS can be used as raw components for cement production or as a
standardized cement component for the granulated state or as aggregate for the

Fig. 11.3 Normalized CaO
(MgO)–SiO2(Na2O,K2O)–
Al2O3(Fe2O3) phase diagram
for various types of iron and
steel slags. Acronyms: blast
furnace slag (BFS); basic
oxygen furnace slag (BOFS);
electric arc furnace reducing
slag (EAFRS); electric arc
furnace oxidizing slag
(EAFOS); ladle furnace slag
(LFS); phosphorus slag (PS);
argon oxygen decarburization
slag (AODS)
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crystallized state in construction [4, 25]. The granulated BFS can be safely used in
the cement manufacturer; e.g., up to *50% of clinker could be replaced by
granulated BFS as additives in the production of cement [4]. Since the excellent
hydration properties of BFS, the proven benefits in cement quality by partially
replacing Portland cement with BFS include the following [4]:

• low heat of hydration,
• good long-term strength,
• controlled alkali–silica reaction,
• resistance to acid,
• improved durability by the addition of granulated slag, and
• cost-saving measure to the cement industries.

11.2.2 Basic Oxygen Furnace Slag (BOFS):
Physico-chemical Properties

Basic oxygen furnace slag (so-called steel converter slag) was produced simulta-
neously with the steel as the lime reacts with the impurities in the basic oxygen
furnace. In the BOF, the oxygen is blown into the furnace to remove the carbon

Table 11.2 Physico-chemical properties of blast furnace slags (BFS) used in the literature

Items Components BFS used in the literature

[4, 19] [20] [21] [22] [23] [24] [17]

Physico-chemical
properties

Density (g/cm3) 1.2–1.3 – – – – – 1.0–1.3

Surface area
(cm2/g)

– – 4000 – – – –

Basicity (-) – – – 1.34 – – –

LOI (%) 0.4 0.0 – 0.01 – 4.57 –

XRF
(solid phase)

SiO2 (%) 34.6–36.0 33.2 32.3 30.2 32.3 31.0 41.2

CaO (%) 39.0–41.0 38.2 39.4 40.4 45.2 37.2 32.7

Al2O3 (%) 11.0–12.5 16.3 10.5 10.8 10.6 14.3 14.3

Fe2O3 (%) 0.5 0.3 0.5 0.6 0.7 1.5 0.8

P2O5 (%) – 0.10 – – 0.1 – –

MgO (%) 8.4–8.7 8.1 8.7 – 6.4 9.1 7.3

SO3 (%) – N.D.a 3.2 3.2 2.0 0.1 0.8

MnO (%) 0.3 – 0.5 – 0.3 – 0.8

TiO2 (%) – – – 6.0 0.5 – 1.1

K2O (%) – – 0.8 0.6 0.4 0.6 0.9
aN.D. Not detected (under detection limit)
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from the molten iron, thus producing low-carbon steel [25]. Depending on the grade
of steel produced, approximately 100–200 kg of BOFS can be generated for each
ton of steel production [10]. Table 11.3 presents the chemical properties of basic
oxygen furnace slag (BOFS). The major oxides in BOFS are CaO (38–48%), Fe2O3

(17–38%), SiO2 (9–20%), and MgO (6–9%). A portion of CaO in BOFS presents in
terms of Ca(OH)2 (1–7%) and free-CaO (2–8%). Since CaO is a lipophilic mole-
cule, the BOFS can be closely integrated with the asphalt, reducing the phe-
nomenon of stripping and enhancing the resistance to water [26].

Table 11.4 presents the mineralogical composition of BOFS in the literature.
b-C2S (38–52%) is the main form of calcium silicate species in BOFS, and it is the
active polymorph presented in clinker [27, 28]. Other common mineralogy of
BOFS includes C2F (20–30%), C3S, C4AF, RO phase (CaO-FeO-MgO solid
solution), olivine, and merwinite [29, 30]. It is noted that the C3S phase is present in
basic BOFS if the CaO/SiO2 ratio is higher than 2.7 [31]. Moreover, the minor
phases, such as calcite (CaCO3), periclase (MgO), and quartz (SiO2), have been
identified in particular samples [25, 32]. The contents of SiO2 and Al2O3 in BOFS
are significantly lower than those of granulated BFS, while the Fe2O3 content in
BOFS is much higher than that of granulated BFS.

Table 11.3 Chemical properties of basic oxygen furnace slags (BOFS) used in the literature and
its associated CO2 capture capacity

Items Components BOFS-1 BOFS-2 BOFS-3 [20] BOFS-4 [26]

XRF
(solid phase)

SiO2 (%) 8.6–13.1 7.8–12.1 19.5 11.1

CaO (%) 40.1–45.0 38.4–39.3 47.6 46.4

Al2O3 (%) 1.7–2.1 1.0–2.7 2.67 1.2

Fe2O3 (%) 28.3–32.0 22.5–38.1 16.8 23.2

P2O5 (%) 1.4–2.4 – 1.76 2.1

MgO (%) 4.5–7.5 8.6–9.0 7.58 8.4

Cr2O3 (%) – – – –

TiO2 (%) 0.5–0.9 0.9 – 0.4

SO3 (%) 0.4–1.2 – N.D.a –

ZnO (%) – 0.03 – –

MnO (%) 2.0–4.1 3.6–4.3 – 2.7

Chemical analysis f-CaO (%) 2.0–8.1 – – –

f-MgO (%) – – – –

Ca(OH)2 (%) 1.1–7.3 – – –

Thermal analysis CaCO3 (%) 1.9–4.0 – – –

LOI (%) 0–8.3 9.0 0 –
aN.D. Not detected (under detection limit)
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With similar chemical compositions to Portland cement, the exploitation of
BOFS in some hydraulic binders could be considered. However, due to the high
Fe2O3 content in BOFS, the absolute density is as high as 3.7 g/cm3, thereby
requiring a greater grinding work than clinker. Moreover, since iron is relatively
inert with water contact, the high iron content would minimize the hydraulic
activity of blended cement [25]. As a result, a reclamation process for iron com-
ponents in BOFS prior to carbonation or utilization should be considered.

Furthermore, due to its low content of C3S as well, blended cement and concrete
with BOFS exhibit poor hydraulic activity at early ages of activation [35]. This can
be enhanced by the addition of CaCl2 to improve the mechanical properties because
it can form a complex with Ca(OH)2 [25, 36]. Among several available admixtures
(CaCl2, CaO, NaCl, and Na2SiO3), only CaCl2 is effective in improving the
mechanical properties of blended cement at early ages [25].

Table 11.4 Mineralogical compositions of basic oxygen furnace slags (BOFS) in the literature

Mineral names Chemical formula References

[33] [34] [25]

Srebrodolskite Ca2Fe2O5 (C2F) 32.3 37.2 30.3

b-C2S Ca2SiO4 30.8 21.5 41.8

c-C2S Ca2SiO4 – 7.3

Lime CaO 8.8 10.6 2.0

Iron Fe – 0.4 –

Wustite FeO 6.7 1.1 11.9

Hematite Fe2O3 – 4.1 –

Magnetite Fe3O4 – 0.8 –

Ferrosilite FeSiO3 – 2.8 –

Fayalite Fe2SiO4 3.8 5.5 –

Portlandite Ca(OH)2 3.1 – 6.3

Wollastonite CaSiO3 2.9 1.1 –

Brucite Mg(OH)2 2.4 – –

Ferrosilite (Fe(II),Mg)2Si2O6 2.2 – –

Clinoenstatite Mg2Si2O6 1.9 – –

Enstatite MgSiO3 – 3.8 –

Periclase MgO 1.1 0.7 –

Calcite CaCO3 – – 2.9

Quartz SiO2 – 2.8 4.7

Other (<1 wt%) – 4.0 – –
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Table 11.5 Chemical properties of electrical arc furnace slag (EAFS) used in the literature

Items Components EAFOS-1 EAFOS-2 EAFOS-3 [38] EAFRS

XRF
(solid phase)

SiO2 (%) 6.0–15.4 13.1–23.3 14.9–42.2 26.6–28.2

CaO (%) 24.4–29.1 23.9–33.0 5.6–39.6 40.8–49.4

Al2O3 (%) 12.2–14.1 4.1–7.4 1.8–12.3 8.4–17.6

Fe2O3 (%) 27.4–34.4 24.1–36.8 0.9–48.3 1.1–1.6

Na2O (%) 0.1–0.2 – – –

P2O5 (%) 1.19–1.24 – – –

MgO (%) 2.9–3.4 5.1–12.0 1.9–17.6 6.2–9.8

Cr2O3 (%) 0.7–1.0 0.8 – –

TiO2 (%) – 0.6–0.9 – –

SO3 (%) – 0.03–0.14 0.01–0.08 0.04–0.38

K2O (%) 1.1–1.5 – – –

PbO (%) 0.22–0.32 – – –

MnO (%) 5.6–15.6 4.2 – –

11.2.3 Electric Arc Furnace Slag (EAFS):
Physico-chemical Properties

Electric arc furnace slag (EAFS) can be categorized into two types:

• EAF oxidizing slag (EAFOS), with a lower CaO content and
• EAF reducing slag (EAFRS), with a higher CaO content.

Table 11.5 presents the chemical properties of different kinds of EAFS.
Compared to EAFRS or other steel slags, the EAFOS exhibits great hardness and
grinding resistance due to its high iron oxide content (24–37%), commonly dis-
playing resistance to erosion and fragmentation [37]. Moreover, the concentrations
of free-lime and total sulfate (expressed as SO3) present in EAFS are usually below
0.1 and 0.6%, respectively.

Rapid cooling of EAFS is necessary to avoid the defects of disintegration in slag
by converting the unstable polymorph C2S phase to the low-temperature stable
form (such as c-C2S), resulting in an increase of 10% in volume [37]. In general,
both oxidizing and reductive EAFS can be used as aggregates and cementitious
materials in concrete, respectively [39]. The porous nature of EAFS could provide a
strong interlocking effect for concrete or cement development [38]. According to
X-ray diffraction analysis, the main crystalline phases in EAFS include the fol-
lowing [32, 37]:

• Iron oxides

– wustite [FeO],
– magnesioferrite [MgFe2O4],
– magnetite [Fe3O4], and
– Hematite [Fe2O3].
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• Silicates

– larnite [Ca2SiO4],
– bredigite/merwinite [Ca14Mg2(SiO4)8], and
– gehlenite [Ca2Al(Al,Si)2O7].

• Manganese oxides

– birnessite [(Na0.3Ca0.1K0.1)(Mn4+,Mn3+)2O4�1.5 H2O],
– hausmannite [Mn3O4],
– rutile/hollandite [MnO2], and
– groutellite.

Due to its low pozzolanic activity and the possibility of long-term expansion
reaction, fresh EAFS might not be a suitable feedstock as supplementary cemen-
titious materials and/or active additions. According to the result in the literature
[32], cement mortar blended with fresh EAFS did not exhibit pozzolanic activity
within 90 days. Regarding the long-term volume instability, the presence of the
periclase crystal (MgO) in fresh EAFS should be the main challenge. It was noted
that the free-MgO content in EAFS was typically below 1% for the various particle
sizes [32]. The non-combined MgO contents in EAFS should be a vitreous or
amorphous phase, which is responsible for the long-term expansion reaction [32].

11.2.4 Ladle Furnace Slag (LFS): Physico-chemical
Properties

The ladle refining process is regarded as the secondary metallurgy process, whose
purpose is to convert the molten pig iron and/or steel scraps into high-quality steel.
Ladle furnace slag (LFS), so-called refining slag, comes from the refining process of
pig iron or molten steel via various types of ladle furnace converters [4, 40]. For
example, the desulphurization slag (DS) would be generated from the desulphur-
ization process for molten liquid steel. Table 11.6 presents the chemical properties
of different kinds of LFS, including DS, argon oxygen decarburization slag
(AODS), and phosphorus slag (PS). It is noted that calcium, silicon, magnesium,
aluminum, and iron oxides represent more than 95% of the total mass in LFS. The
extractable CaO content (e.g., free-CaO) is typically higher than 6% in the
as-received LFS with small particle (less than 75 µm), while lower than 2% for LFS
with large particles (75–600 µm) [41].

Calcium silicates are the major components in the fresh LFS, where the typical
mineral phases include diopside [MgCaSi2O6], merwinite [Ca3Mg(SiO4)2], rankite
[Ca3Si2O7], wollastonite [CaSiO3], larnite [b-Ca2SiO4], bredigite [Ca7Mg(SiO4)4],
ingesonite [(c-Ca2SiO4)], and calcium–olivine. During the cooling process of LFS
at temperatures of 450–500 °C, the high-temperature stable form of dicalcium
silicate, i.e., larnite (b-C2S), could be gradually converted into the low-temperature
stable form of belite (c-C2S). This is responsible for the initial cracking of the LFS
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monolithic mass and the resultant by-product in the form of a gravel. Other major
crystal phases in fresh LFS include portlandite [Ca(OH)2], hematite [Fe2O3],
wustite [FeO], magnetite [Fe3O4], and periclase [MgO], with minor compounds
such as jasmundite, fluorite, brucite, and aluminum [9, 40].

A fine LFS with high fineness and specific surface area can be used to con-
struction or industrial processes [40]. However, practical application of the LFS
differs from BFS, BOFS, and EAFS due to its greater variety in composition and
structure [40] than EAFS [43] and BOFS [44, 45]. The use of LFS in each particular
engineering application should be carefully analyzed in accordance with the
composition and structure. It suggests that the observable prevalence of aggregate
particle sizes should be about 50–60 µm [40].

11.3 Challenges in Treatment, Disposal, and/or Utilization

Huge amounts of iron and steel slags are generated annually worldwide from
integrated manufacturing processes and/or the electric arc furnace. Conventionally,
the treatment approach for BOFS is dumping and partial reuse as an aggregate for

Table 11.6 Physico-chemical properties of ladle refining furnace slags used in the literature

Itemsa Components LFS(unspecified) AODS PS DS [42]

Physical properties Specific surface (cm2/g) – – – 3829

Specific gravity – – – 2.38

XRF
(solid phase)

SiO2 (%) 12.6–19.8 32.5–34.1 43.1 15.7

CaO (%) 50.5–57.5 54.5–54.8 46.7 66.2

Al2O3 (%) 4.3–18.6 1.1–1.4 2.6 3.5

Fe2O3 (%) 1.6–3.3 0.2–0.3 0.8 7.4

Na2O (%) 0.03–0.07 – – –

P2O5 (%) *0.01 – – 0.6

MgO (%) 7.5–11.9 8.0–9.0 1.2 2.3

Cr2O3 (%) 0.01–0.1 *0.8 – –

TiO2 (%) 0.18–0.89 *0.4 – –

SO3 (%) 0.9–1.5 (as S) *0.2 – 3.4

K2O (%) 0.01–0.02 – – –

MnO (%) 0.36–0.52 *0.4 0.1 0.5

Chemical analysis f-CaO (%) 3.5–19.0 – – –

f-MgO (%) 3.0–8.0 – – –

Ca(OH)2 (%) – – – –

Thermal analysis CaCO3 (%) – – – –

LOI (%) 1.2–5.5 0.1 0.4 –

aArgon oxygen decarburization slag (AODS); phosphorus slag (PS); desulfurization slag (DS)
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civil engineering due to its good technical properties. Due to the excellent char-
acteristics, the iron and steel slags could be utilized in various fields and
applications:

• artificial reef [46];
• aggregate in concrete [47, 48] and in asphalt mixture [49];
• supplementary cementitious materials [50, 51];
• catalyst in humification [52] or Fenton reaction [53];
• enhanced chemical oxidation for groundwater remediation [54];
• adsorbent for hazardous substances from wastewater, such as ionic copper and

lead [55] and phosphates [56];
• geopolymer for immobilizing heavy metals, such as Cu2+, Zn2+, Pb2+, and Cd2+

[22], or structural geopolymer concrete [57]; and
• ceramic tiling [17].

For instance, the Fe oxides and/or oxyhydroxides (Fe-oxys) components in
BOFS can provide a high adsorption capacity for phosphates. Since the adsorption
mechanism involves an inner-sphere ligand exchange, the affinity of phosphates to
Fe-oxys depends on the complexing capacity of anions by the ligand exchange,
attractive (or repulsive) electrostatic interactions with charged surface [56]. In this
case, the pH of the solution plays a crucial role in the phosphate removal efficiency.

In the USA, steel slag is currently sold and used for various applications, pre-
dominantly for asphalt and concrete aggregate and road base [58]. Research on the
utilization of iron and steel slags has been carried out in the following fields:
(a) aggregate in concrete or asphalt, (b) cement industry, (c) road construction,
(d) glassmaking, (e) ceramic tiles, (f) soil conditioner for agriculture, (g) aquacul-
ture, and (h) land amendments [59], as shown in Table 11.7. However, conven-
tional uses of untreated iron and steel slags in civil engineering have encountered
several technological barriers, such as fatal volume expansion, heavy metal
leaching, and low cementitious property of slag.

Table 11.7 Utilization of iron and steel slags around the world

Types of slags Production techniques Typical applications

Blast furnace
slag (BFS)

Air cooled Base, subbase, concrete aggregate, filter
aggregate, construction fill, scour protection,
rockwool, etc.

Granulated blast
furnace slag
(GBFS)

Molten slag quenched
with high-pressure water
sprays

Subbase, construction fill, construction sand,
stabilizing binder, grit blasting, glass,
cement manufacture, etc.

Basic oxygen
furnace slag
(BOFS)

Air cooled and watered Base, subbase, asphalt aggregate, sealing
aggregate, construction fill, subsoil drains,
grit blasting, adsorbent for phosphate, etc.

Electric arc
furnace slag
(EAFS)

Air cooled and watered Base, subbase, subsoil drains, grit blasting,
asphalt aggregate, etc.
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In the following parts, conventional pathways of direct utilization for fresh iron
and steel slags in civil engineering, such as (1) road and pavement engineering,
(2) hydraulic engineering, (3) fine aggregates in concrete, and (4) supplementary
cementitious materials in blended cement are illustrated.

11.3.1 Coarse Aggregates in Road and Pavement
Engineering

Road consists of a number of layers, including asphalt surface layer, asphalt binder
course, asphalt base course, unbound base course, frost protection layer, founda-
tion, and subgrade. In modern road, steel slag can be used as a coarse aggregate in
surface layers of the pavement or in unbound bases and subbases, especially in
asphaltic surface layers due to its high level of strength, high binder adhesion, and
high frictional and abrasion resistance [4, 52, 60]. In Japan and Europe, approxi-
mately 60% of steel slag has been used for road engineering; in the UK, 98% of
steel slag is utilized as aggregates of cement and bituminous pavement [3].

Excellent mechanical properties can be exhibited when fresh steel slag was used
as coarse aggregates in bituminous mixes asphalt [61], cold-mix recycling asphalt
pavement [62], hot-mix asphalt [63], and stone mastic asphalt (SMA) pavement
[49]. According to Asi [64], the asphalt concrete containing 30% of fresh steel slag
exhibited the highest skid number, compared to the Superpave, conventional SMA,
and Marshall mixes. For high-tracked road layers, especially for asphaltic surface
layers, several unique features have qualified them as coarse aggregates in concrete
[60, 62], such as the following:

• high polished stone value,
• binder adhesion >90%,
• enhanced Marshall stability, resilient modulus, and tensile strength, and
• improved resistance to moisture damage.

In the case of SMA containing fresh steel slag, the performance as a surface
friction course was comparable with that of conventional asphalt pavement [49] and
even better in some aspects [65]. Although the substitution of steel slag for basalt
increases the optimal bitumen content slightly, the performances of volume stability
for SMA mixture can meet the related requirements of specifications [49].

11.3.2 Coarse Aggregates in Hydraulic Engineering

Steel slag can be used for dams and dikes, stabilization of river bottoms, refilling of
erosion areas on river bottoms, and stabilization of riverbanks. Due to its high
apparent density, strength, rough texture, and durability, steel slag can be processed
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as high-quality aggregates comparable with natural aggregates. For application in
hydraulic engineering, steel slag with bulk density and particle sizes higher than
3.2 g/cm3 and 10 mm, respectively, is typically required to offer a high level of
strength, abrasion, and a rough texture. Therefore, steel slag is qualified as con-
struction materials for hydraulic engineering purposes to prevent the erosion of fine
particles [3, 60]. These features of aggregates can ensure long-term resistance to
dynamic forces coming from waves and river flow [60]. In Germany, approximately
400,000 tons of steel slag are annually used as aggregates for the stabilization of
riverbanks and riverbeds against erosion [60].

11.3.3 Fine Aggregates in Concrete Blocks

Iron and steel slags can be used as fine aggregates for high-strength and refractory
concrete [3]. The compressive strength of concrete using steel slags as fine
aggregates is 1.1–1.3 times higher than that of conventional concrete [66],
becoming a high-strength concrete of greater than 70 MPa [67] and even reaching
100 MPa [68]. Moreover, other important properties of concrete can be improved,
such as fire resistance up to 400 °C [69], excellent water-reducing effect [70], and
excellent performance of anti-chloride ion penetration [68]. Several methods have
been proposed to improve the performance of steel slag as fine aggregates. For
example, Ducman and Mladenovic [71] developed a process for reheating slag up
to temperatures of *1000 °C prior to its use for refractory concrete. The results
indicated that the final products blended with the pretreated EAFS exhibited
comparable mechanical properties to the conventional bauxite aggregates.

11.3.4 Supplementary Cementitious Materials
(SCM) in Cement

Iron and steel slags with a fine particle size (typically less than 125 µm) can be used
as supplementary cementitious materials (SCMs) in cement and concrete. With the
use of slag as SCM, formation of the hydrated products of calcium aluminates could
provide small or moderate development of mechanical strength [40]. The cemen-
titious properties of slag normally increase with its basicity, such as the presence of
C3S, C2S, and C4AF. For instance, anhydrous calcium silicates and aluminates of
slag could be potentially reactive with water at room temperature [40, 45].

BFS (iron slag) is particularly suitable for high-performance concrete because
the hardening (hydration) of concrete with BFS is generally slower than that with
Portland cements [72]. The ground BFS powder can be used along with clinker and
gypsum for the production of Portland cement [73] and belite cement [74], due to
the compositions similar to those of clinker (high CaO to FeO ratio), or used as

246 11 Iron and Steel Slags



SCMs in cement and concrete [75]. It was noted that the compressive strength of a
mixture of phosphogypsum, granulated BFS, steel slag, and limestone exceeded
40 MPa at 28-d [76]. The hydration products were found to be mainly ettringite and
C–S–H gel.

Similarly, a certain amount of steel slag addition as SCMs in cement could
improve the porosity and pore distribution, and increase the consistency of cement
[77]. It was noted that blended cement with 30% steel slag fine powder addition
could meet the Turkish standard requirements for Portland cement [78]. However,
fresh BOFS (one type of steel slag) typically contains 3–10% free-CaO and 1–5%
free-MgO [6], which would lead to fatal expansion of hardened cement-BOFS
paste. This has limited its application as SCMs in cements or aggregates in con-
crete. Furthermore, because of its high iron oxide content, fresh BOFS may not be a
suitable material as SCMs. In some circumstances, BOFS needs to be subjected to
metal recovery processes before its application and utilization [4].

11.4 Incorporated CO2 Emission Reduction with Slag
Stabilization

Iron and steel mills accounts for 22% of total industrial energy use in 2011 [79] and
6–7% of total CO2 emissions worldwide [80]. Although CO2 emission from iron
and steel industrial plants is relatively lower than that from power generation plants,
effective control of greenhouse gas emission in the steelmaking industry is
important in moving toward environmental sustainability. Beside the CO2 emission,
large amounts of iron and steel slags are generated from the iron and steel pro-
ductions. During steel production, 2–4 tons of solid wastes are generated per ton of
steel produced [4]. Appropriate stabilization and utilization of iron and steel slags
are challenging because these materials are highly active chemically.

Substitution of iron and steel slags in cement and concrete can not only conserve
dwindling resources but also reduce the environmental impacts of quarrying and
exploitation of the raw materials for cement manufacturing. Aside from iron and
steel slags, different types of solid wastes, such as fly ash, silica fume, by-product
gypsum, rice husk ash, red mud, and lignin-based materials, are suitable to partially
substitute clinker or Portland cement in mortar. It is noted that during cement
production, a large amount of air pollutants and CO2 will be generated. The carbon
footprint of cement industry is approximately 0.8–1.3 ton CO2 per ton of cement
production in the dry process [81], associated with a large amount of SO2 emission
depending upon the type of fuel used.

As a result, an integrated approach to capturing CO2 while also improving the
environmental and mechanical properties of iron/steel slags appears to be highly
desirable. CO2 capture by carbonating the iron and steel slags could be an interesting
option for reducing CO2 emissions from steel plant. Recently, accelerated carbon-
ation of iron and steel slags has been progressively evaluated to determine the CO2
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fixation potential for various types of slags [51, 82, 83]. Prior to going through the
attractive process, in this section, the iron and steel manufacturing processes are
briefly illustrated. While global theoretical CO2 emission reduction potential of steel
slag carbonation is only 170 Mt/year (estimation of the world’s annual slag pro-
duction vary from 220 and 420 Mt, with a CaO content of 34 * 52%), the reduction
could be quite significant for an individual steel mill [84].
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Chapter 12
Fly Ash, Bottom Ash, and Dust

Abstract Fly ashes, suspended in the exhaust gases, can be collected by electro-
static precipitators or baghouse filter. On the other hand, the portion of the
non-combustible residues from combustion in an incinerator or furnace that fall by
themselves to the bottom hopper of a furnace or incinerator is referred as bottom
ash. Both the fly ash and bottom ash can be used in various applications, such as
concrete production, embankments, cement clinkers, and road subbase construc-
tion. In this chapter, the physico-chemical properties of fly ash and bottom ash are
illustrated. In addition, the challenges in direct utilization of ashes, such as heavy
metal leaching, are discussed.

12.1 Introduction

Solid ashes, such as air pollution control (APC) residues, bottom ash, and dust, are
typical by-products from industrial or combustion processes. Due to the wide
varieties of input feedstocks in physico-chemical properties, the produced ashes
may contain hazardous compounds which might be harmful to human health and
ecosystem quality. APC residues are the solid output of the flue gas treatment
equipment after incineration or combustion processes. Typically, they comprise the
fly ash from incineration (fine particles) together with the reagents (such as lime and
activated carbon) used in the treatment equipment. On the other hand, bottom ash
will generate in the incineration or combustion (furnace), which is considered part
of the non-combustible residue. It usually refers to coal combustion ash in an
industrial context, or bottom ash in a municipal solid waste incinerator (MSWI).

In the following content, the physico-chemical properties of different types of
ashes are illustrated. The challenges in direct utilization of the ashes are also
addressed.
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12.2 Fly Ash

Fly ash (FA), called APC residues from combustion process, are classified as
hazardous wastes according to the Commission Decision 2000/532/EC due to the
character of fine particle size and the potential release of persistent organic pollu-
tants (POPs), metals, and soluble salts [1, 2]. Thus, they may contain the following:

• Volatile contaminants: chlorides, metals, etc.,
• Compounds created in the incineration process: dioxins, etc., and
• Other materials from flue gas treatment process: sulfates, alkalinity, etc.

In general, the FA is captured by electrostatic precipitators or other particle
filtration equipment such as baghouse filter. In the United Kingdom, FA is also
referred as pulverized fuel ash, which is mainly the product of coal combustion. In
the USA, coal FA can be divided into two categories: (1) class C or (2) class F in
accordance with the ASTM C618. The primary difference between the two US
classifications of coal FA is the total content of silica, alumina, and ferrite in the
material. Typically, the class C FA (FA-C) has much higher calcium content than
class F FA (FA-F) [3]. This excess content of calcium is responsible for the
self-cementing nature of FA-C as the principal reactive phases of FA-C are
anhydrite (CaSO4) and lime (CaOH).

12.2.1 Physico-chemical Properties

Table 12.1 presents the chemical properties of various types of FA used in the
literature and its associated CO2 capture capacity. FA is a heterogeneous material,
with a spherical shape in size from 0.5 to 300 µm. According to the XRF results,
the chemical composition of FA varies widely depending on the source and on
particle sizes. For example, the chemical composition of fresh by-product ash
consists mainly of CaO (*62.8%) and SO3 (*31.0%). The mineral composition of
FA includes merwinite [(Ca3Mg)(SiO2)4], periclase (MgO), anhydrite [Ca(SO)4],
stishovite (SiO2), and calcite (CaCO3), where Ca(SO)4 is the main phase.
Therefore, the SO3 composition in the fresh FA is mainly related to CaSO4�2H2O
(gypsum), which has a profound effect on the initial cement chemical as well as
mechanical strength.

In the fresh FA, Ca–Mg–Si oxide is typically present in significant quantities [4].
The contents of MgO, free-CaO, and Ca(OH)2 in the fresh FA are generally related
to a poor durability of cement mortar (e.g., autoclave expansion).

12.2.2 Challenges in Direct Utilization

During combustion in the boiler, a significant amount of limestone (CaCO3) is
introduced to suppress sulfur-species pollution from petroleum coke. Thus, the
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fresh FA contains a large amount of gypsum (CaSO4) and calcium oxide
(free-CaO). Typically, the FA generated from a circular fluidized-bed (CFB) boiler
is considered as a pozzolanic constituent. It has been widely used as supplementary
cementitious materials (SCMs) or fine aggregates in blended cement [5, 6]. In
another approach, the fresh FA can be used as a soil modification material for the
following: (1) increasing strength, (2) enhancing load carrying capacity, and
(3) reducing the potential volume change of soil [7].

Due to their high chemical activity, stabilization processes for fresh FA are
required prior to further utilization in civil engineering [8, 9]. These APC residues,
such as fly ash, are currently handled entirely by cement solidification and chemical
agent stabilization treatments and then placed in sanitary landfills [10]. Several
researches have applied highly pure CO2 as curing atmosphere for FA-based
cement mortar to eliminate free-CaO content and to enhance initial strength
development [9, 11, 12].

12.3 Bottom Ash

Bottom ash (BA) is part of the non-combustible residues from combustion in an
incinerator or furnace. The portion of the residues that fall by themselves to the
bottom hopper of an incinerator or furnace is referred as BA. Usually, the BA was
generated in large quantities from a municipal solid waste incinerator (MSWI).
Incineration is an environmental-friendly treatment and management option to

Table 12.1 Chemical properties of various types of fly ash (FA) used in the literature and its
associated CO2 capture capacity

Itemsa Components
(%)

Coal FA
(Victorian)

Coal
FA

MSWI-FA By-product lime
ash [1]

XRF (solid
phase)

SiO2 58.6–60.0 51.2 9.2–13.0 3.08

CaO 5.9–7.5 9.2 24.8–29.7 62.8

Al2O3 19.1–19.7 26.0 2.1–2.5 1.01

Fe2O3 4.7–5.4 2.4 11.1–23.0 0.70

Na2O 0.7–1.0 0.5 6.5–9.0 0.06

P2O5 – 0.7 0.03 –

MgO *3.9 2.4 13.0–25.5 0.83

SO3 – 0.4 12.8–15.0 31.0

K2O 1.0–2.0 0.8 0.4–0.5 0.43

Chemical
analysis

f-CaO – – – 11.4

Ca(OH)2 – – – 3.42

Thermal
analysis

CaCO3 <0.1 – – –

LOI 0.6 – – –
aVictorian brown coal fly ash (VBC-FA); Fly ash (FA)
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dispose municipal solid waste (MSW), especially where recycling or reuse is not
possible. The MSWI can provide several advantages [1, 13, 14]:

• Mass and volume reductions of original waste can be up to 85 and 95%,
respectively.

• Separation in fractions of different residues (e.g., ferrous metals, nonferrous
metals, and granulate fractions) and the possibility of waste-to-resource
conversion.

• It provides disinfection, reduction of organic matter.
• It can offer possibility of energy recovery.
• Fly ash (FA), or so-called air pollution control (APC) ash and

The combustion of MSW in incinerators would result in gaseous effluent con-
taining approximately 12 vol.% CO2 and two solid waste streams [15]:

• Fly ash (FA), or so-called air pollution control (APC) ash and
• Bottom ashes (BA).

Despite the significant volume reduction of MSW by incineration, the produced
amounts of solid residues are still substantial. For each ton of MSW mass incin-
erated, approximately 35 kg of FA and 160 kg of BA are produced. In other words,
these solid wastes would be up to a mass fraction of 20% from the original MSW
[15, 16]. Particularly, the MSWI-BA accounts for 80–90% of the total mass of the
MSWI residues [17]. In Taiwan, there are currently 24 large-scale MSW inciner-
ators commercialized, with an annual incinerated MSW around 5.93 million tons in
the years of 2002–2009 [10].

12.3.1 Physico-chemical Properties

MSWI-BA is a heterogeneous mixture of slag including ferrous and nonferrous
metals, ceramics, and other non-combustible materials. The elemental composition
of MSWI-BA depends primarily on the composition of the waste input, which may
vary with location, season, and recycling schemes in operation [18, 19]. Table 12.2
presents the physicochemical properties of MSWI-BA. The major elements in
MSWI-BA are O, Cl, Ca, Si, Al, Fe, Na, K, Mg, and C, with trace elements
including Cu, Zn, S, Pb, Cr, Ni, Sn, Mn, Sb, V, and Co [1, 19]. According to the
XRF analysis, the major components in the MSWI-BA are SiO2, CaO, Al2O3, and
Fe2O3, while the trace compounds are Na2O, MgO, P2O5, TiO2, and SO3.

Mineralogical studies indicate that the main crystalline phases of MSWI-BA are
typically [18, 19] as follows:

• Silicate:

– Quartz [SiO2],
– Gehlenite [Ca2Al2SiO7],
– Olivine [(Mg, Fe)2SiO4],
– Epidote (Al–Ca–Fe–SiO2),
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– Augite [(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6], and
– Pigeonite (Al–Ca–Fe–Mg–Mn–Ti–Na–SiO2).

• Sulfate:

– Anhydrite [CaSO4],
– Ettringite [Ca6Al2(SO4)3(OH)], and
– Gypsum [CaSO4�2H2O].

• Carbonate:

– Calcite [CaCO3] and
– Aragonite [CaCO3].

• Iron oxide:

– Hematite [Fe2O3] and
– Magnetite [Fe3O4].

• Others trace amounts:

– Tassieite (Ca–Fe–Mg–Na–P–OH) and
– Ktenasite (Cu–H–O–S–Zn).

Table 12.2 Summary of physico-chemical properties of MSWI-BA [14]

Properties Items Fresh MSWI-BA

<125 lm 125–350 lm 350–500 lm

Physical True densitya (g cm−3) 2.70 2.73 2.78

Mean diameter (lm) 59.6 175.8 501.5

Median diameter (lm) 45.1 164.9 513.5

BET surface areaa

(m2 g−1)
6.63 ± 0.02 4.00 ± 0.02 3.51 ± 0.01

Langmuir surface area1

(m2 g−1)
9.31 ± 0.30 5.57 ± 0.20 4.87 ± 0.17

Chemical XRF SiO2 (%) 44.9 50.7 45.0

CaO (%) 21.1 16.4 18.3

Al2O3 (%) 9.3 8.7 9.5

Fe2O3 (%) 8.5 9.3 11.8

Na2O (%) 5.0 5.9 5.2

P2O5 (%) 2.6 2.3 2.6

MgO (%) 2.1 1.9 2.1

TiO2 (%) 1.4 1.2 1.4

SO3 (%) 1.3 0.8 0.9

K2O (%) 0.9 0.8 0.8

TGA CaCO3 (%) 7.07 ± 0.32 2.57 ± 0.02 3.38 ± 0.55

Chem.b f-CaO (%) 0.07 0.00 0.07
aAnalyzed by Particulate Technology Laboratory, NTU. bChemical analysis.
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Quartz was found to be the main component in MSWI-BA. Even though Ca(OH)2
was not identified by the XRD measurements, Ca–Al–Si oxide and Ca–Na–Si oxide
were present in significant quantities [14]. Calcium-bearing compounds in fresh
MSWI-BA are primarily composed of various types of oxides with silicates that
contain other metals, such as Fe and Al metals.

With the specific chemical characterizations of MSWI-BA, it exhibits its potential
CO2 fixation capability due to its calcium content and alkaline properties. In addi-
tion, the mineral carbonation of MSWI-BA can immobilize heavy metals and
effectively prevent their leaching, especially for Cr, Cu, Pb, Zn, and Sb [1, 17, 18].

12.3.2 Challenges in Treatment, Disposal, and/or Utilization

Bottom ash accounts for 80–90% of the total weight of the MSW in incinerators
[17]. The available and common methods for disposal of ashes from the MSW are
landfill (82%), recycling or composting (11%), and thermal treatment (7%) [20].
According to the European Waste Catalogue, MSWI-BA is typically classified as a
non-hazardous waste. Therefore, it is currently being utilized as an aggregate
substitute in road bases and bituminous pavement in European countries [19, 21].
Similarly, in Taiwan, the BA also is classified as a general (non-hazardous) industry
waste. Although BA can pass nearly all of the standards of the toxicity charac-
teristic leaching procedure (TCLP), its high chloride content makes its reuse limit
[10]. In addition, the potentially high leaching of salts and other elements would
increase the pretreatment cost for further utilization [1].

12.4 Electric Arc Furnace Dust (EAFD)

Electric arc furnace dust (EAFD) is considered to be a hazardous waste because of
its chemically, physically, and mineralogically complex, and the presence of lead,
cadmium, chromium, and zinc [22]. Since EAFD is generated when automobile
scrap is remelted in an electric arc furnace, the properties of each dust are
site-specific and depend upon the scrap composition and the furnace operating
practice [22]. Generally, 10–20 kg of EAFD would be generated for per ton of steel
produced [22].

Typically, the major elements in fresh EAFD include zinc, iron, and calcium
ions. The zinc element is found in the form of zincite (ZnO), zinc ferrite/franklinite
(ZnFe2O4), zinc chloride (ZnCl2), and diiron zinc tetraoxide (Fe2ZnO4). The
remaining iron may be present as hematite (Fe2O3) and magnetite (Fe3O4), or in
combination with lime (CaO) as calcium ferrites, or with silica as iron silicates [22].
Other elements are found in low concentrations, such as magnesium (Mg), lead
(Pb), silicon (Si), aluminum (Al), manganese (Mn), chromium (Cr), nickel (Ni),
copper (Cu), and cadmium (Cd). For example, the lead is typically presented as lead
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oxide (PbO) and lead chloride (PbCl2). It is noted that the amounts of zinc and lead
in the EAFD are economically valuable, while the iron is usually not worth
recovering [22].

12.5 Challenges and Perspectives in Ash Utilization

Both the fly ash and bottom ash can be used in various applications, such as
concrete production, embankments, cement clinkers, mine reclamation, and road
subbase construction. Processes using fresh fine FA as alternative binders and
replacement of Portland cement in concrete have been widely developed and
deployed, especially in the USA, to reduce the energy and resource consumption, as
well as the CO2 emission for concrete and cement production.

Despite the fact that the FA usually replaces no more than 25% of the Portland
cement in concrete, research has successfully demonstrated the use of 100% fly ash
concrete with glass aggregate to construct a building by Montana State University
[23]. However, the challenges in the substitution using fresh FA or BA in cement
and/or concrete are mainly related to early strength development. Engineering
experience indicates that, in the case of 50% clinker replacement by fresh FA, the
early strength of concrete would be reduced dramatically [24]. To overcome the
above challenges, accelerated carbonation process should be an effective method
for stabilizing FA and BA; meanwhile, permanently storing CO2 as solid carbonates
[16, 25, 26].

12.5.1 Accelerated Carbonation with Flue Gas CO2

CO2 in the flue gas can react with calcium-bearing materials to form stable and
insoluble calcium carbonates. Beside the calcium oxide (CaO), magnesium oxide
(MgO) also can be the favorable metal oxides in reacting with CO2. In many
countries (such as France and Canada), natural aging and/or ambient air carbonation
are the standard practice to stabilize alkaline fly ash and bottom ash [15, 27, 28]. As
a result, carbonation of municipal solid waste has recently been receiving more
attention due to their availability, low cost, and high CaO and/or MgO contents
[16, 29]. Figure 12.1 shows the photographs of MSWI-BA (left) before and (right)
after carbonation. The accelerated carbonation can improve the chemical and
physical characteristics of solid wastes and facilitate their reuse in a various
applications, such as synthesis of construction materials [14, 18]. Since accelerated
carbonation is an exothermic process, additional heat input and energy cost could
be reduced [30].

After carbonation, both calcite (CaCO3) and quartz (SiO2) are found to be a
major component of the carbonated MSWI-BA, according to the XRD analysis
shown in Fig. 12.2 [14]. The calcium-bearing species in MSWI-BA are primarily
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composed of various types of silicates, such as CaO–Al–silicates and CaO–Fe–
silicates. The dissociation of calcium-bearing components in the fresh MSWI-BA
should occur after introducing the ash into the solution. The calcium ions react with
carbonate ions (CO3

2−) under an alkaline condition, leading to the formation of
CaCO3 upon introducing of CO2 into the reactor. Thus, the leaching concentration
of calcium ions from MSWI-BA into the solution is an important indicator for
accelerated carbonation.

Fig. 12.1 Photograph of municipal solid waste incinerator bottom ash (left) before and (right)
after carbonation

Fig. 12.2 X-ray diffraction pattern of fresh and carbonated municipal solid waste incinerator
bottom ashes. Reprinted by permission from Macmillan Publishers Ltd: Ref. [14], copyright 2015
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Table 12.3 presents the performance of carbonation using MSWI residues, such
as APC and bottom ash, in the literature. The dry carbonation process possessed a
relatively low capture capacity of 0.08–0.09 kg CO2/kg MSWI-BA (equivalent to
24 L CO2/kg BA) [15]. In converse, the aqueous carbonation of MSWI-FA offers a
CO2 fixation capacity of 0.10–0.12 kg per kg ash (corresponding to an average
weight gain of 7–12%) under a reaction time of 72–240 h. [31, 32]. Similarly, the
aqueous carbonation process using MSWI-APC, a CO2 capacity of 200 g CO2 per
kg APC can be achieved at a relatively mild operating condition (i.e., 20 °C for 3 h)
[2]. This might also be attributed to the active chemical properties of MSWI fly ash.

12.5.2 Heavy Metal Leaching Potential

Several heavy metals, such as lead (Pb), barium (Ba), mercury (Hg) and arsenic
(As), can be potentially leached out from the solid matrix with the fresh FA or BA
[4]. Therefore, several research has focused on the effect of accelerated carbonation
on the leaching behavior of trace heavy metals from FA and/or BA. It indicates that
heavy metals can be immobilized effectively by accelerated carbonation, especially
Cr, Cu, Pb, Zn, and Sb are the most significant [1, 17, 18]. Cd and Pb have a strong
affinity with calcium carbonate and also form complexes with Fe and Al (hydr)
oxides [15].

For example, Sb leaching in fresh and carbonated BA (sand fraction) is
solubility-controlled by Ca1.13Sb2O6(OH)0.26�0.74H2O [13]. As carbonation pro-
ceeds (i.e., lowering pH), preferential Ca-leaching from romeites and a higher Sb
solubility were observed [13]. Accelerated carbonation may thus only be successful
at reducing Sb leaching from MSWI-BA if relatively low pH values are obtained
where adsorption to iron and aluminum oxides surfaces may again reduce Sb
solubility [13]. In addition, immobilization of Sb could also be achieved by com-
bining with other process (e.g., sorbent adding) during carbonation reaction [2].
Furthermore, accelerated carbonation has proved to be an ineffective method for the
demobilization of chloride (Cl−) and sulfate (SO4

2−) ions [1].
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Chapter 13
Paper Industry, Construction, and Mining
Process Wastes

Abstract Several alkaline wastes are likely to pose a threat to the ambient envi-
ronment due to their high alkalinity and fine particles, if disposed improperly. These
alkaline wastes include paper pulp and mill waste (lime mud), bauxite mining
residue (red mud), and cement and demolition wastes. In this chapter, the charac-
teristics of these alkaline solid wastes from paper industry, construction, and mining
process are discussed. In addition, the situations and challenges in conventional
utilization of the alkaline wastes are illustrated. After appropriate treatment or
activation processes, the solid wastes can be utilized in various novel approaches,
such as coagulant and adsorbent for water purification process.

13.1 Introduction

The rapid population growth and industrialization have been generating large
amount of solid wastes over the world. Throughout the world, since ongoing
urbanization prompted massive urban development and renovation activities, a
large quantity of alkaline solid wastes has been produced from the following:

• paper industry;
• construction, demolition, and reconstruction sites; and
• mining process

These alkaline wastes are likely to pose a threat to the ambient environment due
to their high alkalinity and fine particles, if disposed improperly, including bauxite
residue (red mud), paper pulp and mill wastes, and cement wastes. Although the
majority of these wastes are materials that could be reused and recycled, they were
usually disposed of by landfilling and dumping, triggering serious environmental
impacts [1].

To overcome the critical issues, in this chapter, the characteristics and con-
vention utilization of these alkaline solid wastes from paper industry, construction,
and mining process are discussed. Moreover, it is noted that there is a high potential
for recycling and reuse of solid wastes from accelerated carbonation with positive
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results in base and subbase layers of roadways, which will be discussed in detail in
Chaps. 14–16 (in Part IV).

13.2 Paper and Pulping Mill Waste

Paper and pulping mills produced large amounts of pulp annually. Massive inor-
ganic (such as ashes and dregs) and organic residues are generated in bleached kraft
pulp, which would potentially lead to adverse environmental pollution. The types of
wastes generated from the paper and pulping industry can be categorized as
follows:

• White liquor (cooking liquor):

– It is an acidic mixture of sulfurous acid (H2SO3) and bisulfite ion (HSO3
−).

– It also contains various inorganic ions such as Mg, NH3, Na, and Ca.

• Green liquor:

– It is a solution of carbonate salts, primarily Na2S and Na2CO3.
– It contains insoluble unburned carbon and inorganic impurities.

• Black liquor:

– It is a dilute solution with approximately 12–15% solids.
– It contains wood lignin, organic materials, oxidized inorganic compounds

(Na2SO4, Na2CO3), and white liquor (Na2S and NaOH).

• Lime mud:

– It is a waste of the calcinations or conversion of calcium carbonate to lime
for causticizing black liquor.

– The main component of lime mud is calcium carbonate (CaCO3), typically
around 65% [2].

– Approximately 0.47 m3 of lime mud can be generated for one ton of pulp
[2].

Figure 13.1 shows a process flow diagram of pulp and paper manufacturing. The
pulp and drying processes are the major energy consumers in the industry. The
main production facilities are either pulp mills or integrated paper and pulp mills
[3]. The integrated mills can achieve higher energy efficiency by eliminating
intermediate pulp drying, compared to a single pulp mill. It is noted that a paper and
pulping factory with a unit production capacity for one-ton pulp will generate
around 0.5 ton of lime mud [4].

In this section, the physico-chemical properties of paper and pulping mill waste
(lime mud) are illustrated. The challenges in convention utilization of lime mud are
also provided.
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13.2.1 Characterization

Table 13.1 presents the physico-chemical properties of paper and pulping wastes in
the literature. The regeneration of the cooking liquor results in the formation of
several types of portlandite-rich wastes, collectively referred to as paper mill wastes
[5]. For instance, lime mud (or calcium mud) is a solid waste originated from the
causticization process. Typically, the presence of high concentrations of portlandite
(Ca(OH)2) in calcium mud accounts for the high alkalinity [6]. Moreover, the main
component of lime mud was found to be CaCO3 [4].

13.2.2 Utilization

In paper and pulping industries, the alkaline by-products are usually sold for the
cement manufacture and as alkaline amendment for agricultural soils. Conventional
uses such as soil amendments, landfill, and building materials are continually
conducted. Land application is one of the several limited methods available to
manage solid wastes, which is more economically and ecologically sound than
landfill practice [10]. However, it is limited by the presence of chloride and metals
(such as Fe, Mn, Cd, Cr, Cu, Ni, Pb, As, and Zn), and its fine particle size and high
alkalinity (pH > 12.1) [6, 9, 11].

The lime mud exhibited a promising potential to improve soil fertility by
releasing K, Ca, and Mg into soils as an amendment [9]. In addition, applications of
lime mud as adsorbents, ameliorants, and additives for treatment of liquid and solid

Fig. 13.1 Process flow diagram of pulp and paper manufacturing. Reproduced from Ref. [3] by
permission of Institute for Industrial Productivity
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waste present promising effects [9]. On the other hand, CO2 is generated at pulp
mills in both the recovery boiler and lime kiln, which could be used to carbonate the
paper mill wastes to produce CaCO3. By the accelerated carbonation, it is reported
that approximately 218 kg of CO2 per ton of paper mill waste could be successfully
sequestered into stable calcite [8].

13.3 Cementitious Waste (Construction and Demolition
Waste)

Cement-type solid wastes include (1) construction and demolition waste, (2) cement
kiln dust, (3) waste concrete, and (4) anorthosite tailings. The physico-chemical
properties of these solid wastes are similar to that of Portland cement. Cement and
demolition wastes constitute a major portion of total solid waste production in the
world. For example, after urban renewal programs or natural disasters (e.g.,
earthquakes), demolition of older buildings leads to environmental problems

Table 13.1 Physico-chemical properties of paper and pulping wastes reported in the literature

Properties Items Units Lime mud

A [7]a B [8, 9] C [4]

Physical Average size lm – 15 77

pH – 12.1 11.96 –

Density g/cm3
– 2.62–2.66 –

BET surface area m2/g – 2.3–4.7 7.65

Porosity % – <5.0 –

XRF Fe2O3 % 0.37 – 0.29

TiO2 % – – 0.06

Al2O3 % 0.40 0.17 1.49

SiO2 % 0.37 0.34 2.52

CaO % 36.0 83.2 52.4

Na2O % 0.82 0.88 0.14

MgO % 1.30 0.35 0.7

SO3 % 0.54 2.0 0.31

K2O % – 0.13 0.01

P2O5 % 0.35 2.4 –

Free CaO % – – –

(O as element) % 17.85 N.A. –

Chemical analysis Ca(OH)2 % – 55.0 –

CaCO3 % 39.0 33.0 –

Ca10(PO4)6(OH)2 % – 12.0 –

Thermal analysis LOI % – – 41.2
aThe chemical compositions are presented in element forms
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particularly in larger urban areas. However, most of them are currently disposal in
landfills [12]. They are generally in highly alkaline characteristics and rich in
calcium-bearing components. As a result, the utilization of these cement-type solid
wastes is limited because of their great concerns on environmental impacts.

13.3.1 Characterization

In this section, the physico-chemical properties of construction and demolition
waste are illustrated. Table 13.2 presents the physico-chemical properties of
cement-type wastes in the literature. In general, the cement-type wastes are mainly
composed of SiO2, CaO, Al2O3, and Fe2O3, along with several trace elements such
as SO3, TiO2, and Na2O. The chemical composition of metal oxides with an
alkaline character of cement-type wastes could be considered as a suitable material
for CO2 mineralization.

Taking the anorthosite tailings as an example, the anorthosite is a rock con-
taining more than 90% of feldspar plagioclase minerals. Feldspar plagioclase is the
most abundant mineral in the earth’s crust and is considered a solid solution due to

Table 13.2 Physico-chemical properties of cement-type wastes reported in the literature

Properties Items Units Types of samples

Cement
wastes [13]

Anorthosite
tailings [14]

Concrete
waste [14]

Physical Particle size µm – 14.0–18.0 21.4–36.7

pH – – – –

Density g/cm3
– – –

BET
surface area

m2/g – – –

Porosity % – – –

Chemical Fe2O3 % 1.2–1.7 0.72–0.96 2.1–3.2

TiO2 % 0.5 0.11 0.34–0.69

Al2O3 % 3.4–6.0 25.6–34.8 6.23–8.47

SiO2 % 12.6–25.1 50.0–66.0 37.9–48.5

CaO % 35.7–48.3 8.1–11.2 20.7–26.8

Na2O % 2.0 4.8–6.5 1.39–1.63

MgO % 3.0–4.8 0.13–0.17 0.63–1.28

SO3 % 6.3 – 0.98–1.12

K2O % 0.9–3.4 0.7–0.9 1.74–2.18

P2O5 % 0.3 0.01–0.03 –

MnO % – 0.01 –

Free CaO % – – 15.4–21.3
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its variable composition between two pure poles: anorthite (calcic pole:
CaAl2Si2O8) and albite (sodic pole: NaAlSi3O8) [14]. The general process chem-
istry of carbonation with anorthite can be expressed as Eq. (13.1):

CaAl2Si2O8ðsÞ þCO2ðgÞ þ 2H2OðlÞ ! 4CaCO3ðsÞ þAl2Si2O5ðOHÞ4ðsÞ ð13:1Þ

This reaction could naturally occur (so-called weathering), or it can also be
accelerated in laboratory under specific operating conditions. According to the
results in the literature [14], a total of 45 g CO2 per kilogram of sample could be
fixed within a reaction time of 15 min. In contrast, the waste concrete was found to
be much reactive than anorthosite tailings in the aqueous carbonation. This might
be attributed to the presence of susceptible phases to dissolving and reacting with
CO2, mainly portlandite (Ca(OH)2) and calcium silicates [14]. In other words, the
lower reactivity of andesine could be associated with its structure in framework,
which probably inhibits the availability of calcium.

13.3.2 Utilization

The demolition waste consists mainly of concrete, mortar, brick, metal, timber, and
plastic [1]. The major source of demolition wastes in rural areas is wastes from
building remodeling and structural removal [12]. Typically, the conventional dis-
posal methods for cement and demolition wastes are time-consuming, expensive,
and environmentally unsound. Currently, in the member countries in European
Union, about 46% of the construction and demolition waste is recycled [15]. It
indicates that the most effective way to eliminate the cement-type waste issue is to
reuse and recycle the construction materials in construction activities. Several
studies have found that the use of cement-treated recycled wastes in the base (or
subbase) is feasible for low-volume roads if the mix design is appropriate [12].

13.4 Mining and Mineral Processing Waste

Alumina is an important basic raw material for national economic development. In
the aluminum manufacturing industries, a large amount of bauxite residues,
so-called the red mud, can be produced from the digestion of bauxite ores with
caustic soda (i.e., Bayer process) under elevated heat and high pressure. In general,
the production of 1 ton of alumina could generate 0.3–2.5 tons of red mud,
depending on the bauxite source and process efficiency of alumina extraction
[16–18]. Therefore, for example, it is estimated that over 70 million tons of red mud
was generated per year in China [17].

In this section, the physico-chemical properties of mining and mineral pro-
cessing waste (red mud) are illustrated. In addition, the challenges in convention
utilization of red mud are provided.
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13.4.1 Characterization

Table 13.3 presents the physico-chemical properties of red mud in the literature.
The results indicated that the chemical composition of red mud varied in a wide
range, depending on the location and process of manufacturing. In general, the red
mud is largely composed of SiO2, Al2O3, Fe2O3, and CaO, along with several trace
elements such as TiO2 and Na2O. The chemical composition of metal oxides with
an alkaline character of red mud (i.e., with an average pH value of 13.3 ± 1.0 [19])
may contribute to a suitable material for CO2 mineralization. The particle size
distribution of red mud is similar to fly ash, having an average particle size of
<10 lm. The specific surface area (BET) is typically 10−25 m2/g [18]. Besides its
high alkalinity, bauxite residues usually exhibit a large specific surface area and a
high ion-exchange capacity [17].

Characterization of representative samples of red mud by XRD suggests that the
mineral phases in red mud include hematite (Fe2O3), goethite (a−FeOOH), gibbsite
(Al(OH)3), limonite, boehmite, cancrinite, gismondine, goosecreekite, anatase,
rutile, and quartz (SiO2) [16–18,21]. Cancrinite and chantalite are the main
calcium-bearing phases in red mud [16]. Since the abundant amount of metals (such
as Al, Fe, Ti, and Ga) in red mud, the recycling of the metallic components has been
gained great interests, such as metal extraction by using oxalic acid [23].

Table 13.3 Physico-chemical properties of red mud in the literature

Properties Items Units Samples

A [16] B [20] C [21] D [22] E [19]

Physical Average size lm 5–50 – – – 1.9

pH – 7–8 – – – 13.3

density g/cm3 1.5–2.2 2.8 2.2 – 2.93

BET surface area m2/g 10.8 22.6 – – –

Porosity % 0.45 – – – –

Chemical Fe2O3 % 31.9 22.6 2.85 13.7 17.3

TiO2 % 21.2 3.37 2.03 2.10 3.43

Al2O3 % 20.1 25.0 40.7 7.02 15.1

SiO2 % 8.5 20.2 45.8 18.1 22.8

CaO % 2.99 3.83 4.98 42.2 12.2

Na2O % 6.0 8.78 N.D. 2.38 4.37

MgO % – <0.1 N.D. 2.06 0.27

SO3 % – N.D. 2.15 – –

K2O % – 2.26 0.45 0.24 1.19

P2O5 % – – 1.10 – 2.43

Free CaO % – N.D. – – –
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13.4.2 Utilization

The disposal of red mud remains a worldwide issue, in terms of environmental
concerns, due to its high alkalinity and leachability of pollutant components.
Therefore, utilization of red mud would provide significant benefits in terms of
environmental and economic by reducing landfill volume and contamination of soil
and groundwater. Great interests have been devoted to various types of utilization
pathway for red mud, such as the following:

• coagulant [18],
• adsorbent [18],
• supplementary cementitious materials [20],
• self-compacting concrete [21],
• lightweight aggregate [24],
• soil mixture [25],
• glass-ceramics [22], and
• geopolymers [19].

Table 13.4 presents the performance of various types of utilization pathway for
red mud in the literature. The details of the key performance indicators for cement
materials can be referred in Chap. 15. For example, coagulants are widely utilized
in water purification process, where the commonly used coagulants are Fe3+- and
Al3+-based compounds. Due to the high contents of Fe and Al in red mud, it is
considered as a promising material for coagulant production. Moreover, red mud
can be used as a low-cost adsorbent for phosphorus, fluoride and nitrate ions, and
trace heavy metals [18]. However, raw red mud generally presents low adsorption
capacity and catalyst sintering. Therefore, several methods are proposed to activate
red mud, including acidification, thermal treatment, and carbonation.

Table 13.4 Various types of utilization pathway of red mud in the literature

Pathways Features Performance Reference

Self-compacting
concrete

Blended with fly ash • Pozzolanic activity: 76.6% at 7 d
• Pozzolanic activity: 88.5% at 28 d
• Reduced drying shrinkage due to
internal curing effect

[21]

Soil mixture Mixed with soil • No adverse effect on test organisms
for at least 10 months

• There is an active microflora

[25]

Geopolymers Mixed with fly ash
and alkali activator

• Excellent long-term performance in
field engineering applications

• Successful formation of amorphous
geopolymer gels

[19]

Cement paste Blended with 3%
fresh red mud

• Delayed chloride diffusion and CO2

penetration in paste
• Exhibit good pore refinement

[26]
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Several benefits have been associated with the use of carbonated red mud,
including soil amendment (removing nitrogen and phosphorus from sewage efflu-
ent), fertilizer additive in solid, fillers for plastics, and cement additive. The poz-
zolanic activity of fresh red mud, i.e., strength activity index (SAI), blended with fly
ash in concrete was found to be 76.6 and 88.5% at 7 and 28 d, respectively,
indicating that the red mud is roughly equivalent to those of fly ash [21].
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Part IV
Valorization of Carbonation Product as

Green Materials



Chapter 14
Utilization of Carbonation Products

Abstract Large-scale utilization of alkaline solid wastes provides a solution to the
environmental problems associated with waste dumping, as well as energy and
material conservation. However, conventional uses of alkaline solid wastes have
encountered several technological barriers, including fatal volume expansion, heavy
metal leaching, and low cementitious property of slag. To overcome these barriers
of alkaline solid wastes utilization, an accelerated carbonation process is proposed
and reviewed in terms of theoretical perspectives and practical considerations. In
this chapter, the deployment of accelerated carbonation technologies for simulta-
neous CO2 capture and solid waste stabilization is discussed to overcome the
barriers, from the perspectives of engineering performance and environmental
benefits. The strengths and opportunities of utilizing the carbonate product are
comprehensively reviewed in terms of theoretical and practical considerations.

14.1 Introduction

The valorization of industrial alkaline solid wastes is one of the main routes for
enhancing resource cycle toward environmental and social sustainability.
Application of these “fresh” alkaline solid wastes as an alternative to standard
materials has been known for a number of years. Since these materials are generally
rich in metal oxides (e.g., calcium oxide, iron oxide, aluminum oxide, and mag-
nesium oxide), a large diversity of utilization can be considered, including the
following but not limited to

• Asphalt mixtures, other layers of pavement structure, unbound base courses, and
embankments

• Lightweight aggregate [1]
• Supplementary cementitious materials (SCMs) in cement [2]
• CO2 adsorbent [3]
• Composite [4]
• Soil modification agent [5]
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• Antibacterial cool pigment [6]
• Geopolymer [7, 8]
• Artificial reef [9]

However, some of the industrial solid wastes (see details in Chaps. 11−13) are
classified as hazardous materials because they may contain large amounts of heavy
metals [10] and cause air particulate pollution [11]. This might result in severe
impacts on the environment and human health. Moreover, several barriers,
including volume expansion of blended materials and concerns about environ-
mental impacts and social acceptance, have been encountered. Moreover, the use of
alkaline solid wastes must comply with strict regulations, consisting of
civil-technical and environmental requirements. The above-mentioned barriers
hinder these materials from widespread applications in construction engineering.

Accelerated carbonation may provide a solution for multiple waste treatments,
i.e., reduction of CO2 in flue gas, neutralization of alkaline wastewater, and sta-
bilization of alkaline solid waste. Table 14.1 presents the description of alkaline

Table 14.1 Description of alkaline solid wastes for accelerated carbonation and utilization

Waste group Management issues Main species
involved in
carbonation

Application

Conventional
treatment

Utilization potency
after carbonation

Steelmaking
slag

Risk of chromium
and vanadium
release [12]

Larnite;
Brownmillerite;
Lime; Ettringite;
Portlandite [13, 14]

Disposed of in
landfills, if not
recovered

Aggregates for
civil engineering,
SCMs, catalyst,
etc.

MSWI fly
ash

High levels of
dioxin, soluble
salts, and heavy
metals such as
cadmium, lead, and
zinc (hazardous)
[15, 16]

Lime; Portlandite;
Ca(OH)Cl;
Gehlenite [15]

90% of fly ash
produced in UK
was sent to
landfill [15]

Construction
aggregates, SCMs,
etc. [16]

MSWI
bottom ash

Leaching of heavy
metals such as Cu,
Zn, and Pb [17]

Gehlenite;
Portlandite;
Ettringite [18]

More than 50% is
used as a
secondary building
material, road
bases, and civil
engineering
structures in
Europe [18]

Replace the sand or
gravel fraction in
concrete bricks or
reuse as secondary
raw construction
material [17]

Cement kiln
dust

Beneficial to
agriculture
application;
however, increased
concerns over the
health and
environmental
hazards [19]

Lime; Portlandite;
Calcium silicates;
Gehlenite [20]

Recycling and
reuse as a road base
material is an
established process

Reuse as road base
or construction
material. No
free-CaO was
observed in the
reacted
samples [20]
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solid wastes for accelerated carbonation and utilization. The free-CaO and Ca(OH)2
in alkaline solid wastes can be eliminated after carbonation, thereby preventing the
expansion problem of the blended materials. In addition, several studies concluded
that the mechanical properties of mortar blended with carbonated solid wastes were
superior to those with fresh solid wastes. At the same time, the carbonated materials
can meet the standards of construction engineering, providing positive benefits for
practical applications. Nonetheless, there are still several important issues for
accelerated carbonation, such as the fate of the carbonated products, including
calcium carbonates and magnesium carbonates.

Taking steel slags as an example, Table 14.2 presents the characteristics and
applications of steel slag associated with their unique physico-chemical properties.
The density of steel slag generally ranges between 3.3 and 3.6 g/cm3 due to its high
Fe-oxide content, which results in hardness and wear resistance [21, 22]. The
grindability index of steel slag is about 0.7, in contrast to the values of 0.96 and 1.0
for iron slag (i.e., blast furnace slag) and standard sand, respectively [21]. In
addition, the chemical compositions of steel slag are found to be highly variable
because of the different characteristics of the raw materials used and the types of
manufacturing and smelting processes used in steel production [22].

Table 14.2 Characteristics and applications of steel slag, where information was summarized
from [22–25]

Categories Characteristics Applications

Physical
properties

Hard, rough, wear resistance,
and adhesive (coarse type)

Aggregates for road and hydraulic
construction

Large surface area and porous Adsorbents and wastewater treatment

Chemical
properties

Cementitious components
(C3S, C2S, C4AF)

Cement and concrete production

Fertilizer components (CaO,
SiO2, MgO, FeO, MnO,
P2O5)

Agriculture use (e.g., fertilizer and soil
improvement)

CaO, MgO components CO2 capture and flue gas desulfurization

CaO, MgO, MnO, FeO
components

Fluxing agent

FeO, CaO, SiO2 components Raw material for cement clinker

Fe2O3, MnO2 components Catalyst, e.g., (1) oxidation of humic
precursors in humification; (2) used in Fenton
reaction

Fe-oxide components (if high
purity)

Pigments and iron ore

SiO2 components (if high
purity)

Glasses, ceramics, semiconductors, sand, and
filler material

Microsilica Pozzolan for use with cements
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14.2 Routes of Carbonation Product Utilization

With accelerated carbonation, the use of alkaline solid wastes has been considered
as an alternative to solve the dilemma of natural resource depletion and solid waste
treatment in industries. In this section, the integrated treatment and utilization for
alkaline solid wastes, routes of product utilization, and utilization as substitutes in
civil engineering are discussed.

14.2.1 Integrated Treatment and Utilization for Alkaline
Solid Wastes

Figure 14.1 shows a schematic of integrated alkaline solid waste utilization via
accelerated carbonation for iron reclamation, green material production, and CO2

fixation. After carbonation, the physical, chemical, structural, and mineralogical
changes are beneficial to subsequent uses in blended cement. Within the frame-
work, the uncontrollable expansions of cement/concrete due to the hydration of
free-CaO and free-MgO in fresh solid waste can be reduced. For use as a SCM in
cement, a crushing and grinding process is typically required to obtain relatively
small particles of solid waste (except for fly ash). Although the utilization routes for
fine solid wastes are limited, accelerated carbonation can be effectively carried out
due to the small particle size of solid wastes.

Fig. 14.1 Scheme of integrated alkaline solid waste utilization for iron reclamation, green
material production, and CO2 fixation via accelerated carbonation
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Consequently, a multipronged approach to using alkaline solid wastes is sug-
gested as follows:

• Step 1: Using a reclamation process for concentrating iron components, which
can be used as pigment and abiotic catalyst.

• Step 2: Applying the carbonation process with flue gas CO2 to stabilize the
active components in slags.

• Step 3: Introducing a ternary blended system using various types of carbonated
slags in the case of utilization as supplementary cementitious materials.

14.2.2 Routes of Product Utilization

Figure 14.2 illustrates the categories of utilization route for carbonation products
with respect to their particle size distribution and CO2 capture capacity. As men-
tioned before, there are numerous utilization routes for carbonation products, such
as aggregates, artificial reefs, (abiotic) catalysts, SCM, soil conditioner, and high
value-added chemicals such as precipitated calcium carbonate (PCC). The perfor-
mance of the carbonated solid wastes and/or product can be evaluated via a series of
systematic analyses of physico-chemical characteristics followed by comparison
with fresh solid wastes. Some of the changes in substantial characteristics are
beneficial to the subsequent uses.

Table 14.4 presents the potential applications of products from mineral car-
bonation processes. Carbonation process is capable of permanently mineralizing

Fig. 14.2 Potential utilization categories of carbonated product with respect to particle size
distribution and CO2 capture capacity
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carbon in the form of either fine or coarse aggregates or a SCM to meet the growing
green product market as a carbon-negative material. In other words, when alkaline
solid wastes are carbonated via direct carbonation, the products can also be used for
a broad range of applications, such as construction aggregate (large particles) and
cement (fine particles), without the potential presence of free-CaO and free-MgO.

14.2.3 Utilization as Substitutes in Civil Engineering

The carbonated products can be used as various types of substitutes such as
aggregates and SCM in civil engineering. In many countries, there is an increasing
need to find substitutes for natural sands in concrete to avoid natural resource
depletion and reduce energy consumption. Common practice dictates that alkaline
solid wastes intended for use as a construction material, either as aggregates or as
SCMs, should be weathered for an extended period of time to reduce the amount of
free-CaO and its associated hydration expansion in service. With the deployment of
accelerated carbonation, the expansive compounds in fresh alkaline solid wastes
can be eliminated, enabling the potential use of carbonated slag in civil engineering.
Table 14.3 presents the difference in mixture contents for cement paste, mortar, and
concrete block. The brief illustration is provided as follows:

• Cement paste: It is formed by the reaction (hydration) of Portland cement
clinker with water.

• Mortar compacts: precast products such as masonry units, paving stones, and
hollow core slabs.

• Concrete block: a composite material consisting of aggregates (including fine
and coarse aggregates), a cementitious paste (including cementitious materials
and water), and a binder phase.

The worldwide cement industry is increasingly turning to the use of alkaline
solid wastes, such as blast furnace slag and fly ash, as SCMs due to (1) increasing
fuel prices and demand for concrete and cement, (2) a lack of raw materials, and

Table 14.3 Difference in mixture contents for cement paste, mortar, and concrete block

Categories Water Cement Fine
aggregate
(sand)

Gravel Applications

Cement
paste

• • Matrix material for the concrete
composite

Mortar • • • Used to hold other hard
components together, such as
bricks, slate slabs, and stones

Concrete • • • • Portland cement concrete,
asphalt concrete, and polymer
concrete
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(3) government regulations. However, not every (fresh) alkaline solid wastes could
be successfully used in cement and concrete directly.

14.3 Challenges in Utilization of Uncarbonated Solid
Wastes

Fresh (untreated or uncarbonated) alkaline solid wastes exhibit good qualities and
low costs as substitutes for either aggregates or SCM in civil engineering. However,
they pose a number of challenging issues, such as volume instability, heavy metal
leaching, and low cementitious activity.

14.3.1 Volume Instability

One of the main obstacles to widespread use of alkaline solid wastes (such as steel
slag) in construction is volume instability. The types of volume instability for
cement or concrete materials include (1) autoclave expansion, (2) sulfate expansion,
and (3) drying shrinkage.

Table 14.4 Potential applications of products from mineral carbonation

Process Products Routes Applications

Direct
carbonation

Carbonates
(low-end)

Construction Cement voids filler, cement additive, MgCO3

boards, SCMs, etc.

Agriculture Liming agent, soil amendment in farms,
stabilizers, etc.

Land
reclamation

–

Indirect
carbonation

Carbonates
(high-end)

Industrial
chemicals

Chemical applications, gastric antiacid, fillers
(PPC), porous filtration coating, etc.

Silicate Industrial
chemicals

Ceramics, silicate glasses, silicon for
semiconductors, circuit boards, refractory
materials, etc.

Sand Ceramic grade, foundry grade, refractory
grade, flux sand, etc.

Filler
materials

Paint, plastic, rubber, etc.

Microsilica High-quality pozzolan for use with cements
and concrete, etc.

Iron oxide Pigments Paint, ceramics, porcelain, water repellent
stains, magnetic ink device, etc.

Iron ore Iron and steel industry, etc.
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14.3.1.1 Autoclave Expansion Due to Free-CaO or Free-MgO

The active species, such as free-CaO, in cement or concrete containing these solid
wastes may gradually absorb moisture in air and cause expansion in the product life
cycle. The content of free-CaO in alkaline solid wastes can be divided into two
categories [26]:

• Residual free-lime: It is not completely dissolved in a liquid state and grainy or
spongy with particle sizes of 2–40 lm.

• Precipitated free-lime: It is found in the grain boundaries of some iron
oxide-based compounds, dicalcium ferrite, or R–O phase, with particle sizes of
<4 lm.

In some cases, the contents of free-MgO, sulfates, sulfurs, chlorides, and iron
oxide (in high amounts) may also contribute [22, 27, 28]. For instance, the reaction
of free-CaO and water is presented in Eq. (14.1):

CaOðsÞ þH2OðlÞ $ Ca(OH)2 ðaqÞ þ 63:7 kJ/mol ð14:1Þ

The above reaction proceeds to the right hand under ambient temperature, while
to the left hand only above 547 °C. It can induce fatal volume expansion of
hardened cement specimen and cause disintegration (segregation), thereby losing
the performance and durability of blended cement, especially in the case of electric
arc furnace reducing slag and basic oxygen furnace slag [29].

14.3.1.2 Sulfate Expansion

The sulfate resistance is evaluated by measuring sulfate expansion which repre-
sented the formation of expansive ettringite and gypsum. Various mechanisms by
internal and/or external sulfate attack may contribute to the sulfate expansion of
cement and/or concrete. For the internal sulfate ions, ettringite (C6AS3H32) will
form in the cement matrix due to the reaction between the C3A in Portland cement
and internal sulfate from gypsum, as expressed in Eq. (14.2):

C3Aþ 2Ca2þ þ 2SO2�
4 þ 26H2O ! C6AS3H32 ð14:2Þ

At the same time, the remaining C3A can react with ettringite to form mono-
sulfate (C4ASH12).

2C3AþC6AS3H32 þ 4H2O ! C6ASH12 ð14:3Þ

By the external sources of sulfate ions outside the cement matrix, ettringite can
be also formed as expressed in Eq. (14.4) due to the reaction between the mono-
sulfate and the external sulfate ions, thereby causing the cement to expand.
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C4ASH12 þ 2Ca2þ þ 2SO2�
4 þ 20H2O ! C6AS3H32 ð14:4Þ

It is noted that calcium ions are required in this reaction, which can be supplied
from Ca(OH)2 (portlandite), or produced by the hydration of C3S and C2S in the
cement matrix. Therefore, Ca(OH)2 in cement paste can react with external sulfates,
forming gypsum (CaSO4�2H2O) in the hardened cement paste. It is generally
believed that the formation of gypsum participates results in the expansion and
cracking due to the external sulfate attack [30].

Similarly, in the case of the presence of limestone filler in the cement, carbonate
hydrates are formed with the consumption of CH, as shown in Eq. (14.5):

C3Aþ 0:5CaCO3 þ 0:5Ca(OH)2 þ 12H2O ! C4AC0:5H12 ð14:5Þ

14.3.2 Heavy Metal Leaching

Heavy metal leaching is a critical issue in the use of alkaline solid wastes as either
aggregates or SCM in civil engineering such as road and hydraulic work. They are
usually related to

• Basic oxygen furnace slag [12, 31]: Ba, Cr, Pb, and V ions
• Electric arc furnace slag [32]: Cr, Ba, and V ions
• Fly ash [33, 34]: Hg, Pb, Cr, and Cd ions (other nonmetal ions include Cl− and

dioxin)
• Cement wastes [35]: Pb and Ba ions (other nonmetal ions include SO4

2− and
Cl−)

• Paper sludge [35]: Cr, As, Cu, Mo, Ni, Pb, and Se ions

Basically, the environmental compatibility of alkaline solid wastes as building
materials (aggregates) is determined by the potential leaching behavior of heavy
metals [36]. Several studies have indicated that the leaching concentrations of
heavy metals are low, which may not be relevant under environmental aspects [36],
except for the high alkalinity. The alkalinity of solid wastes is affected by the partial
solution of the slag lime and the closely related electric conductivity [22].

Another challenge in alkaline solid waste utilization is related to the chromium
(Cr) ions, especially for electric arc furnace slag. Hexavalent Cr(VI) compounds are
genotoxic carcinogens, while Cr(III) is less toxic and can be used as a pigment.
Although Cr as a mineral component may occur in high amounts, the concentra-
tions of hexavalent Cr ions in leachates may not be high since most Cr ions are
bound within stable crystalline phases.
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14.3.3 Low Cementitious Activity

In Portland cement, both b-C2S and C3S are the primary strength-contributing
hydraulic phases. Compared to those in cement clinker, however, the amount of
cementitious components in several types of alkaline solid wastes is much lower.
As a result, blended cements with these solid wastes usually exhibit low strengths,
especially at the early stages [37]. For instance, the b-C2S and C3S formed in basic
oxygen furnace slag are less active because of their large crystal size, leading to a
low cementitious activity [38]. In some cases, the c-C2S phase is a predominant
mineral of C2S components in alkaline solid wastes [39], which also has no ce-
mentitious activity. Although the C2S phases can develop hydraulic characteristics
under suitable conditions [40], the reactions of calcium-bearing minerals (such as
larnite, bredigite, ingesonite, or calcium–olivine) with water are not expected to be
activated under ambient conditions [41].

14.4 Strategies and Research Needs

14.4.1 Solutions to Overcome Barriers of Conventional
Utilization

Usually, appropriate in situ post-treatment of alkaline solid wastes within industrial
plants is necessary to achieve desired cementitious activity and volume stability,
which are quite different depending on their final application. To guarantee the
volume stability and mechanical properties of concrete and/or porous materials,
different types of the post-treatment processes and methods can be deployed:

• Weathering procedure [42]
• Immersing and aging treatment [43]
• Microbiologically induced calcite precipitation (MICP) [44] requires bacteria

and their nutrients
• Green solvent dimethyl carbonate (DMC) [45]
• Accelerated carbonation [46]

It is noted that the cementitious property of alkaline solid wastes typically
increases with their fineness [47]. Also, a combination of inorganic and organic
agents in cement paste could improve the cementitious activity of slag, thereby
enhancing the early-stage strength of cement without significant influence on the
28-d compressive strength [48]. Aside from the post-treatment processes, an
increase in cooling rate and alkalinity of wastes could effectively enhance the
activity of cementitious activity, especially for iron and steel slags [47].

In this section, four major post-treatment processes, i.e., (1) weathering proce-
dure, (2) immersing and aging treatment, (3) chemical addition for carbonate pre-
cipitates, and (4) accelerated carbonation technology for alkaline solid wastes, are
briefly discussed.
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14.4.1.1 Weathering Procedure

In weathering procedure, alkaline solid wastes are piled outdoor to react with nature
wind and/or rain at the ambient conditions. Weathering procedure of alkaline solid
wastes has shown an effective drop of free lime levels to a near-constant nonzero
value; however, it requires an extremely long reaction period, e.g., 9–12 months for
steel slag [42]. In addition, the alkaline solid waste at the bottom of lump may not
be well stabilized due to its limited contacting surface area to the atmosphere.

14.4.1.2 Immersing and Aging Treatment

In steelmaking process, a cooling process called immersing and aging treatment has
been developed and deployed to enable in situ rapid elimination of free-CaO to
hydrated lime Ca(OH)2 in slag [43]. Therefore, the stabilization and pulverization
properties for steel slags can be simultaneously achieved. However, it also generally
requires a reaction period of several weeks.

14.4.1.3 Chemical Addition for Carbonate Precipitates

In concrete bricks, green solvents, such as dimethyl carbonate (DMC), can be
slowly hydrolyzed to produce carbonate which is used to form calcium carbonate
precipitant. The formed calcium carbonate particles can seal and fill the surface
cracks or voids in the porous material, thereby enhancing the durability and strength
of the material [45]. It was found that the water absorption of the concrete bricks
can be significantly reduced and the compressive strength can significantly increase
after DMC treatment [45].

14.4.1.4 Accelerated Carbonation Technology

Accelerated carbonation is a novel approach to integrating alkaline solid wastes
stabilization with CO2 fixation (see details in Chaps. 3, 5, 7, and 8). The most
valuable benefits of accelerated carbonation for waste stabilization are that the
contents of (1) free-CaO and free-MgO in alkaline solid wastes, (2) the leaching
potential of heavy metals, and (3) the alkalinity can be reduced in the course of
carbonation with flue gas CO2 [41, 49]. In other words, the carbonated solid wastes
can be considered volumetrically stable and environmentally friendly materials. The
carbonate product from accelerated carbonation can promote the hydration activity
indexes of alkaline solid wastes [50]. As a result, the early strength of blended
cement with carbonated slag also could be significantly enhanced over that of
uncarbonated alkaline solid wastes.
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14.4.2 Strategies on Utilization of Carbonated Alkaline
Wastes

Huge amounts of alkaline solid wastes are generated annually worldwide. In the
case of iron and steel slags, there are currently two important routes for large-scale
utilization: (1) as aggregates in road and hydraulic construction; and (2) as sup-
plementary cementitious materials (SCM) in cement and concrete after reclaiming
and grinding. As aforementioned, however, these conventional uses of untreated
alkaline solid wastes in civil engineering have encountered several technological
barriers, including fatal volume expansion, heavy metal leaching, and low
cementitious property of solid wastes. Application of accelerated carbonation for
alkaline solid wastes provides a synergetic solution to these challenges.

Significant benefits from introducing the carbonation process as a solid waste
pretreatment process before utilization can be realized. For instance, since diluted
CO2 in flue gas can be directly introduced for carbonation, additional environmental
and economic benefits such as CO2 emission reduction are obtained. In addition,
the changes in physico-chemical properties of carbonated solid wastes were found
to be beneficial to sequential uses in cement and concrete. The potential for heavy
metal leaching and uncontrollable expansion can be eliminated. Furthermore, in real
operations, the diluted CO2 in flue gases or fumes can be directly used for accel-
erated carbonation with alkaline solid wastes generated in the same plant.

Three strategies on the effective use of alkaline solid wastes in civil engineering
are suggested as follows:

• Pretreatment processes of alkaline solid wastes are usually necessary to over-
come the above potential barriers.

• Sequential tests on key performance indicators of materials are necessary to
reliably predict the behavior after use within a reasonable time, such as an
expansion test.

• Quality assurance and quality control programs, including calibration, valida-
tion, and verification, should be established to ensure data quality and provide a
useful distinction between materials that are suitable and those that are not.
Since the selection of beneficiation routes for products should take advantage of
their mineralogical composition and particle size distribution, the database of
steel slag characteristics should be established for slag utilization.

14.4.3 Research Needs

Extensive studies on fundamental science and technology development for accel-
erated carbonation using alkaline solid wastes have been conducted. For the product
utilization, however, only a few efforts have been made on connecting the car-
bonation process with the subsequent utilization of product. From the research point
of view, future work should be focused on:
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• The mechanisms of various types of carbonated solid wastes with ordinary
Portland cement (OPC) in cement chemistry.

• The balance of carbonation efficiency and cement performance to maximize the
overall carbon emission reduction.

• Diversification of utilization routes for carbonation products such as high
value-added chemicals.

Although it has been successfully carried out in a laboratory-scale operation,
only a few large-scale cases of accelerated carbonation using alkaline solid wastes
have been deployed around the world. To realize commercialization and industri-
alization, future efforts should be focused on:

• Process scale-up such as reactor design, material recycling, and residue
treatment.

• Instrumentation control and automation, such as online hardware/software
sensors and process control model.

• Management information systems, such as information engineering and opera-
tions research.
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Chapter 15
Supplementary Cementitious Materials
(SCMs) in Cement Mortar

Abstract In this chapter, the performance of the blended cement mortar with
carbonated solid wastes, including physico-chemical properties, morphology,
mineralogy, compressive strength, and autoclave soundness, is illustrated. The
specification of performance testing for constriction materials with carbonated solid
waste is also provided. In general, a high carbonation conversion of solid waste
exhibits a higher mechanical strength in the early stage than pure Portland cement
mortar. Moreover, the mortar with carbonated solid waste generally possesses
superior soundness to the mortar using fresh solid waste. Since the chemistry of the
cement hydrations is complicated and has not been completely clear, the principles
and mechanisms of performance enhancement due to the use of carbonated waste in
blended cement system are reviewed and discussed.

15.1 Introduction

Cement is a binder substance used in construction that sets and hardens to bind other
materials together. The most widely used cement is for producing mortar in masonry
and concrete (a combination of cements and aggregates to form a strong building
material). Fresh alkaline solid wastes, such as iron and steel slags [1], fly ash [2], and
bottom ash [3], have been extensively evaluated for potential use as supplementary
cementitious materials (SCMs) in a blended cement and/or concrete block.

According to a report from the Portland Cement Association [4], the use of
SCMs in blended cement could increase the later-age strength of the concrete, as
compared with the use of only Portland cement. SCMs can be divided into two
categories: (1) self-cementing or (2) pozzolanic. Self-cementing materials react in a
similar manner to Portland cement. In contrast, the pozzolanic materials (primarily
siliceous in composition) does not exhibit cementitious properties in the presence of
water [5]. In those alkaline solid wastes, several components are known to con-
tribute the hydration of cement, thereby enhancing the strength development of
cement. For example, b-C2S and C3S are known as the primary strength-
contributing hydraulic phases in Portland cement (see details in Sect. 15.3: Cement
Chemistry). However, in some case, it also may reduce the early-age strength of the
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concrete and cement. As a result, in this section, the challenges in the utilization of
fresh solid wastes as SCMs are addressed. To overcome the barriers, an alternative
is proposed and illustrated by utilizing the carbonated solid wastes (from acceler-
ated carbonation) as SCMs.

15.1.1 Utilization of Fresh Solid Wastes as SCMs

Table 15.1 presents the uses of fresh alkaline solid wastes as SCMs in cement
and/or concrete. For instance, basic oxygen furnace slag (BOFS) and fly ash (FA)
are accepted as a pozzolanic martial and have been utilized in civil engineering
projects for construction. Fresh BOFS or FA is often mandatory material in the
production of high-strength concrete as SCMs [6]. The high strength is frequently
achieved through an increase in the cementitious material content [4]. For BOFS,
however, the following challenges in the utilization as a concrete product or a road
base material exist [7–10]:

• It is hard, so grinding to a certain fineness as SCMs is energy-intensive and
costly.

• Free-CaO and free-MgO may lead to fatal expansion of hardened cement-BOFS
paste.

• The strength of the cement mortar is low, especially for early stage due to their
large crystal size in BOFS, although it contains large amounts of b-C2S and C3S.

• The predominant minerals in BOFS, e.g., c-C2S, generally have no cementitious
characteristics.

• Potential environmental impacts of heavy metal leaching and high alkalinity.

Therefore, the utilization of fresh BOFS as a concrete product or a road base
material is still restricted.

15.1.2 Utilization of Carbonated Solid Wastes as SCMs

To overcome the above challenges, a viable treatment for alkaline solid wastes is
through accelerated carbonation process with flue gas CO2 prior to utilization as
SCMs. The use of carbonated solid wastes as SCMs provides several benefits [8, 11]:

• keep globally available industrial alkaline solid wastes out of landfills,
• provide an economic approach to sequester CO2 at the same time producing

SCMs for construction use,
• create an alternative source, thereby reducing the need to transport suitable

natural sands or the energy required to produce manufactured aggregates,
• reduce the amount of leachable metals such as chromium after carbonation, and
• reduce the amount of free-CaO and its associated hydration expansion in service.
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Table 15.1 Use of fresh alkaline solid wastes as SCMs

Types Clinker substitutes Positive
characteristics

Limiting characteristics

Self-cementing Ground blast furnace
slag (GBFS)

Higher long-term
strength
Improved chemical
resistance

Low early strength
High electric power
demand for grinding

Class C fly ash Lower water
demand
Improved
workability
Higher long-term
strength
Better durability
(depending on
application)

Lower early strength
Availability changed
with fuel sources by the
power sector
Heavy metal leaching
potential

pozzolan Natural pozzolan
(e.g., volcanic ash),
rice husk ash, silica
fume

Contributes to
strength
development
Better workability
Higher long-term
strength
Improved chemical
resistance

Most natural pozzolan
leads to reduced early
strength
Cement properties may
vary significantly

Limestone Improved
workability
Improved
mechanical
properties

Maintaining strength
may require additional
power for grinding
clinker

Artificial pozzolan
(e.g., calcined clay)

Similar to natural
pozzolan

Calcination requires
extra thermal energy and
Reduces positive CO2

abatement effect

Basic oxygen furnace
slag (BOFS)

Improved
workability
Improved chemical
resistance

Difficulty in grinding
potential heavy metal
leaching
High alkalinity
low early-stage strength
(<3 days)
Low soundness

Class F coal fly ash Lower water
demand
Improved
workability
Higher long-term
strength
Mitigated alkali–
silica reaction
(lower inclusion
rates)
Raised sulfate
resistance

Availability changed
with production from
bituminous coal
Heavy metal leaching
potential
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Although reuse potentials of carbonated solid wastes are sometimes limited due
to the small particle size of the feedstock needed for efficient carbonation reaction, it
could be beneficial for subsequent uses. Most applications for iron and steel slags
require that it be crushed and sieved into relatively small particles, which need
extremely fine grinding for a cement additive. Therefore, this can avoid additional
energy consumption and the cost of grinding specifically for CO2 sequestration.

Figure 15.1 shows an integrated approach to capturing CO2 in flue gas and
stabilizing solid wastes for utilization as supplementary cementitious materials via a
carbonation process. Several researches have investigated the use of carbonated
steel slag as SCMs in blended cement [12] and a fine aggregate in concrete [8].
After carbonation, there are both chemical and physical changes in the structure and
surface characteristics of alkaline solid waste properties, thereby affecting the
performance of blended cement. It is noted that the carbonated product is a solid of
lower porosity, lower tortuosity, and lower pore area with calcite infilling the pore
space.

Steel slag (such as BOFS) was shown to exhibit less cementitious activity due to
the nature of b-C2S and C3S formed in BOFS compared to those in cement clinker,
thereby resulting in a relatively lower early strength. In comparison, iron slag (such
as BFS) possesses great cementitious properties, which have been successfully
utilized as SCMs in the cement industry. Accelerated carbonation can offer an
overall solution to most of the encountered barriers of steel slag utilization,
including low cementitious activity, volume instability, and heavy metal leaching.
The hydrations of CaO and MgO in the fresh slag may be undesirable for usage as
concrete and asphalt aggregate, road base, and fill materials due to the tendency of

A

Clean flue gas

Constructions

B
Industry 

Fly ash

(Waste)water
or Brine

Carbonated 

Neutralized 

A: High-gravity Carbonation
B: L/S Separator

blended with cement

Enhanced 
Initial Strength

Ultimate Strength

(as SCMs)

Product

(waste)water

Gypsum 
(CaSO4)

Flue gas

CO2

Fig. 15.1 An integrated approach to capturing CO2 in flue gas and stabilizing solid wastes for
utilization as supplementary cementitious materials via a carbonation process. Reprinted with the
permission from Ref. [13]. Copyright 2016 American Chemical Society
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fresh slag to have high water absorption and expansion properties. This property
would be eliminated in the course of carbonation.

15.2 Specification of Performance Testing for Constriction
Materials

15.2.1 Workability, Durability, and Mechanical Properties

Table 15.2 presents the most important properties, including bulk density, shape,
resistance to fragmentation (i.e., resistance to impact and crushing), strength, water
absorption, resistance to freezing and thawing, volume stability, and resistance to
abrasion and polishing. After carbonation, the changes in physico-chemical prop-
erties of alkaline solid wastes are observed. The details of changes in physico-
chemical properties of solid wastes can be referred to Sect. 5.4 in Chap. 5.

Table 15.3 summarizes the important tests and the associated specifications of
cement paste, mortar, and concrete, including workability, mechanical properties,
and durability. The use of alkaline solid wastes is closely related to their chemical
and physical characteristics. They must be able to withstand static and dynamic
forces and environmental strains (such as heat, freeze, rain, and thaw) over the long
term. Consequently, the technical properties of processed construction materials are
of fundamental importance. In this section, technical requirements in both the
American Society for Testing and Materials (ASTM) and Chinese National
Standards (CNS) are discussed and compared.

Table 15.2 Key physico-chemical properties for the application of alkaline solid waste in civil
engineering

Properties Major effect on material performance Testing methods

Bulk density Resistance to fragmentation (i.e.,
resistance to impact and crushing)

ASTM C29/C29 M-16

Shape Microscope

Hardness Resistance to abrasion and polishing Rockwell harness test

C3S, C3A Early strength Chemical analysis

C2S Late strength Chemical analysis

Sulfate (gypsum) Set (hardening) of cement Chemical analysis

Free-CaO, free-MgO Volume stability Immersion expansion
ratio (USA and Japan)
steel slag stability test
method (China)

Water absorption

Active components
(Ca(OH)2, free-CaO)

Resistance to freezing and thawing Chemical analysis

Heavy metals Leaching behavior Tank leaching test
(Germany)
TCLP (Taiwan, ROC)
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15.2.1.1 Workability

Workability is one of the physical parameters of cement mortar or concrete, which
indicates the amount of useful internal work to fully compact the mortar or concrete
without bleeding or segregation in the finished product. In other words, a
cement-based material is said to be “workable” when it is easily placed and

Table 15.3 Important testing items and the associated specifications of cement paste, mortar, and
concrete

Categories Testing items Specimen Applicable
test method

Descriptions

Workability Normal
consistency

Paste ASTM
C187

Amount of water required

Setting time Paste ASTM
C150,
C191

Vicat time of setting

Flow test Mortar ASTM
C1437

Flow and water content

Bleeding test Paste/Mortar ASTM
C243

Bleeding rate/capacity

Mechanical
property

Compressive
strength

Mortar ASTM
C109

Compressive strength

Flexural
strength

Mortar ASTM
C348

Flexural strength

Tensile
strength

Mortar ASTM
C496

Tensile strength

Durability Autoclave
expansion
(soundness)

Paste ASTM
C151

Potential delayed
expansion caused by
hydration of CaO and MgO

Drying
shrinkage

Mortar ASTM
C596

Change in length on drying
of mortar bars

Sulfate
resistance

Mortar ASTM
C452

Potential expansion of
mortars exposed to sulfate

Mortar ASTM
C1012

Length change of mortars
exposed to sulfate

Mortar ASTM
C150

Permeability Concrete DIN 1048 Related to pore structure

Frost
resistance

Concrete DIN 1045 Maximum w/c ratio = 0.60

Stability Marshall
stability

Asphalt ASTM
D6927

Monitor the plant process

Resilient
modulus

Bituminous ASTM
D7369

Pavement design,
evaluation and analysis

Note MSRC moderate sulfate-resisting cement; HSRC high sulfate-resisting cement
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compacted homogenously without bleeding or segregation. The workability can be
determined by several indicators, including

• normal consistency,
• setting time, and
• flowability.

Numerous factors are largely related to the workability and the cement paste
hydration, such as

• water-to-cement (w/c) ratio,
• nature of aggregates or supplementary cementitious materials,
• curing age,
• curing temperature,
• mode of compaction,
• placement and transmission methods, and
• humidity of the environment.

It is noted that the rule of thumb for improving the workability of
cement/concrete is to increase the mixing time and temperature. Other approaches
to improving workability for concrete are to (1) use well-rounded and smooth
aggregate instead of irregular shape and (2) use non-porous and saturated aggregate.
Regarding the w/c ratio, a significant increase of hydration was observed with the
increase of the w/c ratio from 0.23 to 0.47, while the change of hydration becomes
insignificant when the w/c ratio increases beyond 0.47 [14].

To maintain consistent workability in cement pastes, a standard flowability of
110 ± 5%, as specified by the ASTM C 230 [15], should be maintained by
adjusting the quantity of mixing water. Similarly, in CNS, the workability of
blended cement, including normal consistency (followed CNS 3590 [16]), flow test
(followed CNS 786 [17]), and setting time (followed CNS 786 [17]), should be
evaluated. For instance, the setting time of the blended cement via the Vicat test
should meet the following standards:

• ASTM C595 [15]: no less than 45 min and no more than 7 h.

15.2.1.2 Mechanical Properties

The important mechanical properties for a cement-based material are as follows:

• compressive strength,
• flexural strength, and
• tensile strength.

Concrete can offer relatively high compressive strength but significantly low
tensile strength. Therefore, it is usually reinforced with materials that are string in
tension such as steel and rebar, so-called reinforced concrete (RC). The major
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composition of concrete includes cement, water, aggregates, supplementary
cementitious materials, and chemical admixture. There are several types of blended
cement regulated in the ASTM, such as IS (Portland blast furnace slag cement), IP
(Portland-pozzolan cement), IL (Portland-limestone cement), and IT (ternary
blended cement). The requirements for minimal compressive strength of cement
mortar (comparable to Portland cement type I) are provided as follows:

• ASTM C595 [15] and C109 requirements for IL, IP, IS (<70), and IT (S < 70):

– 3-days strength >1890 psi (13.0 MPa),
– 7-days strength > 2900 psi (20.0 MPa), and
– 28-days strength >3620 psi (25.0 MPa).

• CNS 61-R2001 requirement [18]:

– 3-days strength >1800 psi (12.4 MPa),
– 7-days strength >2800 psi (19.3 MPa), and
– 28-days strength >4000 psi (27.6 MPa).

15.2.1.3 Durability

The volume stability of mortar with alkaline solid wastes may be a key criterion for
using them as a construction material [19]. All applications of alkaline solid wastes
and carbonated products would be practicable only if there was sufficient volume
stability as the decisive criterion. Since the contact of alkaline solid wastes with
water (or moisture in air) might cause these mineral phases to react to hydroxides, a
volume increase of the solid waste would be observed, thereby resulting in a
disintegration of the pieces and a loss of strength.

1. Contents of free-CaO and free-MgO

The contents of free-CaO (lime) and free-MgO in materials are the most important
indicator of volume stability. Typically, the MgO content in the cement is limited to
less than 6% [20]. In Germany, good engineering practice (GEP) shows that steel
slags with a free-lime content up to 7% may be used in unbound layers, and up to
4% in asphaltic layers [19].

2. Autoclave expansion

In Germany, the steam test is commonly conducted to measure that of iron and steel
slags for road construction, while the boiling test is used for hydraulic construction
[19]. The standards for a maximum autoclave expansion of blended cement mortar
can be found as follows:

• ASTM C596 requirement [15]: <0.80%
• CNS 1258 specification [18]: <0.80%
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3. Immersion expansion

For iron and steel slags, the test of immersion expansion ratio is commonly used in
the USA and Japan to evaluate the volume stability [21]. According to the CNS for
“steel slag stability test method” in 2009, the immersion expansion ratio should be
limited to

• CNS [22]: <2% for road construction

4. Drying shrinkage

The standards for a maximum drying shrinkage of blended cement mortar are
shown below:

• ASTM C157/C596 [15]: <0.15% for blended cement with low heat of
hydration.

5. Sulfate resistance

The sulfate resistance is evaluated by measuring sulfate expansion which represents
the formation of expansive ettringite and gypsum. The important factors in deter-
mining sulfate resistance of blended cement include [23]

• alumina content of SCMs,
• substitution ratio of SCMs in blended cement, and
• C3A content of clinker.

The standards for sulfate resistance of blended cement mortar are shown below:

• ASTM C-1012 requirement:

– <0.10% (6-month) for moderate sulfate resistance cements,
– <0.05% (6-month) for high sulfate resistance cements, and
– <0.10% (12-month) for high sulfate resistance cements.

Several approaches to increasing the sulfate resistance of blended cement have
been reported, such as the addition of extra materials (e.g., calcium sulfate and
limestone powder) to control the hydration process of blended cement. Extra
additions of limestone filler and calcium sulfate reduce the transformation of
monosulfate to ettringite by reaction with external sulfate ions by Hoshino et al. [24].

15.2.2 Effect of Chemical Properties on Material Functions

Figure 15.2 shows the important chemical properties in alkaline solid waste asso-
ciated with its related properties for the utilization in civil engineering. For
example, the physico-chemical properties of steel slags mainly depend on the
cooling technique applied [10]. The major mineral compositions contained in steel
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slags include tricalcium silicate (C3S), dicalcium silicate (C2S), RO phase (CaO–
FeO–MnO–MgO solid solution), tetra-calcium aluminoferrite (C4AF), dicalcium-
ferrite (C2F), olivine (Mg2SiO4), merwinite, wustite (FexOy), and lime (f-CaO) [19,
25]. As mentioned before, the contents of free-CaO (lime) and free-MgO in
materials may cause uncontrollable expansion.

Table 15.4 presents the function of various compounds in cement clinker and
their associated ratio in cement. According to their compositions and application,
there are five types of Portland cement that exist, as regulated in the ASTM C150.
Type 1 Portland cement is known as common (or general-purpose) cement.
Ca3SiO5(C3S) and Ca2SiO4(C2S) contents are considered to be the main con-
stituents for strength development in cement. The sum of their component per-
centage varies from 70 to 80%. For type 1 Portland cement, the compound
compositions are 55% C3S, 19% C2S, 10% C3A, 7% C4AF, 2.8% MgO, and 1.0%
free-CaO. A limitation on the composition of C3A is that it should not exceed 15%
[26].

15.2.3 Key Evaluation Parameters

Following are the major physico-chemical requirements of ordinary cement and/or
supplementary cementitious materials:

Fig. 15.2 Major chemical compositions in solid wastes (or natural ores) associated with its related
properties for utilization in civil engineering
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Table 15.4 Function of various compounds in cement clinker and their associated ratio in
cement. Information was collected from [27–29]

Categories Items Features Specification

Ingredients
of cement

CaO • In excess: (1) cement unsound and
(2) to expand and disintegrate

• In deficiency: (1) the strength of
cement decreases and (2) cement sets
quickly

SiO2 • Imparts strength to cement due to the
formation of C2S, C3S

• In excess: (1) greater strength, (2) but
prolongs its setting time

Al3O2 • Imparts quick setting quality to
cement

• Acts as a flux to lower clinkering
temperature

• In excess: strength of cement
decreases

<7%

CaSO4 • Increasing initial setting time of
cement

• Also added during grinding process
for controlling initial setting time

Added by 3–4%
(during clinker
grinding)

Fe2O3 • Provides color, hardness, and strength
to cement

• Helps fusion of raw materials during
manufacture

<3%

MgO • Imparts hardness and color to the
cement (if in small amount)

• In excess: makes cement unsound and
leads cracks after mortar or concrete
hardness

< 5%

SO3 • Makes cement sound (if present in
very small quantity)

• In excess: makes cement unsound

2.1–2.8%

Alkalies
(K2O and
Na2O)

• Should be present in small quantities
• In excess: cause efflorescence and
lead to the failure of concrete from
that cement

<1%

Impurity Chloride • May restrict the use of some marine
deposits

<0.01%

Composition
of cement
clinker

C3S • Generates more heat and hydrates
rapidly than C2S

• Possesses less resistance to chemical
attack than C2S

• Develops initial strength for the first
28 days

C2S • Hydrates and hardens more slowly
• Offers resistance to chemical attack
(e.g., sulfate)

(continued)
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1. Blaine fineness

The Blaine fineness of a cement powder, usually expressed in units of m2/kg, is a
single parameter for the characterization of the specific surface area. It is based on
the Blaine air permeability test, which is described by ASTM C204. The Blaine
fineness of a cement is assumed to be linked to physical and mechanical properties,
such as strength, setting time, and flow properties (or rheology) [30]. Table 15.5
presents the Blaine fineness for different materials. For example, the Blaine fineness
of OPC is typically in the ranges between 300 and 500 m2/kg (i.e., from 3000 to
5000 cm2/g).

2. Loss of ignition (LOI)

The percentage of loss on ignition (LOI, %) can be calculated as follows:

LOI(%Þ ¼ W=W0ð Þ � 100 ð15:1Þ

where W is the loss in mass between 105 and 750 °C (221 and 1382 °F), and W’ is
the mass of moisture-free sample used. It is noted that a high LOI value may result

Table 15.4 (continued)

Categories Items Features Specification

• Imparts ultimate strength to the
cement (beyond 7 days)

• Takes 2 to 3 years for complete
hydration

C3A • Weak against sulfate attack
• Reacts fastly, generating a large
amount of heat

• Does not contribute to development
strength

• Causes initial setting of cement

<15%

C4AF • Poor cementing value
• Reacts slowly, generating small
amount of heat

• Comparatively inactive
• Acts as a flux during manufacturing
• Contributes to the color effects that
makes cement “Gray”

Table 15.5 Blaine fineness
for different materials

Material Blaine (m2/kg)

Ordinary Portland cement (OPC) 300−500

Limestone filler 200−1100

Raw meal 200−800

Fly ash 200−600

Ground clay 100−200
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in discoloration, poor air entrainment, segregation, and low compressive strength of
the mixed components. Therefore, the LOI of pozzolanic materials containing fly
ashes is typically limited by regulations and standards, for example, to less than 6%
in accordance with the ASTM C 618 [2].

3. Lime saturation factor (LSF)

The LSF is actually the ratio between the lime (CaO) in the raw material and the
maximum amount of lime that can be combined with silica, alumina, and ferrite in
the raw meal during burning and cooling. The LSF ranges from 0.90 to 1.04 for
ordinary Portland cement (OPC) clinkers, with an average of 0.97 [27].

LSF ¼ CaO�0:7 SO3ð Þ= 2:8 SiO2 þ 1:18 Al2O3 þ 0:65 Fe2O3ð Þ ð15:2Þ

4. Silica ratio (SR)

The SR indicates the solid-to-liquid ratio in the sintering zone of the cement kiln,
typically ranging between 1.5 to 4.0, with favorable values between 2.3 and 2.8
[27].

SR ¼ SiO2= Al2O3 þ Fe2O3ð Þ ð15:3Þ

5. Alumina ratio (AR)

For clinker of normal composition, the AR lays between 1.5 and 4, with favorable
values between 1.4 and 1.6 [27].

AQ ¼ Al2O3=Fe2O3 ð15:4Þ

6. Alkalinity

Alkalinity (A) can be used to evaluate the hydration activities of alkaline solid
wastes. If alkalinity is greater than 2.4, the solid wastes should be considered as
highly reactive [31].

A ¼ CaO= SiO2 þ P2O5ð Þ ð15:5Þ

It is noted that the hydrolysis of BOFS can induce a rapid increase of alkalinity
(e.g., the presence of Ca-OH and free-CaO), and the reactivity of steel slag
increases with its alkalinity. The contents of free-CaO (as much as 6% in total) in
steelmaking slag come from two sources: (1) residual free-lime from the raw
material and (2) precipitated lime from the molten slag [32].

7. Pozzolanic activity

According to the ASTM: C311-11b [33], the strength activity index (SAI) is usually
used to evaluate the pozzolanic activity of the materials:
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SAI ð%Þ ¼ ðA=BÞ � 100 ð15:6Þ

where A is average compressive strength of test mixture cubes (MPa), and B is
average compressive strength of control mix cubes (MPa). Normally, the com-
pressive strength of mixture samples at ages of 7 d and 28 d is determined for the
pozzolanic activity.

In the ASTM C595, the properties of pozzolanic materials for use in the blended
cements are regulated. For example, the SAI index with Portland cement at 28 d
should be higher than 75% [15], in accordance with the ASTM C311 test method.
Moreover, the LOI of natural pozzolan, fly ash, and silica fume should be lower
than 10, 6, and 6%, respectively. Table 15.6 compares the standards of physical
properties for ordinary cement (OC) in various regions and/or regulations, such as
ASTM, IS, and EN.

15.3 Cement Chemistry: Principles

Cements used in construction can be characterized as either hydraulic or
non-hydraulic, depending on the ability of the cement to set in the presence of
water. In principle, hydraulic cement hardens by hydration in the presence of water,
while non-hydraulic cement (such as slaked lime) hardens by carbonation in the
presence of CO2. Table 15.7 presents the chemical constituents of major oxides in a
raw meal for ordinary Portland cement clinker. In the case of hydraulic cement, the
components of silicates are responsible for the mechanical properties of the cement.
The chemistry of the cement hydration reactions is quite complicated and has not
been completely clear.

15.3.1 C3S and C2S Hydrations

Ca3SiO5(C3S) and Ca2SiO4(C2S) contents are considered to be the main con-
stituents for strength development in cement, where the sum of their component
percentage varies from 70 to 80%. As shown in Eq. (15.7), the C3S hydrates more
rapidly with a higher hydration heat than that of C2S and would enhance the initial
strength development for the first 28 days. Conversely, the C2S hydrates slowly
(long-term hydration), as shown in Eq. (15.8), which is responsible for the ultimate
strength development (usually takes 2–3 years for its completion hydration).

Rapid hydration : 2C3Sþ 6H ! C3S2H3 þ 3CH; DH ¼ 114:16 kJ/mol ð15:7Þ

Slow hydration : 2C2Sþ 4H ! C3S2H3 þCH; DH ¼ 38:75 kJ/mol ð15:8Þ
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where C, S, and H represent CaO, SiO2, and H2O, respectively. C3S2H3 represents
calcium silicate hydrate (C–S–H colloid), which is in a non-crystalline amorphous
solid–liquid phase. CH represents Ca(OH)2. The C3S hydration is considered to
contribute to the initial strength development; however, the hydration reaction will
release two molar calcium hydroxide, which is unfavorable for the long-term
durability of concrete.

15.3.2 C3A Hydration

In cement, 3CaO�Al2O3(C3A) is the first component to react with water and causes
the initial set, as shown in Eq. (15.9). Therefore, the setting speed is mainly related
to the reaction of C3A with water, where the reaction immediately hardens the paste
(i.e., *mins) [20].

C3Aþ 6 H ! C3AH6 ð15:9Þ

where A represents Al2O3. The hydration of C3A phase displays several features for
cement development:

• little contribution to the strength of concrete,
• easily affected by sulfates, and
• great heat of hardening (self-heating), leading to a negative effect on the strength

after 28 days.

Table 15.7 Chemical constituents of major oxides in a raw meal for ordinary Portland cement
clinker

Types Constituents Units Values

[28] [27] [7]

XRF CaO % 63.0 63–70 –

SiO2 % 22.0 19–24 –

Al2O3 % 6.0 3–7 –

Fe2O3 % 3.0 1–5 –

MgO % 2.50 0.7–4.5 –

SO3 % 1.75 – –

Mineralogy C3S % 40 52–85 62.9 ± 1.1

b-C2S + c-C2S % 32 0.2–27 15.9 ± 0.4a

C3A % 10.5 7–16 –

C4AF % 9 4–16 –

Free-lime (CaO) % – 0.1–5.6 –

Thermal analyses Loss on ignition % 1.50 – 1.39

Insoluble residue % 0.25 – 0.26
afor only b-C2S
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The negative effect on the ultimate strength development is caused by weak-
ening of cement matrix bond with microcrack formation due to high thermal
expansion of air and water in the mortar [35]. Therefore, it is rendered ineffective by
adding gypsum (CaSO4) during the grinding of clinkers [28]. By doing so, the C3A
component is not available in substantial quantity for hydration reaction when water
is added to the cement. In Portland cement, when the ratio of CaSO4 to C3A is low,
ettringite forms during the early hydration (Eqs. (15.10) and (15.11)) and then
converts to the calcium aluminate monosulfate (AFm). When the ratio is interme-
diate, only a portion of the ettringite converts to AFm and both can coexist, as
shown in Eq. (15.12). However, at higher ratios, ettringite is unlikely to convert to
AFm.

C3Aþ 3CaSO4 ! ettringite mostly in the form of AFt and AFmð Þ ð15:10Þ

C3Aþ 3C�S � H2 þ 26H ! C3A � 3C�S � 32H ettringiteð Þ; DH ¼ 1; 350 J=g

ð15:11Þ

2C3AþC3A � 3C�S � H32 ettringiteð Þ ! 3C3A � C�S � H12 AFmð Þ ð15:12Þ

where CŠ�H2 represents CaSO4�2H2O, C3A�3CŠ represents ettringite, and 3C3A�CŠ
represents monosulfidic-type calcium aluminate. Magistri et al. [29] suggested that
an optimum SO3 content in cement mortar should be ranged between 2.1 and 2.8%
for early development of compressive strength.

Similarly, using carbonated alkaline solid wastes (with the presence of CaCO3

product) in cement mortar as SCMs would affect the C3A hydration. It is noted that
the hydration of C3A could be suppressed by CaCO3 due to the formation of the
calcium carboaluminate (C3A�CaCO3�11H2O) on the surface of the C3A grains
[36]. In the absence of CaSO4, the C3A would react with CaCO3 to form both
“hexagonal prism” phase (tricarbonate, C3A�3CaCO3�30H2O) and “hexagonal
plate” phase (monocarbonate, C3A�CaCO3�11H2O). The formation of the hexago-
nal C3A�CaCO3�11H2O phase could offer high mechanical strength to the cement
samples on the first day of curing [37]. More details are discussed in Sect. 15.4.3.1.

15.3.3 C4AF Hydration

C4AF, the main component of ferrite, reacts slowly and generates small amount of
reaction heat. It is comparatively inactive and acts as a flux during manufacturing. It
contributes to the color effects that makes cement “gray”.

C4AFþ x � C�S � H2 þ y4H ! C3A � 3C�S � H32 þC3A � C�S � H12 þ . . .;

DH ¼ 460 J=g
ð15:13Þ
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15.4 Blended Cement with Carbonated Wastes:
Performance and Mechanisms

As aforementioned, various types of carbonated alkaline solid wastes could be
considered as a suitable resource in substituting cement as a mortar or concrete
block. In this section, the physico-chemical properties of the carbonated solid waste
are illustrated, in terms of physical property and morphology, chemical property,
and toxicity characteristic leachingprocedure (TCLP). Moreover, the performance
of workability, mechanical strength development, and durability of blended cement
with carbonated solid wastes is reviewed.

15.4.1 Physico-chemical Properties

15.4.1.1 Physical Property and Morphology

After accelerated carbonation, both the density and particle size distribution of
alkaline solid waste may decrease because the reactive calcium species in the fresh
solid waste are gradually leached out during carbonation. This might result in a less
dense and shrinking matrix of solid waste [12]. On the other hand, the formation of
fine CaCO3 precipitates after carbonation would lead to an increase in both fineness
and specific surface area. Figure 15.3a, b shows the SEM images of fresh and
carbonated steel slag, respectively. Before carbonation, the entire fresh solid waste
is smooth without crystallized precipitates on the surface of the particle. After
carbonation, the carbonated solid waste exhibited rhombohedral crystals (i.e.,
CaCO3), with a size of 1–3 lm, formed uniformly on the surface of the carbonated
solid waste. In addition, the carbonation conversion of alkaline solid waste should
affect the changes in physical properties of alkaline solid waste, such as particle size
and specific surface area.

(a) (b)

Fig. 15.3 SEM images of (a) fresh and (b) carbonated solid wastes, exemplified by basic oxygen
furnace slag
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15.4.1.2 Chemical Property

The content of free-CaO was observed to be eliminated after carbonation, which can
be beneficial to mitigate the expansion potential of mortar containing solid waste.
For example, the crystallography of steel slag was examined by XRD analysis [12],
indicating that the formed product was CaCO3 (i.e., calcite). This evidence reveals
that the gaseous CO2 is successfully mineralized as calcium carbonate precipitates.
CO2 was attached onto the surface of the steel slag in the course of carbonation.

15.4.1.3 Toxicity Characteristic Leaching Procedure (TCLP)

One of the purposes of toxicity characteristic leaching procedure (TCLP) tests is to
evaluate the heavy metal leachability, in accordance with NIEA R201.14C [38].
The TCLP was originally developed by the United States Environmental Protection
Agency (USEPA) to simulate the pollutant leaching for solid waste disposal in a
landfill [39]. Depending on the pH of the sample, the TCLP procedure uses acetic
acid solution (pH = 2.88 ± 0.05) or acetate buffer solution (pH = 4.92 ± 0.05) to
simulate the presence of metals and organic compounds leached by acid rain. The
concentrations of different heavy metals in the solution can be analyzed with
inductively coupled plasma-optical emission spectroscopy (ICP–OES), or atomic
absorption spectroscopy (AAS).

For example, Table 15.8 presents the TCLP results of basic oxygen furnace slag
(BOFS) before and after carbonation. The results indicated the fresh BOFS
(F-BOFS) might be classified as hazardous materials because of its high leaching
concentration of heavy metals, such as total chromium (Cr) metal greater than
5 mg/L. After the HiGCarb process, however, the carbonated BOFS (C-BOFS) can
potentially be used as green building materials since both the C-BOFS-1 and
C-BOFS-2 were above the related standards. The leaching concentrations of total
Cr metal were significantly reduced, by 99.3%, after carbonation [12]. With the
increase of carbonation conversion to 48%, the leaching concentrations of Hg, Cr,
and Cr(VI) from BOFS were not detected by ICP-OES. It thus suggests that the
accelerated carbonation can effectively improve the physico-chemical properties of
BOFS and minimize the leaching of heavy metals (such as Hg, Cr, Cr, Ag, and Ba)
from solid matrix to become environmentally friendly products.

15.4.2 Workability

Extensive studies have been conducted to evaluate the effect of fresh alkaline solid
waste on the performance of workability. The water demand of cement paste largely
depends on the physical properties of the SCMs and its portion in the blending. It is
noted that blended cement with SCMs having a higher surface area would demand a
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large amount of water. For instance, compared to a pure Portland cement, the
blended cements with fresh alkaline solid waste (e.g., steel slag [7]) present higher
water requirement for normal consistency and longer setting time. Moreover,
compared to that with fresh solid wastes, the blended cements with carbonated solid
wastes exhibit higher water demand due to larger surface areas of the carbonated
particles.

On the other hand, the setting time increases with the increase of substitution
ratios of SCMs in blended cement pastes. The setting speed is mainly related to the
reaction of C3A with water, as shown in Eq. (15.14), where the reaction would
immediately harden the paste in few minutes [20].

C3Aþ 6H ! C3A2H6 ð15:14Þ

In the case of fly ash (FA) [13], the water demands for both fresh and carbonated
FA are typically in the range between 0.26 and 0.29 mL-water/g-cement.

Table 15.8 Toxicity characteristic leaching procedure (TCLP) results of fresh and carbonated
BOFS comparable to limits by regulations in Taiwan. Reprinted with the permission from Ref.
[12]. Copyright 2015 American Chemical Society

Items Units Values Limits by regulations in Taiwan

F-BOFS C-BOFS-1 C-BOFS-2 Utilization
Product

Green
Building
Materialsb

Hazardous
Materialsc

d % 8.8 17.0 47.9 – – –

Hg mg/L 0.0009 0.0005 ND
(<0.0003)

0.016 0.005 0.2

Pb mg/L ND
(<0.029)

ND
(<0.029)

ND
(<0.029)

4.0 0.3 5.0

Cd mg/L ND
(<0.0035)

ND
(<0.0035)

ND
(<0.0035)

0.8 0.3 1.0

Cr mg/L 6.77 0.065 ND
(<0.047)

4.0 – 5.0

Cr6+ mg/L ND
(<0.0035)

0.030 ND
(<0.0035)

0.2 1.5 2.5

As mg/L ND
(<0.0007)

0.001 0.002 0.4 0.3 5.0

Se mg/L ND
(<0.0010)

ND
(<0.0010)

ND
(<0.0010)

0.8 – 1.0

Cu mg/L ND
(<0.012)

ND
(<0.012)

ND
(<0.012)

12.0 0.15 15.0d

Ag mg/L 0.014 0.007 0.006 – 0.05 5.0e

Ba mg/L 0.249 0.124 0.088 10.0 – –
ad = carbonation conversion; bleaching limit regulated by Taiwan Architecture & Building Center;
cleaching limit regulated by NIEA R201.14C, EPA, Taiwan; donly for bottom and fly ash from
incinerator, sludge, dust, catalyst, filter, etc; eonly for waste solution from photograph and
heliograph production
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Meanwhile, the setting times for the fresh and carbonated FA at a substitution ratio
of 20% were 225 and 320 min, respectively. For comparison, the initial and final
setting times of pure cement are approximately 150 and 250 min, respectively. As
the FA substitution ratios increase, the total content of C3A in cement pastes
decreases since the main compositions of FA are CaSO4 and CaCO3, thereby
leading to a delay of exothermic peak. According to the experiences [13], the
setting times of blended cement pastes with up to 20% substitution ratio of the fresh
or carbonated FA met the ASTM and CNS requirements. Furthermore, several
studies indicated that incorporation of fine pure CaCO3 in blended cement could
reduce set retardation in ternary blended cement [40–43]. This might be attributed
to the fact that the CaCO3 can provide additional nucleation sites for hydration
reaction, thereby reducing the setting time.

15.4.3 Compressive Strength

As the substitution ratio of either fresh or carbonated solid waste increases, the
compression strength of blended cement generally decreases due to less OPC
amount in mortars, thereby reducing the available Ca3SiO5(C3S) and Ca2SiO4(C2S)
contents. In addition, after aqueous carbonation, the available calcium silicate
contents (e.g., CS, C2S, and C3S) may be reduced due to the reaction with CO2 to
form carbonates as shown in the following reaction formulas:

CaSiO3ðsÞ þCO2ðgÞ þ 2H2OðlÞ ! CaCO3ðsÞ þH4SiO4ðaqÞ
DH ¼ �87:9 kJ/mol CO2

ð15:15Þ

Ca2SiO4ðsÞ þ 2CO2ðgÞ þ 2H2OðlÞ ! 2CaCO3ðsÞ þH4SiO4ðaqÞ
DH ¼ �203:5 kJ/mol CO2

ð15:16Þ

For carbonated BOFS as example, Fig. 15.4 shows the effect of carbonation
conversion and substitution ratio on the compressive strength of cement mortar. The
percentage numbers (%) presented on each dot represent the relative compressive
strength to Portland cement type I mortar. It was found that the cement mortar using
carbonated BOFS with a carbonation conversion of 48% exhibited superior
3-day compressive strength to that using pure Portland cement or fresh BOFS. It
might be attributed to the fact that the hydration of C3A could be enhanced by
CaCO3 to form calcium carboaluminate, which helps to develop a higher
mechanical strength in the early stage.

Figure 15.5 shows the compressive strength of blended cement with different
substitution ratios of fresh (F-) or carbonated (C-) FA on 3, 7, 28, and 56 days,
comparable to CNS-61 requirement in Taiwan. It was noted that similar observa-
tion was found in the case of carbonated FA.
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15.4.3.1 Early Strength Development

The use of carbonated solid wastes as SCMs can be beneficial to the strength
development of blended cement, especially the early-age strength. In some case of
carbonated steel slag [12] and fly ash [13], at 7 days, mortar with 10% substitution
ratio of carbonated solid waste even exhibited higher initial compressive strength
than the OPC mortar. Moreover, Pang et al. [44] found that replacing
non-carbonated slags with carbonated slags can result in a 20% increase in com-
pressive strength in 28 days, as well as reduce environmental problems such as the
leaching of heavy metals. Compared to non-carbonated slag, the hydration activity
indexes of carbonated slag on 3 d and 28 d increase by 97 and 16% at the initial
water content of 19% [45]. Similar observations were made in several reports [12].
This might be attributed to the enhanced hydration of C3A by CaCO3 to form stable

Fig. 15.4 Effect of carbonation conversion and substitution ratio on compressive strength at 3, 7,
28, and 56 days. Carbonation conversion of F-BOFS = 8.8%, carbonation conversion of
C-BOFS-1 = 17.0%, and carbonation conversion of C-BOFS-2 = 47.9%. Reprinted with the
permission from Ref. [12]. Copyright 2015 American Chemical Society
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calcium carboaluminate hydrate (C3A�CaCO3�11H), as described in Eq. (15.17).
This helps to develop a higher mechanical strength in the early stage [36].

2C3Aþ 1:5CaCO3 þ 0:5Ca OHð Þ2 þ 22:5H
! C3A � CaCO3 � 11HþC3A � 0:5CaCO3 � 0:5Ca OHð Þ2 � 11:5H ð15:17Þ

The formed unstable compound (C3A�0.5CaCO3�0.5Ca(OH)2�11.5H) will con-
tinuously convert to calcium carboaluminate after 1 d, as shown in Eq. (15.18).

2C3A � 0:5CaCO3 � 0:5Ca OHð Þ2 � 11:5H ! C3A � CaCO3 � 11HþC3AH6

ð15:18Þ

Although the contents of free-CaO and Ca(OH)2 were reduced in the carbonated
solid wastes, the exothermic reaction by the carbonation product (CaCO3) would be
faster than C3S, which would enhance hydration heat and form carboaluminate
hydrate for initial strength development [46]. It suggests that the carbonated BOFS
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Fig. 15.5 Compressive strength of blended cement with different substitution ratios of fresh (F-)
or carbonated (C-) FA on 3, 7, 28, and 56 days, comparable to CNS-61 requirement in Taiwan.
Reprinted with the permission from Ref. [13]. Copyright 2016 American Chemical Society
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should be suitable for use as high early strength (HES) cement, specified by the
ASTM C39, [47] where rapid strength development is desired.

In some cases, the original matrix of solid wastes comprises a great amount of
gypsum (CaSO4�2H2O), e.g., fly ash (due to the wet desulfurization of flue gas
using CaO). The C3A easily reacts with sulfates (e.g., gypsum) and water to form
ettringite, as shown in Eq. (15.19). The formed ettringite can cover the C3A crystal
to prevent C3A from further hydration. This could also improve the strength
development and prolong the setting time of blended cement (as discussed in
Sect. 15.2). In general, gypsum is added to reduce the rate of C3A hydration
because C3A hydration can be hindered by the ettringite layer covering the alu-
minate crystals and forming an impermeable barrier.

C3Aþ 3CaSO4 � 2H2Oþ 26H2O ! C3A � 3CaSO4 � 32H2O ettringiteð Þ;
DH ¼ 364:76 kJ/mol

ð15:19Þ

The direct reaction of C3Awith ettringite is also possible, as shown in Eq. (15.20).

C3Aþ 3C3A � 3CaSO4ðettringiteÞþ 26H2O ! C3A � 3CaSO4 � 32H2OðettringiteÞ
ð15:20Þ

The formed ettringite could further react with the uncovered C3A to form
monosulfate (AFm). This means that the amount of ettringite formed at the early
stage of hardening will be reduced with the increase of gypsum content. As a result,
disturbing the hydration process at early age will also affect the strength develop-
ment at later age and may even reduce the strength. This suggests that the optimum
gypsum content in blended cement is of crucial importance to achieve maximum
strength and minimum drying shrinkage. Therefore, the optimal SO3 content in
blended cement should be in a range between 3.1 and 3.3% [13].

Meanwhile, in the presence of CaCO3 (i.e., carbonated solid wastes), the above
reaction can be delayed and reduced, due to the formation of monocarboaluminate,
as shown in Eqs. (15.21a) and (15.21b). The carboaluminates are more voluminous
and potentially stiffer than sulfoaluminates. Similar observation was also found in
the literature [48], which indicated that the formation of ettringite was accelerated
by CaCO3 at the very beginning of hydration (e.g., 30 min).

C3A � 3CaSO4 � 32H2O ettringiteð ÞþCaCO3

! C3A � CaCO3 � xH2O carboaluminateð Þþ . . . ð15:21aÞ

3C3A � C�S � 12H AFmð Þþ 2CaCO3 þ 18H
! 2C3A � CaCO3 � 11HþC3A � 3C�S � 32HðettringiteÞ ð15:21bÞ

Tricarbonate is less stable than ettringite at ambient temperature. Sulfate ions are
more effective in controlling setting than carbonate ions because sulfate ions enter
more readily than carbonate ions into solid solution due to the differences in the
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stereochemistry [36]. The contribution of CaCO3 in the hydration reactions is only
observed primarily on the surface of CaCO3 particle. In other words, the CaCO3

should be considered an inert material.
Aside from the aforementioned chemical enhancement, physical improvement of

blended cement mortar with carbonated solid wastes, which is in highly fine particle
size, could result in

• High surface area: This provides activate and favorable sites for nucleation and
growth of hydration products, such as C–S–H, thereby accelerating hydration
reactions [49, 50].

• Microfiller effect: The CaCO3 product can serve as microfiller occupying free
spaces between clinker grains, thereby leading to a more compact structure in
the early stage. Moreover, liquid cannot intrude into the structure to induce
corrosion and further damage to the structure [51].

• Reduced porosity of mortar system: The mechanical properties of cement
blended with carbonated solid wastes are also superior to those with uncar-
bonated solid wastes, especially for early strength [9, 45, 52].

With continuous curing, this effect does not produce additional increases in
strength at early stages, unless the blended particle (e.g., cement) is ground finer to
compensate. For instance, in the presence of sulfate, the monocarboaluminate can
be formed by the hydration of C3A or C4AF, if the fineness of CaCO3 particles was
greater than 680 m2/kg [53], revealing an increase in reactivity with finer CaCO3 or
particles.

It suggests that the carbonation product, i.e., CaCO3, should be superior to the
original CaO or Ca(OH)2 in solid wastes, in terms of physical properties. The
volume of CaCO3 product is 11.8% greater than that of Ca(OH)2 [54]. Pang et al.
[44] reported that the number of pores smaller than 1 lm in steel slag decreased by
24.4% after carbonation, resulting in a decrease in water absorption and an increase
in impermeability. Moreover, CaCO3 is a kind of highly elasticity-resistant mate-
rial, which can improve early strength when used as SCMs in blended cement [55].
During the carbonation process, the product of micron-sized CaCO3 formed
gradually in the C–S–H matrix, building up a denser and more compacted structure,
which is beneficial to the strength development of blended cement [56–58].

Similar observations were found in the literature for cement pastes containing
CaCO3, either as a chemical reagent or as a limestone constituent [12, 35, 49]. At a
low addition level of less than 5%, some modification on the heat of hydration at
early ages may occur depending on the fineness of CaCO3 particles. Also the
long-term heat flow would be a bit lower than without limestone because of the
smaller fraction of hydrating clinker [49].

15.4.3.2 Late Strength Development

Most of the strength-developing properties of cement are controlled by C3S and
C2S (see discussion in Sect. 15.2); however, these components are partially
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consumed during carbonation. With the increase of substitution ratio from 10 to
15%, a significant difference in compressive strength after 28 days was observed in
the case of carbonated steel slag [12] and fly ash [13]. Therefore, the low pozzolanic
(cementitious) activity of carbonate solid waste (such as steel slag) with a relatively
higher carbonation conversion caused by the consumption of Ca(OH)2 during
carbonation can lead to a low strength development at the late stage.

Although the C3A content in cement (typically *10% in clinker) contributes
little to the strength of concrete, the C3A hydration will result in a great amount of
hardening heat. The hydration of C3A provides a decisive effect on the rheological
properties of cement paste. A high rate of hydration would result in the saturation of
the solution with aluminate and calcium ions and as a consequence to the crys-
tallization of C4AHx, leading to the quick stiffening of paste [59]. This might lead to
a negative effect on the strength after 28 days by weakening of cement matrix bond
with microcrack formation due to its high thermal expansion of air and water in the
mortar [35].

In addition, the decomposition of monocarbonate could still occur depending on
time, temperature, and humidity of the environment [37]. Partial decomposition of
the C3A�CaCO3�11H phase might occur to form C3AH6 and CaCO3 on 7 days, as
shown in Eq. (15.22).

C3A � CaCO3 � 11H ! C3AH6 þCaCO3 þ 5H2O ð15:22Þ

This seems to be one of the key factors that lead to a decrease in the compressive
strength after 3 days.

15.4.4 Durability

15.4.4.1 Autoclave Expansion

Accelerated carbonation is an effective method to improve the durability of blended
cement or concrete block because relatively insoluble CaCO3 is formed from the
soluble and active components, e.g., free-CaO and Ca(OH)2, in alkaline solid
wastes [60, 61]. After carbonation, free-CaO content in alkaline solid waste could
be depleted, even entirely eradicated, as presented in Eq. (15.23), which reduces the
risk of fatal fracture from volume expansion [51].

CaOðsÞ þCO2ðgÞ þH2OðlÞ ! CaCO3ðsÞ þH2OðlÞ;DH ¼ �178:3 kJ/mol CO2

ð15:23Þ

In the case of basic oxygen furnace slag (BOFS), Fig. 15.6 shows the soundness
of blended cement mortars with different substitution ratios of F-BOFS (as fresh) or
C-BOFS (as carbonated). The expansion capacity of mortar increases with the
increases of the substitution ratio of F-BOFS due to higher free-CaO contents in
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mortar. Using the F-BOFS at a substitution ratio of 20%, the maximal autoclave
expansion of mortar was approximately 0.3%. Instead, using C-BOFS in blended
cement, the expansion increment could be successfully stabilized at a value of less
than 0.15%. This was attributed to the elimination of free-CaO content in C-BOFS
with relatively stable compounds (e.g., CaCO3).

In the case of fly ash (FA), Fig. 15.7 shows the autoclave expansion of blended
cement mortars with F-FA (as fresh) and C-FA (as carbonated). The results indi-
cated that the autoclave expansion of the blended cement mortars increased with the
increase of substitution ratio of the FA because of higher free-CaO contents in
mortar. In the case of 20% substitution ratio, the maximal expansions for the F-FA
and C-FA were about 0.34 and 0.28%, respectively. In all cases of using the C-FA,
the expansion increment could be successfully stabilized. This was attributed to the
elimination of reactive free-CaO content in the C-FA with relatively stable com-
pounds (CaCO3).
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Similar observations were also found that the durability of cement mixtures
could be greatly enhanced by employing either pure limestone powder [62, 63] or
carbonated materials [64, 65] in blended cement. As mentioned before, this can
improve not only the dimensional stability but also the tensile strength, stiffness,
and durability of cement and/or concrete.

15.4.4.2 Dry Shrinkage

Figure 15.8 displays the drying shrinkage of blended cement mortars, which is
comparable to the OPC mortar. This is likely caused by the volume change due to
water loss by evaporation in a specimen when the blended cement is exposed to a
dry environment. The results revealed that the drying shrinkages of all specimens
increased rapidly within the first 7 d and gradually reached to a steady state up to
42 days. The drying shrinkages of all the blended cement mortars containing BOFS
were higher than those of OPC control within 42 days. However, no significance
damage was observed in the blended cement with up to 20% substitution ratio of
the fresh or carbonated FA. All specimens met the ASTM requirement for blended
cement with low heat of hydration, i.e., a maximal shrinkage of 0.15% [15].

15.4.4.3 Sulfate Resistance Capacity

Calcium hydroxide (Ca(OH)2) in cement paste can react with external sulfates,
forming gypsum (CaSO4�2H2O) in the hardened cement paste. It is generally
believed that the formation of gypsum participates results in the expansion and
cracking due to the external sulfate attack [66]. The replacement of Portland cement
with SCMs can reduce the amount of calcium hydroxide in cement paste [67]. This
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is likely caused by (1) dilution of the Portland cement and (2) consumption of Ca
(OH)2 by pozzolanic reaction of the SCMs. Therefore, the replacement of Portland
cement with SCMs decreases the availability of Ca(OH)2 to participate in the
formation of gypsum with external sulfates.

15.5 Multiple Blended Systems

As described in Sect. 15.4, the encountered barriers of fresh alkaline solid wastes
(e.g., F-BOFS) utilization as SCMs in the blended cement, such as instable
expansion property and low early-age compressive strength, can be overcome by
the carbonation process. However, partial Portland cement replacement by car-
bonated solid wastes should be limited to a certain ratio (e.g., C-BOFS should be up
to 20%), as higher contents would result in a negative impact on the compressive
strength of the cement compositions. This is largely due to the reduced amount of
the main hydration products which are able to induce bonding properties.
Furthermore, the particle size distribution of solid waste as SCMs plays an
important role in compressive strength development of blended cement. In the case
of both fresh and carbonated steel slag, mortar prepared with either the coarsest
(<1.6 mm) or finest fractions (<0.08 mm) of steel slag exhibited significantly lower
compressive strengths than the reference OPC mortar [68]. To overcome this
challenge, using a mixture formula with different particle sizes of alkaline solid
wastes might be a synergetic solution.

The new approach is to introduce the ternary (or multiple) blended system,
which might be able to produce high-performance blended cement, with a larger
amount of SCMs. A ternary system is a cement mixture that includes two
cementitious alternatives into a cement mix, and quaternary mixes utilize three
amendments [5]. Due to the variety in characteristics and availabilities of SCMs, it
is achievable to blend several types of SCM together in a cement mixture system to
meet desired functions. Based on the close packing theory, Zhang et al. [69, 70]
proposed a gap-graded blended cement using discontinuous particle size distribu-
tion of solid residuals, for example, combined fine and coarse SCMs. This novel
method can effectively increase the initial packing density of blended cement paste,
thereby enhancing early and late strength development of cement [70]. Moreover,
the gap-graded blended cements exhibit a shorter setting time, higher early strength,
and superior durability [71].

The use of ternary system and quaternary system can be designed to incorporate
less commonly used waste materials and improve the performance of the cement
products by combining with different pozzolan [5]. According to the calorimetric
and thermogravimetric analyses, a favorable slag–limestone synergy exists that
enables high-volume replacement of OPC cement without significant loss in early-
and later-age properties [72]. The early-age compressive strengths are beneficially
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impacted by the presence of limestone, whereas the clinker factor does not play a
significant role in later-age strengths in the blended systems. Compared to direct
mixture of limestone OPC, the method of interground limestone with OPC had
limited the improvement on the mechanical properties and sulfate resistance
[67, 72].
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Chapter 16
Aggregates and High Value Products

Abstract To the development of technologies for global environmental protection
and resource conservation, CO2 mineralization technologies are considered as an
cleaner production in industries for high-level reuse of solid waste and solidification
of CO2 from exhaust gas. This chapter provides the performance and challenges of
utilizing fresh solid wastes as aggregates in concrete blocks. To improve the per-
formance of concrete with fresh solid waste, a newly developed process, i.e.,
accelerated carbonation, was introduced. Through the accelerated carbonation
process, additional high value-added chemicals, such as precipitated calcium car-
bonate, precipitated silica, and adsorbent, can be also produced for further uti-
lizations. Moreover, other applications of carbonated solid wastes, such as
(1) marine blocks as artificial reefs for marine forests and (2) abiotic catalyst for
enhanced humification, are illustrated.

16.1 Aggregates

16.1.1 Classification

Concrete is made of roughly 70–80% aggregate (sand and gravel), 10–15% cement,
and 5–10% additives and water. Construction aggregate can be used to strengthen
composite materials, such as concrete and asphalt concrete, for a myriad of uses
ranging from railroad bases to housing foundations. In the concrete mixture, the
volume of cementitious paste should be large enough to (1) fill up the voids
between aggregate particles, and (2) provide excess cementitious paste to form
paste films coating the aggregate particles [1]. This can avoid entrapment of air
inside the concrete mixture, which might impair the strength and durability.
However, an excess ratio of cementitious paste in concrete will form paste films,
thereby lubricating the concrete mixture and attaining the required workability.
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The aggregates for construction can be classified as two types:

• coarse aggregate (generally ranging from 9.5 to 37.5 mm), including gravel and
crushed stone;

• fine aggregate (usually smaller than 9.5 mm), including sand and crushed stone.

Extensive studies have been conducted to evaluate the performance of the use of
limestone as fine aggregates in concrete [2]. It was found that the addition of
limestone to reduce the cementitious paste volume would improve not only the
dimensional stability but also the tensile strength, stiffness, and durability of con-
crete [1]. Aside from limestone minerals, many industrial waste materials can
potentially be used as economical and environmentally friendly sand substitutes for
cementitious building products.

16.1.2 Fresh Solid Waste as Aggregates: Performance
and Challenges

Recycled concrete aggregate (RCA), collected from old roads and buildings, has
shown promise as an alternative to natural aggregate. Table 16.1 presents the
various properties of RCA for replacement of natural aggregate in construction
concrete. While RCA has similar gradation to the natural aggregate, RCA particles
are more rounded in shape and have more fine particles broken off in L.A. abrasion
and crushing tests [3]. This suggests that the use of RCA as a structural concrete
should be viable because the performance of RCA concrete beams was still within
standard specifications [3–6]. Furthermore, creep can be minimized by incorpo-
rating fly ash as either an additive or a replacement in concrete in the case of RCA
utilization [6].

16.1.3 Carbonated Solid Wastes as Aggregates

Carbonated alkaline solid waste can function as construction aggregates to partially
replace sand, gravel, and crushed stone. Therefore, they can be considered as an
economic and environmentally friendly sand substitute for cementitious building
products. Several studies have been carried out to evaluate the performance of
utilizing carbonated solid wastes as aggregates, such as carbonated steel slag as a
fine aggregate in concrete [7].

Fernández-Bertos et al. [8] suggested that the carbonated particles became
coarser due to agglomeration, which should be beneficial for use in aggregate
manufacturing. The formed CaCO3 crystals in carbonated solid waste appear to
reduce the free-CaO content and fill pore spaces of specimens, thereby exhibiting
good soundness and enhanced compactness, respectively [9]. In addition,
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Monkman et al. [7] found that the 28-d strengths of the mortars made with the
carbonated ladle slag sand were comparable to those with normal river sand mor-
tars. It is revealed that the carbonated ladle slag can be successfully used as fine
aggregates to prepare mortar in precast products, such as masonry units, paving
stones, and hollow core slabs.

Table 16.1 Various properties of recycled concrete aggregate for natural aggregate replacement
[3–6]

Properties Unit Performance of RCA replacementa Remarks

RCA
100%

RCA
50%

RCA
30%

RCA
15%

NA

Density kg/m3 2394 n.r. n.r. n.r. 2890 ∙ RCA is approximately
7–9% lower than NA

Porosity and
water
absorption

% 4.0–5.2 n.r. n.r. n.r. 0.5–2.5 ∙ NA has low water
absorption due to low
porosity

∙ RCA has greater water
absorption due to
greater porosity

Crushing test % 23–24 n.r. n.r. n.r. 13–16 ∙ Higher values for RCA
were observed

L.A. abrasion
test

% 32 n.r. n.r. n.r. 11 ∙ Impacted and crushed
by steel balls to
determine amount of
fine particles that break
down

∙ Higher values for RCA
were observed

Compressive
strength

MPa n.r. 29 31.7 32.7 38.6 ∙ Decreases compressive
strength

∙ Greater midspan
deflections under
service load

Tensile
strength
(splitting)

MPa n.r. 2.7 2.7 3.0 3.3 ∙ Concrete with RCA has
comparable splitting
tensile strength

Modulus of
rupture
(MOR)

MPa n.r. 8.9 9.0 9.7 10.2 ∙ MOR of RCA was
slightly less than that of
conventional concrete

Modulus of
elasticity

MPa 15–28 n.r. n.r. n.r. 26–33 ∙ Modulus of elasticity of
RCA (28-d) is lower up
to 45% than NA
concrete

Drying
shrinkage

Micro
strain

540–790 n.r. n.r. n.r. 275–590 ∙ Creep can be minimized
by incorporating fly ash
whether as addition or
replacement (in the case
of RCA)

Note aRCA Recycled concrete aggregate; NA natural aggregate; n.r. not report
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These materials can be further treated by carbonation curing to enhance the
strength development (as discussed in Chap. 8). It thus suggests that accelerated
carbonation should be used to manufacture alkaline solid wastes as building
materials, with high early compressive strength and eligible soundness, along with
the benefit of CO2 capture at the same time.

16.2 High Value-Added Chemicals

16.2.1 Precipitated Calcium Carbonate (PCC)

Recently, research has focused on the production of precipitated calcium carbonate
(PCC) from indirect carbonation of alkaline solid wastes because it can be a
profitable refining method for solid wastes if the purity requirements for com-
mercial PCC can be achieved. Calcium (CaCO3) and magnesium (MgCO3) car-
bonates, considered as high value-added chemicals, can be used as coating
pigments and as fillers in the pulp, rubber, plastic, paper, and paint industries. They
can offer opacity, high brightness, and improved printability due to its good ink
receptivity [10–12]. Approximately 75% of the produced PCC can be used in the
paper industry as a brightness coating and filler [13, 14]. It can serve as a
replacement for more expensive pulp fiber and optical brightening agents to
improve the quality and printing characteristics of paper, such as smoothness, gloss,
whiteness, opacity, brightness, and color. In addition, PCC can be utilized as an
additive and filler in construction materials. Companies in North America, the EU,
and Australia are working on developing a similar process, which involves CO2

capture by bubbling flue gases through saline water to produce solid carbonates as
an aggregate material in cement [15].

Indirect carbonation of alkaline solid wastes can produce high-purity PCCs. The
application potentials for the PCC produced from the indirect carbonation depend
on the obtained purity and variety of the crystal structures. In most applications, the
favored crystalline forms of PCC are the rhombohedral calcite type, the
orthorhombic acicular aragonite type, and the scalenohedral calcite type [16]. Other
physico-chemical properties of PCC, such as particle size distribution, specific
surface area, morphology, and polymorphism, also play an important role.

For the process design of carbonation, it suggests that a reaction temperature
higher than 80 °C is unfavorable to efficient CO2 dissolution, although the con-
version for the extraction reaction is enhanced at higher temperatures [17]. The
precipitation of CaCO3 is endothermic and feasible at temperatures above 45 °C,
while the carbonation of Mg2+ ions should be possible only at temperatures over
144 °C [18]. Therefore, in the case of 80 °C, the formation of MgCO3 could be
neglected. One of the findings in the literature indicated that a maximum carbon-
ation conversion of 70% can be achieved, with a PCC purity of up to 98% [18].
Similarly, a maximum carbonation conversion of 86% can be achieved under a CO2
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concentration of 10 vol.% at 30 °C after acetic acid extraction, with a PCC purity as
high as 99.8% [19].

16.2.2 Precipitated Silica

Silica (quartz, SiO2) can be high value-added materials if the purity of precipitates
can reach the requirement. Depending on the degree of purity refinement, precip-
itated silica can be used in various types of applications, such as filler (after min-
ing), smelting plants and gravel (after crushing), glass (after separation), ceramics
(after grinding), solar cells (after acid wash), and semiconductors (after advanced
processing). The precipitated silica can also be utilized in pesticides, detergents,
tires, oral health products, creams, footwear, and plastics. For instance, in the
application of tires, the silica can improve wet skid performance and provide lower
rolling resistance, thereby saving the fuel usage [20].

Silica is commonly used as a coating pigment together with polyvinyl alcohol
for matte inkjet papers [21]. However, current methods of silica production for
pigment purposes are quite expensive, i.e., 800–1000 €/t, since the water glass
(sodium silicate, Na2SiO3) is used as the raw material [21]. During indirect car-
bonation using acetic acid or ammonium chloride, silica gel can be formed and then
separated via filtration before sequential carbonation [18]. It was observed that the
produced silica should be qualified for inkjet paper coating, as a replacement for
commercially precipitated silica [21].

16.2.3 Adsorbent

In indirect carbonation, solid residues (such as steel slag) after extraction step could
be converted into sorbent materials via hydrothermal conversion. After the
hydrothermal conversion, a material with a larger surface area and micropores can
be produced. Therefore, it offers the potential to behave as a sorbent. Mineralogical
investigation of the sorbent materials after hydrothermal conversion indicated that
two zeolitic phases were formed:

• ferrierite (Na2Mg(Si15Al3)O36�9H2O) and
• gmelinite (Na4(Si8Al4)O24�11H2O).

It can provide the sorption potential for heavy metals and organic compounds
[22]. Since aluminum is an essential component of aluminosilicate-based zeolites,
the organic acids used for the calcium extraction from solid wastes should prevent
the leaching of aluminum ions, which is the key consideration for the synthesis of
zeolites.
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16.3 Other Applications

16.3.1 Marine Blocks as Artificial Reefs for Marine Forests

Artificial reefs, exhibiting a high stability in seawater, have often been used to
recover and develop seaweed beds in at least 40 counties [23–25]. Seaweed beds
play several important roles in the following:

• water quality purification,
• biological production,
• sediment stabilization,
• prevention of trawlers from destroying seabed, and
• conservation of the detritus food chain and primary consumers.

The preservation and development of seaweed bed with such functions can
contribute to the increase in catches of useful seafood and fishes.

Conventionally, the materials commonly used as artificial reefs are concrete
blocks and fieldstones. As an alternative to concrete, large marine blocks (e.g., 1 m3

in size) have been developed using steel slags and CO2 without supplying cement.
Several studies have been conducted to evaluate the performance of marine blocks
on the growth of brown algae, such as Ecklonia cava [24]. The brown algae can
form a community called “marine forest” in coastal waster at 2–25 depth, which can
be used as nursery and breeding spaces for commercial fishes and other animals.
Furthermore, JFE Steel Corporation in Japan manufactured marine blocks as arti-
ficial reefs for seaweed/coral breeding using carbonated steel slag. The formed
CaCO3 components (the same composition to shells and coral) can act as great
breeding habitats for seaweed and coral. As a result, the seaweed adhered and grew
on the marine block is much more than on normal concrete. It suggests that the
marine blocks could form artificial reefs offering the same functions as natural
rocky reefs.

16.3.2 Abiotic Catalyst for Enhanced Humification

Humification can occur naturally in soil or in the production of compost. It is
considered the primary process to stabilize soil carbon and organic matter in the
form of humic substances (i.e., humus). Humus has a characteristic of black or dark
brown color. Application of biotic and abiotic humification for organic carbon
stabilization has been of great significance in bio-organic waste disposal, particu-
larly in the composting process [26, 27]. Most of the humus in soils has persisted
for more than a hundred years, rather than have been decomposed to CO2.
Therefore, humus can be regarded as stable organic matter that has been protected
from decomposition by microbial or enzyme. It usually is hidden and occluded
inside small aggregates of soil particles or tightly attached to clays.
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The humification theory predates a sophisticated understanding of soils. It was
noted that Fe(III)- and Mn(IV)-oxide minerals could act as effective oxidants and
substantially enhance the polycondensation of humic precursors [28]. It is signifi-
cant for accelerating the transformation and stabilization of biowastes during
composting. For instance, the carbonated steel slag (e.g., basic oxygen furnace slag,
BOFS) usually contains high quantities of Fe(III)- and Mn(IV)-oxide minerals. It
was found that the carbonated BOFS could substantially promote the formation of
humic-like acids (HLAs) from humic precursors, such as amino acids, saccharides,
and phenols, under ambient temperature [29]. For humification, it suggests that
carbonated BOFS should be used instead of uncarbonated BOFS in the first place
since uncarbonated slag has been linked to metal leaching issues. Accelerated
carbonation has been shown to reduce the leaching of metals by orders of mag-
nitude to make the slag environmentally benign [27, 30].
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Chapter 17
Carbon Capture with Flue Gas
Purification

Abstract An integrated approach to applying the concept of process integration
and intensification for control of multiple air pollutants, such as sulfur dioxide
(SO2), nitrogen oxides (NOx), particulate matter (PM), and CO2, in a flue gas is
important. For instance, the high-gravity process has been recognized as a process
intensification device with excellent micromixing efficiency and mass transfer rate
between the gas and liquid phases. Implementation of the high-gravity technology
can significantly improve the efficiency of end-of-pipe air pollution control. This
chapter first provides the features, principles, and applications of the high-gravity
technology. Then, the mechanism and performance of SO2, NOx, and PM removal
by the high-gravity process are discussed. Finally, the use of high-gravity tech-
nology for removing particulate and gaseous pollutant emissions to achieve the goal
of integrated air pollution control in industry is illustrated. To move ahead with the
industrial upgrades needed for compliance with the future air quality standards, the
high-gravity technology should be considered as a technically and economically
feasible alternative to simultaneously reduce more than one type of air pollutants
(NOx, SO2, PM, and CO2) in a timely manner.

17.1 Integrated Air Pollution Control at Industry:
Challenges, Barriers, and Strategies

17.1.1 Air Quality Control at Industry

Rapid industrial development brings economic growth and social progress; how-
ever, it also causes problems, such as severe environmental pollution. A large
quantity of air pollutants, such as particulates, biological molecules, and other
harmful compounds, are emitted into the atmosphere, exceeding the carrying
capacity of the environment. This results in adverse impacts and damage to envi-
ronmental quality, human health, and crop growth. Air pollution is a significant risk
factor for a number of health conditions, such as respiratory infections, heart dis-
ease, stroke, and lung cancer [1].
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Energy consumption, electricity generation, and vehicle population are all
leading to increases in multiple pollutant emissions. Harmful pollutants in industrial
flue gas include sulfur dioxide (SO2), nitrogen oxides (NOx), volatile organic
compounds (VOCs), carbon monoxide (CO), and particulate matter (PM).
A number of air pollutants, including SO2 and NO2, exhibit acidic properties, which
can cause corrosion to materials, construction, and equipment, as well as result in
the formation of acid rain which interferes with the growth of plants and crops and
causes acidification of water and soil.

Fine particles can be classified as inhalable particulate matter (PM10, with a
diameter of 10 µm or less), fine particulate matter (PM2.5, with a diameter of
2.5 µm or less), ultrafine particulate matter, and soot. PM10 can reduce the visibility
and the amount of sunlight radiation, thereby further increasing the concentration of
NOx, hydrocarbon (HC), and hydrochlorofluorocarbons (HCFC). On the other
hand, PM2.5 is harmful to the respiratory system and human health, with extensive
studies indicating a positive relationship between health impacts and the time of
exposure to certain concentrations of fine particles [2]. For instance, in China, most
of the PM10 in the atmosphere comes from coal-fired power plants and vehicles,
which is usually associated with significant toxic matter [3]. Furthermore, due to
global climate change and greenhouse gas emissions, the reduction in CO2 from
industries also has recently attracted a great deal of attention around the world. As
CO2 accumulates in the atmosphere, concerns about serious and irreversible
damage, such as rising water level and species extinction, are being raised regarding
its influence on climate change.

17.1.2 Strategies on Overcoming Challenges and Barriers

Table 17.1 presents the current regulations and standards of ambient air quality and
emissions from steel plants around the world. Numerous countries have set
aggressive air quality standards for key air pollutants as policy objectives on air
quality control. In most cases, air quality standards on SO2, NO2, CO, O3, total
suspended particles (TSP), and hydrocarbons were first introduced between 1975
and 1990. Standards on PM10 fine particles started to apply between 1990 and 2000,
and those on benzene were implemented between 2000 and 2010. Additional
standards on PM2.5 fine particles have been enacted around the world since 2010.
Along the way, these environmental standards have been progressively tightened to
achieve higher air quality goals.

Challenges in ambient air quality control and management include (1) coal as the
major source of energy in power generation or industrial plants, where the coal-fired
combustion process produces a great deal of SO2; (2) centralized industrial parks,
where industrial and mining enterprises are usually the main sources of air pollu-
tion, with concentrated and complex emissions resulting in regional air pollution
issues; and (3) ineffective governance and management.

338 17 Carbon Capture with Flue Gas Purification



As a result, to overcome the aforementioned challenges and barriers, several
strategies on mitigating the regional air pollution issue at industries should be
implemented: (1) joint prevention and control of regional air pollution and appli-
cation of climate-friendly air pollution control measures; (2) a comprehensive
control policy focusing on multiple pollutants and emission sources at both the local
and regional levels; (3) transformation of the industrial energy structure to a clean
coal approach; (4) development of clean energy resources and promotion of clean
and efficient coal use; and (5) implementation of synchronous control of multiple
pollutants, including SO2, NOx, VOC, and PM emissions.

17.1.3 Available Air Pollution Control Technology

A wide variety of air pollution control technologies is available to reduce the
emission of air pollutants cost-effectively from industrial plants. Table 17.2 sum-
marizes the available air pollution control technologies with respect to their targeted
pollutants in flue gas. Most of these technologies target only one specific type of air
pollutant (although some target two or more pollutants) at a time. Therefore,
conventional industrial air pollution control equipment is typically installed in
series to achieve control of multiple pollutants. The Babcock and Wilcox company
developed an advanced air pollution control process, so-called SOx−NOx−Rox
Box (SNRBTM) catalytic baghouse, to simultaneously reduce SOx, NOx, and PM
emissions at a high temperature from coal-fired boilers. A pilot-scale test of the
SNRBTM process was successfully carried out (1) by injecting a calcium-based (or

Table 17.1 Regulations and standards of ambient air quality and stack emissions from steel
plants at different countries

Country NO2 (µg/m
3) SO2 (µg/m

3) TSP
(mg/m3)a

PM10

(µg/m3)
PM2.5

(µg/m3)

1 h 24 h AAa 1 h 24 h AA 24 h AA 24 h AA 24 h AA

China [4] 200 80 40 500 150 60 0.3 0.2 150 70 75 35

EU [5] 200 – 40 350 125 – – – 50 40 – 25b

India [5] – 80 40 – 80 50 – – 100 60 60 40

Japan [6] – 80 – 280 110 – – – 100 – 35 15

Korea [7] 185 110 55 390 130 54 – – 100 50 50 25

Saudi
Arabia [8]

660 – 100 730 365 80 – – 150 50 65 15

Taiwan [9] 465 – 95 650 260 80 0.25 0.13 125 65 35 15

USA [10] – – 100 1300d – – – NA 150 – 35 15

WHO [11] 200 – 40 – 20 – – – 50 20 25 10
aN.A. not applicable; AA annual; TSP total suspended particle. bThe date of this value goes by
January 1, 2015, and will be further limited to 20 µg/m3 by January 1, 2020. cN new plant;
E existing plant. dThe level is for 3 h average
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sodium-based) sorbent for SOx reduction; (2) by injecting ammonia in the presence
of a selective catalytic reduction (SCR) for NOx removal; and (3) through
high-temperature baghouse filters for PM collection [12].

Similarly, Kang et al. [14] developed a combined unit for simultaneous removal
of SO2, NOx, and dust at low temperature. The removal efficiencies of SO2, NOx,
and dust were 94.2, 92.5, and 99.98%, respectively. The temperature of flue gas
plays an important role in determining the reaction rate of absorption, adsorption,
and oxidation processes, especially for the flue gas desulphurization (FGD) process.
The removal efficiency of SOx in flue gas decreases as the flue gas temperature
increases [15]. On the other hand, the sulfur contents in the flue gas would affect the
collection efficiency of PM by an electrostatic precipitator (ESP). Consequently, for
conventional air pollution control, the equipment sequence would significantly
influence the performance of pollutant reduction (such as energy consumption). The
combination of equipment also would largely depend on the characteristics of the
flue gas and its permitted emission level.

The high-gravity (HIGEE) technology can fulfill the function of wet collectors,
which employ (water) solution phase washing to remove particles directly from a
gas stream. Meanwhile, HIGEE also simultaneously removes soluble gaseous
pollutants, such as SO2, NOx and CO2. Therefore, an integrated approach to
applying the HIGEE process at low temperature for the control of multiple air
pollutants in flue gas within an industrial plant could be achieved. As presented in
Table 17.2, the HIGEE technology can simultaneously reduce more than one type
of air pollutant, such as NOx, SO2, PM, and CO2, in a timely manner. In addition,
the size of the HIGEE reactor can be greatly reduced over that of a conventional
packed column, leading to a significant reduction in capital and operating costs.
Several pilot-scale tests have demonstrated the feasibility of the HIGEE process for
meeting the requirements of treatment capacity and time scale in industrial plants
[16, 17], suggesting that industries should move ahead with the necessary upgrades

Table 17.2 Best available control technologies (BACT) with respect to their target pollutants
(adapted from [13])

Best available control technologies Pollutants in flue gasa

HCl NOx SO2 PM CO2

Selective non-catalytic reduction (SNCR) N.A. Y N.A. N.A. N.A.

Selective catalytic reduction (SCR) N.A. Y N.A. N.A. N.A.

Cyclone N.A. N.A. N.A. Y N.A.

Wet/dry scrubber N.A. N.A. Y C C

Electrostatic precipitator (ESP) N.A. N.A. N.A. Y N.A.

Baghouse filter N.A. N.A. N.A. Y N.A.

SNRBTM catalytic baghouse C Y Y Y N.A.

High-gravity (HIGEE) technology Y Y Y Y Y
aY Technology can reduce emissions; N.A. not applicable for emission reduction;
C complementary removal of pollutant emission (not significant)

340 17 Carbon Capture with Flue Gas Purification



to comply with strict air quality standards in the future. By doing so, they can
demonstrate that better environmental performance is both technically and eco-
nomically feasible.

17.2 Concept of Process Integration and Intensification

To effectively control the emissions of air pollutants and aerosol at industries, the
concept of process integration and intensification for end-of-pipe treatment at
industries should be the best achievable approach. This section provides the fea-
tures, principles, and applications of the HIGEE technology as an example of
process intensification. Also, the use of HIGEE technology for aerosol and air
pollution control to achieve the goal of integrated air pollution control in industry is
illustrated.

17.2.1 High-Gravity (HIGEE) Technology

HIGEE technology, carried out in a rotating packed bed (RPB), was originally
developed by Ramshaw and Mallinson [18, 19]. It has been recognized as a process
intensification device that can generate a high centrifugal force by spinning a
torus-shaped rotor. The HIGEE technology can provide a mean acceleration of 100
or even 1000 times greater than the force of gravity [20–22]. In such a case, liquid
can be spread and split into micro/nano droplets and thin films under the HIGEE
environment. Therefore, the volumetric gas–liquid mass transfer coefficients are an
order of magnitude higher than those in a conventional packed bed [20, 22, 23].
This leads to a dramatic reduction in the reactor size and capital cost, compared to
that required for equivalent mass transfer in a gravity flow packed bed.

In general, liquid is injected from the liquid distributors into the inner periphery
of the rotor, flows uniformly through the packing of the rotor, and then leaves the
rotor onto the machine case at the prevailing peripheral speed, i.e., typically 40–
60 m/s [24]. The gas can be forced to flow through the packing zone in various
directions to come in contact with the liquid within the rotor, including counter-
current (i.e., radially inwards and leave via the rotor center), co-current (i.e., radially
outwards and leave via the outer rotor), and cross-flows (i.e., upwards and leave via
the top of rotor), as shown in Fig. 17.1. The contact angles between gas and liquid
flows within the packed zone for countercurrent, co-current, and cross types are
180°, 0°, and 90°, respectively. For any types of designs, the packing characteristics
are generally uniform throughout the packing zone [24]. In recent years, research
has been conducted to determine the mass transfer characteristics of different types
of RPB reactors and packing materials [25].
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17.2.2 Features and Principles

The HIGEE technology possesses a number of benefits, such as low liquid hold-up,
high micromixing efficiency (mixing at the molecular level), high hydraulic and
flooding capacity, small reactor size, large mass transfer coefficients, and better
self-cleaning of the rotor [26, 27]. Therefore, it has been applied in various fields,
such as material synthesis, petroleum products, pollution control, and medical
science. The HIGEE process can effectively promote the liquid-film-controlled
mass transfer process, such as CO2 absorption by amine solution [28] and via
accelerated carbonation [29]. Since the fluids are sheared dispersion by the rotating
bed, the effective interfacial area and the surface update rate can significantly
increase, thereby reducing the mass transfer resistance. The relatively smaller size
of the reactor allows the RPB to be produced more economically than conventional
fixed bed reactors, especially when alloy metals must be used for corrosion resis-
tance or for hazardous materials.

In the HIGEE, contributing factors to the high volumetric mass transfer coeffi-
cients are (1) a HIGEE field generated by centrifugal force (10–500 g) to decrease
the film thickness of liquid; (2) an increase in the effective gas–liquid contacting
efficiency; and (3) a higher hydraulic and flooding capacity, capable of using
packing with high porosity (0.90–0.95) and high specific surface areas (2000–
5000 m2/m3). The centrifugal acceleration (g, m/s2) generated within a RPB can be
determined by Eq. (17.1), which indicates that the centrifugal force increases
toward the periphery of the outer rotor.

g ¼ rx2 ð17:1Þ

where r (m) is the radius of the packing bed, and x (s−1) is the rotating speed of the
packing bed.

Fig. 17.1 Various types of high-gravity (HIGEE) reactors for reaction between gas and liquid
phases: a countercurrent flow, b co-current flow, and c cross-flow
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Within the HIGEE reactor, the high-gravity field can be divided into three zones:

• The outer zone

– The outer zone is the space between the machine shell and the outer
periphery of the RPB.

– Within this zone, the liquid (or solvent) exhaust is thrown from the outer
periphery of the packed bed onto the case wall.

– The formed tiny droplets can contribute to the preliminary purification of
high concentration air pollutants if the countercurrent-flow RPB is used.

• The packing zone

– The packing zone is the main body of the RPB.
– A highly intensive micromixing between gas and liquid phases (i.e., turbu-

lence state) occurs within this zone, where the main phase mechanisms
include collision, interception, and diffusion.

– The gas–liquid contacting surface updates quickly, thereby contributing to
the major reaction and separation.

• The inner zone

– The inner zone is the area where the liquid is injected from the distributors
before it reaches the inner periphery of the rotor.

– In the case of the countercurrent-flow RPB, this area is also the export
channel of gas flow.

– Since the pollutants, which are in low concentration in the gas phase, can
contact the fresh liquid (or solvent), depth purification and/or separation are
usually achieved in this area.

17.2.3 Practical Applications

Since the HIGEE process is designed to enhance mass transfer between the gas and
liquid phases, the device was originally designed for gas–liquid separation [30]. It
consists of a RPB in the shape of a torus or a doughnut, which has a relatively high
specific surface area compared to conventional column packing [24]. Recently,
HIGEE has been extensively explored for use in a variety of phase contacting
processes, such as

• Distillation [31]
• Absorption [32, 33]
• Extraction [34]
• Desulfurization [35, 36]
• Deaeration [37]
• Reactive precipitation [38, 39]
• Chemosynthesis [40, 41]
• Chemical oxidation [42]
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• Removal of dust [43]
• Synthesis of nano materials [44, 45]
• Accelerated carbonation [46–48]

From a practical perspective, as the gas flow rate increases, it becomes more
difficult for liquid to move through the packing zone. Moreover, a relatively high
tangential gas velocity at the center of the packed bed is observed because angular
momentum is maintained as the radius decreases. This can disrupt the liquid flow
leaving the packing zone or distributors. At its limit, liquid is prevented from any
movement and simply accumulates within the column or is removed before it
reaches the packing surface, a condition known as flooding. The radial length of the
rotor is directly related to the separation duty and removal efficiency, while the
hydraulic capacity depends upon the flooding rates at the inner radius and the inner
cylindrical surface area. It was noted that operation at approximately 50% of the
flooding rates for the HIGEE process can be prudently adopted [24].

The HIGEE technology offers great potential for application to the control of
aerosol and air pollutants, such as NOx, SO2, and CO2, due to its excellent mi-
cromixing efficiency and mass transfer rate. With the addition of oxidants (e.g., O3),
the NOx in flue gas can be well mixed with the oxidants and then oxidized into
water-soluble nitrate and/or nitric acids. HIGEE also could promote the kinetics of
absorption reactions for both SO2 and CO2 in the liquid phase, thereby reducing the
reactor size. Several successful experiences on the relevant processes are provided
and discussed in the following sections.

17.3 Sulfur Oxide (SOx) Emission Control

The large amount of SO2 emitted from the burning of fossil fuels, metallic minerals,
the preparation of chemical pulp, and the production of acid today leads to severe
air pollution and results in great harm to human life and health. Direct SO2 gas
emission into the atmosphere can not only easily lead to the formation of acid rain
and urban smog [49] but also support the reactions that create ozone depletion in
the stratosphere. To reduce SO2 emissions from the stack, several desulfurization
methods, such as fuel pretreatment, concurrent burning and adsorption, and flue gas
desulphurization (FGD), have been proposed [50]. Among these methods, FGD is
the most effective technology due to its high efficiency and general availability.
A number of FGD methods, such as dry, semidry, and wet scrubbers, have been
developed for mitigating the SO2 emission from fossil fuel boilers in power and
industrial plants. FGD wet scrubbers have been applied to coal-fired combustion
units in the size range from 5 to 1500 MW, while dry scrubbers and spray scrubbers
have generally been applied to units smaller than 300 MW [51].

Wet processes, such as fixed beds with packings [52], spray towers [53], and
rotating-stream tray scrubber [54], are widely used for FGD due to their high
removal efficiency, low operating cost, and stable operation. For instance, in the
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USA, approximately 85% of the FGD units installed are wet scrubbers. Of the
remainder, 12% are spray dry systems, and 3% are dry injection systems. However,
these traditional wet processes have several disadvantages, such as limited mass
transfer rate and large volume of equipment, thereby leading to a huge reactor size
and high capital costs. Moreover, these absorption processes are generally not
regenerative for SO2 compounds. Therefore, extensive research has been focused
on process intensification for FGD [55–57] and SO2 recovery [58–60].

17.3.1 Mechanisms and Process Chemistry: Principles

The HIGEE technique can be deployed for SO2 emission control from a stationary
emission point source. The mechanism of SO2 removal using an RPB is typically
by chemical absorption between the gas and liquid phases. With its excellent
micromixing ability, the SO2 in the flue gas can be efficiently dissolved into
solutions within a short contact time. Various types of aqueous solutions can be
used as the liquid phase, including lime slurry, phosphate buffer solution, and
ethylenediamine, as described below:

1. Lime Slurry
Lime (CaO) slurry is the most commonly used solution to remove SO2 from
industrial waste gases by absorption into an aqueous slurry of Ca(OH)2. The pro-
cess chemistry of CaO hydration can be expressed as Eqs. (17.2) and (17.3). The
formed calcium ions can be combined with SO3

2− ions to form CaSO3, as shown in
Eq. (17.4), and then further produce the CaSO3⋅0.5H2O precipitates, as shown in
Eq. (17.5):

CaOðsÞ þH2OðlÞ ! Ca OHð Þ2ðaqÞ ð17:2Þ

Ca OHð Þ2ðaqÞ$ Ca2þ þ 2 OH� ð17:3Þ

Ca2þ þ SO2�
3 $ CaSO3ðaqÞ ð17:4Þ

CaSO3ðaqÞ þ 0:5 H2O $ CaSO3 0:5H2OðsÞ ð17:5Þ

On the other hand, the SO2 gas can be easily dissolved in solution to form
H2SO3, as shown in Eq. (17.6), or H2SO3

−, as shown in Eq. (17.7):

SO2 þH2O ! H2SO3 ð17:6Þ

SO2 þ 2OH� ! SO2�
3 þH2O ð17:7Þ
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2. Phosphate Buffer Solution
The use of phosphate buffers, i.e., alkali metal phosphate (Na2HPO4), could sig-
nificantly increase the capacity of SO2 absorption in water. The reaction between
SO2 and Na2HPO4 solution is reversible and instantaneous, as shown in Eqs. (17.8–
17.10):

SO2ðgÞ $ SO2ðaqÞ ð17:8Þ

SO2ðlÞ þNa2HPO4ðlÞ þH2OðlÞ $ NaHSO3ðlÞ þNaH2PO4ðlÞ ð17:9Þ

NaHSO3ðlÞ þNaH2PO4ðlÞ $ SO2ðl;gÞ þNa2HPO4ðlÞ þNa2HPO4ðsÞ þH2Oðl;gÞ
ð17:10Þ

3. Cobalt Ethylenediamine
Amine species, such as cobalt ethylenediamine [Co(en)3]

3+, can be used to enhance
the amount of SO2 dissolved into solution. The [Co(en)3]

3+ is formed by adding
soluble cobalt salts and ethylenediamine (H2NCH2CH2NH2) into the basic solu-
tions. The reversible hydration reaction of SO2 in [Co(en)3]

3+ aqueous solution can
be described as follows:

Co enð Þ3
� �3þ þ SO2�

3 þH2O $ Co enð Þ2 SO2�
3

� �
H2Oð Þ� �þ þ en ð17:11Þ

½Co enð Þ2ðSO2�
3 ÞþH2O]þ þ 0:5O2 þ en ! SO2�

4 þ Co enð Þ3
� �3þ þ H2Oð Þ

ð17:12Þ

It is noted that [Co(en)3]
3+ does not take part in the net reaction and acts as a

catalyst to accelerate the oxidation of SO3
2âˆ’ species [61]. A similar mechanism can

be observed for NOx oxidation and absorption using the oxygen coexisting in the
exhaust gas by such a homogeneous catalytic process.

17.3.2 Performance Evaluation: Applications

The SO2 removal ratio using HIGEE can reach 90.0–99.9%, depending on the type
of absorbent used [62, 63]. An increase in the oxygen content in the SO2 flue gas
can promote the oxidation rate of SO3

2− to SO4
2− [62]. In the case of NaOH and a

sodium citrate buffer, almost complete removal of SO2 in the flue gas can be
achieved. However, for the sodium citrate buffer, the absorption rate of SO4

2− into
the solution using an RPB was found to be approximately 0.136 g/L/h [64], which
was lower than that using packing columns (i.e., 0.19–0.20 g/L/h) [65]. This
indicates that the RPB may restrain the oxidation reaction of SO3

2− to SO4
2−,

probably due to the short retention time in an RPB, reducing the contact time of
SO3

2− and O2 to form SO4
2−. In addition, the HIGEE process can operate at a
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relatively higher gas–liquid (G/L) ratio, i.e., 140–10,000 (v/v), than the conven-
tional packed bed, i.e., *10 (v/v). As a result, the treatment capacity of flue gas
using the HIGEE process would be greater than that of the same size conventional
packed bed reactor.

17.4 Nitrogen Oxide (NOx) Emission Control

17.4.1 Mechanisms and Process Chemistry: Principles

NOx is a generic term for the mono-nitrogen oxides, including NO and NO2. NOx

can be produced from the reaction between nitrogen and oxygen (and even
hydrocarbons) during combustion, especially at high temperatures. The solubility of
NO gas in water is quite low (i.e., 0.056 g/L at 20 °C), even in the presence of acid
and alkaline. However, the nitrogen oxides in the form of NO2, N2O3, and N2O4

can be easily dissolved and hydrolyzed in water to form nitrate (HNO3) and/or
nitrite (HNO2), as shown in Eqs. (17.13–17.16):

2 NO2ðlÞ þH2OðlÞ ! HNO2ðlÞ þHNO3ðlÞ ð17:13Þ

N2O3ðlÞ þH2OðlÞ ! 2 HNO2ðlÞ ð17:14Þ

N2O4ðlÞ þH2OðlÞ ! HNO2ðlÞ þHNO3ðlÞ ð17:15Þ

N2O5ðlÞ þH2OðlÞ ! 2 HNO3ðlÞ ð17:16Þ

As a result, for the post NOx capture system in flue gas, it would be much more
efficient and effective if the NO gas could be oxidized into NO2 and N2O3, thereby
being easily dissolved in water. Ozone is usually used as the oxidant for the NO
capture system. It was noted that the reactions between O3 and NOx are compli-
cated, as indicated in Fig. 17.2.

When the molar ratio of O3/NO was less than one, NO was mainly oxidized to
NO2. When the molar ratio was greater than one, the oxidation products were NO2,
N2O5, and HNO3 [66]. Equations (17.17–17.19) show some of the process
chemistry of NOx oxidation.

NOðgÞ þO3ðgÞ ! NO2ðgÞ þO2ðgÞ ð17:17Þ

NO2ðgÞ þO3ðgÞ ! NO3ðgÞ þO2ðgÞ ð17:18Þ

NO2ðgÞ þNO3ðgÞ $ N2O5ðgÞ ð17:19Þ

Meanwhile, the formed nitrite in water is a relatively unstable compound, which
would be self-reacting to form NO gas as shown in Eq. (17.20). However, in the
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presence of ozone, the decomposition of nitrite in the liquid phase can be inhibited,
as expressed in Eq. (17.21):

3HNO2ðlÞ ! 2NOþHNO3ðlÞ þH2OðlÞ ð17:20Þ

3HNO2ðlÞ þO3ðlÞ ! 3HNO3ðlÞ ð17:21Þ

Since integrity of mixing often plays a key role in the removal performance, the
HIGEE process can be utilized to enhance the micromixing efficiency, as well as
increase the gas–liquid mass transfer rate of the NOx dissolution, as shown in
Eqs. (17.22–17.24):

NO2ðgÞ ! NO2ðlÞ ð17:22Þ

N2O3ðgÞ ! N2O3ðlÞ ð17:23Þ

N2O5ðgÞ ! N2O5ðlÞ ð17:24Þ

In addition, the absorption reaction between NOx and water can be promoted by
introducing the absorbents, including an alkali component (e.g., NaOH and H2O2),
a urea solution [CO(NH2)2] and a metal chelating agent (e.g., FeII(EDTA)). The
reactions between alkali absorbent and oxidized NOx gas include the following:

NO2 þ 2OH� alkalið Þ ! NO�
2 þNO�

3 þH2O ð17:25Þ

N2O3 þ 2OH� alkalið Þ ! 2NO�
2 þH2O ð17:26Þ

NO�
2 þH2O2 alkalið Þ ! NO�

3 þH2O ð17:27Þ

Fig. 17.2 Schematic diagram
of main mechanism in NOx

oxidation by ozone
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As shown in Eq. (17.28), the reaction between urea solution and NOx gas can
form N2 and CO2 gases.

CO NH2ð Þ2 þNOþNO2 ! 2N2 þCO2 þ 2H2O ð17:28Þ

With the complexing agent such as [Fe2+(EDTA)], NO gas can be converted to a
nitroso-acyl complex, where the complex NO is easily oxidized and absorbed in the
liquid phase, as described in Eqs. (17.29) and (17.30):

NOðgÞ ! NOðaqÞ ð17:29Þ

NOðaqÞ þ Fe2þLn� $ Fe2þLn�NO ð17:30Þ

where Ln− is the organic ligand. However, when the solution is under an alkaline
condition, ferrous hydroxide will be formed as shown in Eq. (17.31).

Fe2þ þ 2OH� $ Fe OHð Þ2 ð17:31Þ

In this case, a severe competition with Fe2+ in reacting with EDTA would be
observed, leading to less [Fe2+(EDTA)] for combining with NO. This suggests that
the pH value of the solution should be maintained at around 7 in the NO removal
system to achieve an excellent absorption rate [67].

17.4.2 Performance Evaluation: Applications

The oxidation efficiency of NO2 to N2O5 mainly depended on the flow rate and inlet
NO concentration [68]. HIGEE has been successfully introduced as a gas–liquid
reactor to improve the NOx removal ratio [69, 70]. For the HIGEE technique,
several key operating factors, such as types of absorbents and oxidants, concen-
trations of absorbents and oxidants, gas-to-liquid (G/L) ratio, temperature, and
rotating speed, play a significant role in the removal efficiency of NOx in the flue
gas. A suitable gravitation field in the HIGEE process, i.e., at around 150 g, can be
beneficial to the efficient removal of NOx [67]. With an excellent micromixing
efficiency under such gravitation, an NOx removal ratio of greater than 96% can be
achieved by the HIGEE technique, with an inlet NOx concentration of 18,000–
20,000 mg/m3 and a urea concentration of 20 wt% [71].

Furthermore, in the presence of a TiO2 catalyst, the catalytic destruction of O3

can be expected, thereby creating surface-bound oxygen atoms responsible for the
improved oxidation of NO2 to NO3. It was found that, at higher temperature (e.g.,
100 °C), the presence of a TiO2 catalyst could considerably improve the efficiency
of oxidation of NO2 to N2O5 [68].
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17.5 Particulate Matter (PM) Emission Control

The types of anthropogenic or natural PM in the atmosphere include total sus-
pended particulates (TSP), inhalable particulate matter (PM10), fine particulate
matter (PM2.5), ultrafine particulate matter, and soot. Figure 17.3 shows the rela-
tionships between various types of particulate collection equipment and their
applicable particle size of collection.

The commonly used particulate collection processes include mechanical col-
lector, air filer, cyclone, wet scrubber, baghouse filter, and ESP. Each type of
equipment has been applied based on different removal mechanisms, thereby lim-
iting its appropriate operating window and treatment capacity (space occupation).
For instance, the cyclone can work quite well with a particle size greater than
10 µm with a low installation cost; however, it cannot effectively reduce PM2.5 and
finer PM. In contrast, a baghouse filter can collect even 0.01-µm particulates with
an overall removal efficiency of over 99% [72]. However, the baghouse filter has a
high maintenance cost due to rapid clogging of the filter. ESP also can achieve a
removal efficiency of over 95% with a relatively low maintenance cost. However,
the investment and operating costs associated with this technique are high due to the
consumption of electricity [73]. For the wet scrubber system, the critical particle
sizes (the most difficult to collect) are typically in the range of 0.1–0.5 µm. Due to
limits in the collection mechanism, the removal efficiency of particulates with a
diameter less than 2.5 µm (PM2.5) also was not remarkable, i.e., typically 60−70%

Fig. 17.3 Relationship between various types of particulate control equipment and their
applicable particle size of collection (adapted from [13])
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for wet scrubber. Therefore, an innovative approach or an integrated process should
be developed for effective control of the (ultra) fine particulates such as PM2.5. It is
also noted that the HIGEE technology could efficiently remove PM in a wide range
of particle sizes between 0.01 and 100 µm.

17.5.1 Mechanisms and Principles

Wet collectors (scrubbers) for particulates in a gas stream may be generally grouped
into two types [74]:

• Type 1: An array of liquid sprays forms the collecting medium, such as spray
towers and venturi scrubbers.

• Type 2: Various types of wetted surfaces constitute the collecting medium, such
as packed towers.

Using the HIGEE reactor for particulate collection may consist of both types. In
the HIGEE, both thin liquid films (inside packing zone) and tiny droplets (outside
packing zone) can be generated due to the shear stress, at the same time continu-
ously changing the direction of the channels for gas and particulate via RPB. The
injected liquid also could exhibit a “clean” function to packings in the strong
centrifugal field, which prevents them from being blocked, thereby maintaining a
high efficiency of dust removal. Figure 17.4 shows a schematic of particle collec-
tion mechanisms by the HIGEE system, which include diffusion, interception, and
inertial impaction. The relative motion between particles and droplets is important
because the collection of large particles mainly occurs by impaction and inter-
ception, while diffusion is important for small particles.

1. Diffusion
Diffusion is a function of particle diameter, concentration velocity, and distance
between particle and droplet. It is predominant with low gas velocities and small

Fig. 17.4 Schematic of particle collection mechanisms in high-gravity (HIGEE) system,
including inertial impaction, interception, and Brownian diffusion (adapted from [13])
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particles. For the diffusion mechanism, particles with diameters of less than 0.1 lm
would experience Brownian motion in an exhaust stream, since small particles
attain a high diffusion coefficient. They could possibly diffuse and be collected onto
droplets. The rate of particle diffusion depends on the diameters of particles and
droplets and on their relative velocity. It was noted that the collection efficiency by
diffusion increases as the particle size decreases.

To determine the contribution of the diffusion mechanism, several dimensionless
groups should be defined in advance. The Knudsen (Kn) number is defined as the
ratio of the molecular mean free path length (k) to a representative physical length
scale. The mean free path of air molecules at ambient temperature and pressure is
about 0.068 lm [75]. In addition, the diffusion Peclet parameter (Pe) of particle can
be determined in Eq. (17.32):

Pe ¼ 2 � U � Dd

D
ð17:32Þ

where U (m/s) is the droplet face velocity, and Dd (m) is the average diameter of the
liquid droplets. D (m2/s) is the Brownian diffusion coefficient of particles, which
can be evaluated by the Stokes–Einstein equation as follows:

D ¼ kB � T � B ð17:33Þ

where kB (J/K) is the Boltzmann’s constant, i.e., 1.381 � 10−23, and T (K) is the
temperature. B is the mechanical mobility of a particle, which can be calculated by

B ¼ Cc

3 � p � lg � Dp
ð17:34Þ

where µg (kg/m/s) is the dynamic viscosity of gas, and Dp (m) is the particle
diameter. The Cunningham correction factor (Cc) can be determined in Eq. (17.35):

Cc ¼ 1þ 2k
Dp

a1 þ a2 � exp �a3Dp

2k

� �� 	
ð17:35Þ

where the values of a1, a2, and a3 for the air stream are 1.26, 0.40, and 1.10,
respectively. The Cc value should be considered in determining the St number when
particles become smaller than 15 µm, since the continuum assumption in Stokes
Law is no longer correct at high Kn numbers. The Kn number is defined as the ratio
of the molecular mean free path length (k) to a representative physical length scale.

According to analytical experiments by Pitch [76], the particle collection effi-
ciency due to the diffusion mechanism (ηd) can be estimated by Eq. (17.36):

gd ¼ 2:9 � k�1=3
d � Pe�2=3 � ð1þ 0:39 � kd � Pe1=3 � KnÞ ð17:36Þ
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where the kd value can be calculated by Eq. (17.37):

kd ¼ Kuþ 1:15 � Kn ð17:37Þ

The Ku is the Kuwabara hydrodynamic factor, which can be determined by
Eq. (38):

Ku ¼ �0:75þ qL � 0:25q2L
� �� 0:5 � lnðqLÞ ð17:38Þ

where qL (kg/m3) is the density of liquid droplets.

2. Interception
Interception, a function of particle diameter, occurs when the pathway of a particle
comes within one radius of a liquid droplet. The particle touches the liquid droplet
and then is captured and thereby removed from the gas stream. Interception is the
dominant mechanism for capturing particles with a diameter in the range of 0.1–
1 lm. The interception parameter (S) of the particle is defined in Eq. (17.39):

S ¼ Dp

Dd
ð17:39Þ

Based on the Navier-Stokes equations for low Reynold numbers [77], the par-
ticle collection efficiency due to interception (ηs) can be estimated by Eq. (17.40):

gs ¼
1

2½2� ln Reð Þ� 2 1þ Sð Þ ln 1þ Sð Þ � 1þ Sð Þþ 1
ð1þ SÞ

� 	
ð17:40Þ

3. Inertial Impaction
Inertial impaction, a function of particle mass and velocity, is predominant with
high gas velocities and large particles. For the impaction mechanism, dust particles
would tend to follow the streamline of the exhaust gas stream in a HIGEE system.
However, when tiny liquid droplets are introduced into the system, the particles
cannot always follow the original stream, as they diverge around the droplet. This
leads to the impaction of particles onto the droplet due to the mass of particles. The
particle collection efficiency due to inertial impaction (ηI) can be estimated by
Eq. (17.41):

gI ¼
f
2
� St
Ku2

ð17:41Þ
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where the f value is assumed to be 2 if the S value is greater than 0.4 [78].
Otherwise, the f value should be determined by Eq. (17.42):

f ¼ 29:6� q0:62L

� �
S2 � 27:5 � S2:8 ð17:42Þ

The probability of particle impaction increases with the increase in both the
particle diameter and the relative velocity between the particle and droplets and
with the decrease in the droplet size. Normally, if the produced droplets are in the
range 150–500 lm (in the case of a wet scrubber), particles with diameters great
than 1.0 lm could be collected by the impaction mechanism [79]. In contrast, since
the minimum diameters of droplets in the HIGEE are estimated to be in the range
0.0013–50 lm [80], the removal efficiency of PM2.5 should be significantly
enhanced by impaction in the HIGEE.

17.5.2 Key Performance Indicators

Collection efficiency is determined by considering the efficiency of a single
spherical collector and then summing over the number of drops per unit volume of
gas stream [74]. The collection efficiency (ηPM) of PM with a certain particle size
can be calculated by Eq. (17.43):

gPMð%Þ ¼ Cin;d � Cout;d

Cin;d
� 100 ð17:43Þ

where Cin,d (mg/m3) is the concentration of PM with a certain particle size (d) at the
inlet of the PM control system, and Cout,d (mg/m3) is the concentration of PM with a
certain particle size (d) at the outlet of the PM control system. The volume of flue
gas is calculated under normal temperature (293 K) and pressure (101.325 kPa)
conditions. It was also noted that five dimensionless groups are largely related to
the collection efficiency, i.e., the Reynolds number of the sphere (Re), the Schmidt
number of the particle (Sc), the Stokes number of the particle (St), the diameter ratio
of particle and droplet (j), and the viscosity ratio of water to air (x), as expressed in
Eq. (17.44).

gPM %ð Þ ¼ f ðRe; Sc; St; j;xÞ ð17:44Þ

The values of Re, Sc, St, j, and x can be expressed by Eqs. (17.45–17.49):

Re ¼ qgVgDd

lg
ð17:45Þ
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Sc ¼ lg
qgDd

ð17:46Þ

St ¼ C � qpVgD2
p

18lgDd
ð17:47Þ

j ¼ Dp

Dd
ð17:48Þ

x ¼ ll
lg

ð17:49Þ

where qg (kg/m
3) is the gas density; Vg (m/s) is the gas velocity; µl (kg/m/s) is the

liquid viscosity; and Cc (−) is the Cunningham correction factor.

17.5.3 Performance Evaluation: Applications

Various types of RPB, such as a tapered rotating fluidized bed [81], a cross-flow
RPB [82] and a countercurrent-flow RPB [83, 84], were applied for PM control in
the flue gas. In general, the dedusting efficiency of countercurrent-flow RPB (i.e.,
98.5%) is higher than that of cross-flow RPB (i.e., 97.5%) [85]. The PM removal
ratio in a cross-flow RPB increases with increases in the rotating speed,
liquid-to-solid ratio and gas flow rate [82]. In addition, the results indicate that the
removal ratio of fine PM (*lm) by the RPB should be significantly higher than
that by conventional processes such as cyclone, wet scrubber, and ESP [82, 83]. In
particular, fine particles larger than 3.5 lm could be almost completely removed by
the HIGEE technique [86].
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Chapter 18
Waste-to-Resource (WTR) Green
Supply Chain

Abstract Green supply chain has been aggressively constructed in different
industrial parks around the world. The win–win benefits in both environmental and
economic aspects can be achieved by implementing the waste-to-resource supply
chain in the industrial park. Portfolio options of technologies for different types of
waste-to-resource supply chains can be considered for achieving circular economy
system. In this chapter, the strategies on implementation of waste-to-energy supply
chain are proposed to overcome the challenging barriers from the aspects of
technology, finance, institution, and regulation. A total of six key task forces are
proposed for effectively executing the strategies. In addition, several successful
lessons on waste-to-resource supply chains, such as green fuel pellet for heating
supply and codigestion of organic wastes for biogas production, are provided.

18.1 Importance and Significance

The global environment and ecosystems have numerous functions including the
supplies of food, clean water, and raw material for the mankind. However, human
activity has impacted nearly every aspect of the environment. The adverse impacts
of human activity on the environment have been known, such as follows:

• The depletion of the ozone layer,
• The destruction of various ecosystems, and
• The formation of increasingly severe weather phenomena.

In response to climate change, several key challenges of the twenty-first century
have been identified, such as (1) mitigation of and adaptation to global warming;
(2) protection of the population against natural hazards and disasters; and (3) opti-
mization of food, energy and water (FEW) nexus. To prevent these destructive
consequences, individuals and groups started to take concerted efforts to protect the
environment in the early twentieth century. Environmental protection movement
does not necessitate a slowdown of economic development. In this section, the
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concepts of sustainable development, green economy, and circular economy are
provided. The definition of a green supply chain is also discussed.

18.1.1 Sustainable Development

Conventionally, the standard of excessive consumption is problematic since it
necessitates a trade-off between economic development and environmental sus-
tainability. However, this trade-off approach becomes unnecessary within the
framework of a sustainable development goal. The goals of the sustainable
development were originally established at the Earth Summit in 1992. It has been
further defined by the World Commission on Environment and Development [1]: a
sustainable development should be:

… development that meets the needs of the present without compromising the ability of
future generations to meet their own needs.

The three pillars of sustainability include sustainable economy, sustainable
environment, and sustainable society. Figure 18.1 shows the three pillars and their
key elements for achieving a sustainable development goal by construction of a
green supply chain. It suggests that the sustainable development goal should
include economic development, environmental protection, and social equity [2].

Fig. 18.1 Conceptual diagram of three aspects for achieving a sustainable development goal
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At the United Nations Conference on Sustainable Development (called Rio+20
Summit) in 2012, the green economy has been one of the main themes in the
international debates on sustainable development. The achievements of the Rio+20
Summit include the following:

• “Future We Want” outcome document,
• Sustainable development goals (SDGs),
• High-level political forum on sustainable development (HLPF),
• Strengthened UNEP,
• Civil society participation and commitments,
• Green economy, and
• Passed responsibility of “Post-2015 Dev Agenda” to UNEP Governing Council

and UN General Assembly.

Therefore, a green economy should be considered as an important tool, both at
the global and national as well as at the corporate level, in the context of sustainable
development.

18.1.2 Green Economy

As suggested by United Nations Environment Programme (UNEP), the key to
sustainable development is to create a green economy. The green economy is
defined as an economy system that aims at reducing both environmental risks and
ecological scarcities. It should encapsulate three sectors: the industry, the people,
and the government. Figure 18.2 shows the history of important international
movements on green economy toward a sustainable development goal. Sustainable
development without degrading the environment should reply on a green economy.
Therefore, it can be achieved if fundamental changes are made to the existing
supply chains of energy and material production, especially in industrial parks [3].
In contrast to prior economic regimes, the feature of green economy is the direct
valuation of natural capital and ecological services as being valuable in terms of
economy.

In 2009, the “Global Green New Deal” report was released by the United
Nations Department of Economic and Social Affairs [4]. It addressed several
existing barriers such as the difficulty to call for a global effort to “target price
supports, establish policy coordination, and create an extension program to ramp
up” for the use of green supply chain and renewable energy. Moreover, it provided
several strategies for achieving an international green economy that involves a
mixture of new policies and public investments. In addition, it specifically men-
tioned the importance of deploying renewable energy over simply reducing GHG
emissions since [4, 5]
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energy is the key to economic development and social wellbeing, and renewable energy is
the key to a future without dangerous climate change.

After that, in 2011, the necessity of a green economy, and methods for obtaining
one in recent international meetings and publications were discussed. According to
the definition suggested by UNEP [6], a green economy should encapsulate all
industries, people, and governments, thereby resulting in

… improving human well-being and social equity, while significantly reducing environ-
mental risks and ecological scarcities.

In addition, a green economy should support the development of green tech-
nologies and green infrastructure that

… reduces carbon dependency, promotes resource and energy efficiency, and lessens
environmental degradation.

In 2012, the green economy became one of the main themes in the international
debates on sustainable development toward the Rio+20 summit. Also, the thematic
consultations of the “Post-2015 Development Agenda” include 11 areas:
(1) inequalities, (2) governance, (3) growth and employment, (4) health, (5) edu-
cation, (6) environmental sustainability, (7) food security and nutrition, (8) conflict
and fragility, (9) population dynamics, (10) energy, and (11) water. Therefore, the
green economy approach should be an effort to focus sustainable development and
poverty reduction on transforming economic activities and economies.

Fig. 18.2 Important international movement on the sustainable development and green economy
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18.1.3 Circular Economy System

The establishment of a waste-to-resource (WTR) supply chain can offer an
approach to simultaneously addressing the issues of energy demand, waste man-
agement and greenhouse gas (GHG) emissions in order to achieve a circular
economy system (CES). Circular economy is a generic term for an industrial
economy that is producing zero waste and pollution by innovative design or
intention. Therefore, it is based on the “win–win” philosophy that a prosper
economy and healthy environment could be coexisted [7]. The CES is contrast to a
conventional “linear economy” which is a “take, make, and dispose” model of
industrial production. Figure 18.3 shows a conceptual framework of relationships
between the environment and WTR supply chain for a CES. The technologies, such
as fresh water production and waste production, in an industrial system should be
linked together with the environment, energy and GHGs emissions to establish a
business model for the CES.

Waste-to-Energy and -Resource Supply Chain

Air
Environment

Water Land/soil Biosphere (Ecosystem) Energy (Renewables)Mineral

Produc onConsump on

• Renewable energy
• Cleaner produc on
• Diversity to resilient

• Cascaded use
• Long-life goods
• Waste preven on

Biological (Restora ve)

Technical (Regenera ve)

Circular Economy System (CES)

Materials
• Metals (e.g., Cu, Fe, Li and Mn)
• Inorganic (e.g., CO2, N, P and nutrients)
• Organic (biodegradable components)

Energy
• Exhaust heat / latent heat / cold energy
• Electricity
• Poten al energy

Sources

Sinks Sinks

Industrial/domas c Sectors Energy / Resource

• Iron and steel miil 
• Paper and pulping 
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• Bio-gas / bio-char
• Refuse derived fuel
• Heat / electricity

Recovery
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• Agriculture wastes
• Industrial wastes 
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Reuse/Refurbish/Remanfacturing

Recycle

Fig. 18.3 Relationship among the environment, waste-to-energy (WTE) supply chains and
circular economy system (CES)
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In other words, both the industry system and the environment should be
maintained as a circular relationship for facing existing environmental issues and
resource scarcity. Within the CES, a closed loop of material flows including bio-
logical and technical nutrients exists:

• Biological nutrients: designed to reenter the biosphere safely.
• Technical nutrients: designed to circulate at high quality in the production

system without entering the biosphere or being restorative and regenerative by
design.

Several reports have studied the role of CES, especially in the developing
countries, in establishing a supply chain of services and/or goods using indicator
mechanism [8, 9]. The CES is based on the “5R principles” to decouple the eco-
nomic growth from environmental degradation and build a resource-saving society:

• Reduction,
• Reuse,
• Recycling,
• Recovery of energy, and
• Reclamation of land.

Recycling and waste reduction can coexist in a community where energy is
generated through WTR supply chain. In addition, the uses of innovative tech-
nologies can improve the value of organizations and supply chains while reducing the
environmental degradation and resource depletion caused by their economic growth.
Under this vision, it is expected to allow policy makers to understand emerging new
techniques, thereby implementing energy policy, introducing green technology,
attracting the interest of the public, and utilizing appropriate evaluation tools.

18.1.4 Green Supply Chain

Green supply chain comprises the concept of a waste-to-energy and/or
waste-to-resource supply to achieve sustainable development. In recent years,
international organizations such as the United Nations Environment Programme
(UNEP) have moved to promote a movement toward sustainable development.
Since the diverse stream of human waste creates problems when landfill space
becomes limited and chemical leachate spills into the environment, WTR supply
chain is a feasible method of green material production that revolves two of
humanities’ environmental issues, i.e., the landfilling and the natural resource
conservation, with one process. It is noted that communities with efforts of green
supply chain have higher waste recycling ratios than the national average [10]. In
other words, there is an urgent need to develop and implement the green tech-
nologies into the existing facilities, especially in the developing countries.
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The composition and amount of the solid wastes from a municipality and/or
industry depend on the level of economic and social developments, energy sources,
cultural norms, and geographical conditions (location, climate). For instance,
municipal solid wastes (MSW) include commercial waste, medical waste, con-
struction waste, and household waste. Typically, the MSW can be broadly cate-
gorized as organic, paper, plastic, glass, metals, and others (such as textiles, leather,
rubber, multilaminates, e-waste, appliances, ash, and other inert materials). These
solid wastes are usually non-biodegradable and take a long time to transform into
natural compounds [11].

18.2 Barriers and Challenges

Typically, barriers from the below aspects could be encountered while imple-
menting the green supply chain:

• Regulatory barrier,
• Institutional barrier,
• Financial barrier, and
• Technological barrier.

These barriers are hard to be distinctly separated because, for instance, policies
(or regulations) often act on more than one barrier simultaneously. Similarly, this is
especially true for the institutional and financial barriers as they can habitually be
closely related.

18.2.1 Regulatory Aspect

Figure 18.4 shows the pyramid of regulatory framework at different levels.
Regulatory barriers encompass unclear national vision (corresponding to policy),
goal (corresponding to strategy), objective (corresponding to program), target
(corresponding to project), and indicator (corresponding to plan).

Political issues, for instance as a consequence to an outdated infrastructure,
could act as obstacles to creating an effective green economy. These are the chal-
lenges in appropriate policy formulation and government authority allocation.
Therefore, regulatory barriers often prevent institutions from efficiently developing
technology and processes that are crucial for the green supply chains.

18.2.1.1 Strict Laws and Regulations

Overly strict laws and regulations would prevent development and implementation
of green technology. In the financial sector, strict laws may deter investors or
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insurers from developing green supply chains [6]. In addition, a long time to receive
permits and complete the proper procedures for developing and implementing green
technology is one of the main impediment factors in the expansion of green supply
chain. For instance, in France, it may take as long as eighty months to obtain the
proper permits [12].

18.2.1.2 Lack of Efficient Governance and Available Information

Authorities have to identify the waste management needs and energy demands of a
community while considering an available budget. Prior to project commencement,
the biggest obstacle that almost all involved parties possess is the lack of infor-
mation. According to the findings from various analysis methods such as analytical
hierarchy analysis [13] and stakeholder interviews [14, 15], the needs of informing
stakeholders about currently available technology were sometimes neglected.

18.2.1.3 Intellectual Property (IP) Constrains

Policy makers should emphasize the uses of best available technologies (BAT) to
ensure environmental safety and facility efficiency. However, making the spread of
technology depends on the certain groups controlling the information. Laws regu-
lating intellectual property (IP) rights constrain the share of information among the
industries since the laws determine the groups who can control the relevant infor-
mation and technology. This would lead to a slowdown in technology transforma-
tion [16]. As a result, Committee of African Heads of State and Government on
Climate Change (CAHOSCC) has called for the removal of restrictions on IP rights
to allow African countries to develop clean energy and green infrastructure [17].

Fig. 18.4 Pyramid of
regulatory framework at
different levels
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18.2.1.4 Approval in the Use of Wastes

In some circumstances, companies may experience obstacles in obtaining govern-
mental approvals to use alternative materials and/or fuels from the recovered and/or
recycled wastes. If a by-product is classified as a controlled waste (such as fly ash),
strict procedures in transportation and cumbersome documentation are obliged for
implementation. Although the by-product synergies appear techno-economically
feasible with a positive sustainability, practical implementation has been halted due
to the uncertainties of the legislative framework, especially with regard to the final
responsibility for the approved reuse options and community concern.

18.2.2 Institutional Aspect

Institutional barriers are pervasive when it comes to creating the green supply
chains. Typically, the institutions in play include the (1) enacting authority for
policy and regulation, (2) distribution market, (3) project investors, and (4) local
community.

18.2.2.1 Lack of Awareness

Decisions should be made with clear awareness of the public risks and economic
benefits regarding the financial and technology support. A lack of awareness will
lead to misplaced public perception, thereby hindering the progress of policy
implementation. Similarly, another major barrier of establishing green supply
chains is the lack of awareness of customers about the benefits of green products.
Without the demands of green products from customers, the company and/or
industry will not replace old technology for innovative green product. As a result,
an information exchange platform among the government, industry, and customers
should play a crucial role to achieve a successful green supply chain.

18.2.2.2 Unclear Ownerships

For the waste-to-energy supply chain, a critical issue pertaining to the efficiency of
supply chain is the ownership of district energy system (DES) center, such as
municipal solid waste incinerator (MSWI) plants. The shift of plant ownership and
operation from government to a private would generally increase efficiency.
Therefore, policy makers should take this into account when deciding the owner-
ships, operation, and management of the plants [18].
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18.2.2.3 Lack of Partnerships

Different motives from political and financial ones could lead to endorsements on
opposite sides of a movement. For policy makers, when drafting policy for assisting
in the creation of green supply chains, it is difficult to propose a common goal and
strategy. Even for people holding similar beliefs and values in a single country,
there is also difficulty agreeing on a common direction. For the entire globe to agree
on a unified strategy would be more difficult since there are more cultural differ-
ences and varying levels of development across continents [17]. This struggle
plagues not only the public sector but also the private sector for agreeing on green
supply chain strategies.

In addition, the implementation of a climate change strategy is not straightfor-
ward or uncontroversial. For instance, South Korea announced its “Four Major
Rivers Restoration Project” in 2009 as part of its Green New Deal policy. The
ultimate goals of the Four Major Rivers Restoration Project were to (1) combat
water scarcity, (2) improve water quality, (3) implement flood control measures,
and (4) restore the rivers’ ecosystems. However, the opposition decried the project,
claiming that it would cause habitat loss, flooding, and a contamination of the water
supply. The opposite side argued that their position would benefit the environment
while the other would harm it [19].

18.2.2.4 Outdated Infrastructure

An outdated infrastructure, pervasive in both developed and developing countries,
would act as obstacles to moving toward construction of green supply chains and
creating an effective green economy. Similarly, in the developing countries, without
the basic infrastructure such as roads and communication networks, it is difficult to
transfer and implement green technologies. As a result, the restructuring of outdated
infrastructure is necessary for efficient development and implementation of green
supply chains toward green economy. However, governments and/or business may
be hesitant to take on such a task since restructuring old infrastructure would
require a large input of time and may involve significant costs.

18.2.3 Financial Aspect

For a green supply chain, financial barriers may be embodied by (1) high-capital
start-up costs for equipment, (2) inaccurate electricity prices, and (3) pipeline and/or
grid interconnection costs. Moreover, the marketplace includes the major chal-
lenges of competition with established forms of energy production and appropriate
allocation of energy subsidies. In this section, the financial barriers including
insufficient incentive, inappropriate allocations of energy subsidies, and inaccurate
prices for energy and electricity are illustrated.
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18.2.3.1 Insufficient Incentive

Financial incentive for a particular industry and its associated businesses to invest in
green technology may not be available at the beginning stage. This may be
attributed to a variety of reasons: first, the cost of green technology may be a hard
burden, especially in the developing countries and their industries. The high upfront
cost of establishing green supply chains may deter institutions from making such a
green transition. In the developing countries, the upfront cost may serve as an even
greater barrier since they have fewer funds to invest in green technology. As a
result, these countries typically continue to be burdened with outdated infrastruc-
tures and technologies without sufficient incentive. Second, the payback period for
implementing green supply chains, generally between five to ten years, is too long
for businesses due to people’s natural propensity for risk aversion [6, 20, 21]. Thus,
the benefits of green supply chains may not be apparent or immediate enough to
incentivize a business, or even the government.

18.2.3.2 Inappropriate Allocations of Energy Subsidies

Subsidies are measures that reduce costs for consumers and producers: (1) keep
prices for consumers below market levels, or (2) for producers above market levels.
Subsidies are typically provided by the governments to fund popular and mature
forms of supply for energy or products. The forms of subsidies include the
following:

• Direct regulation and transfers,
• Preferential tax exemptions and rebates,
• Price controls,
• Trade restrictions,
• Public funding, and
• Limits on market access.

However, the material and energy supply industries (such as petroleum and
nuclear power) typically obtained a market advantage over other relatively newer
industries. In the USA, about half of the government expenditures on energy are
from subsidies [22]. Subsidies spread government benefits unevenly and discourage
consumers from seeking cleaner alternatives. This also is highly related to the
financial and institutional barriers. Eliminations of these subsidies will significantly
improve competition in the energy industry and eliminate the unfair advantage
given to the nuclear and fossil fuel technologies. Thus, the government should play
a central role in the development of new energy industries and green supply chain.

18.2.3.3 Inaccurate Prices for Energy and Electricity

In some countries and their industries, renewable energy prices might be too
expensive to be a viable energy option. Research indicated that population with a
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living budget of even US$10 per day (much higher than the US$1.25 per day that
1.4 billion people in the developing countries) cannot afford renewable energy [4].
As a result, without any policy changes to make renewable energy affordable, these
people are forced to use less desirable energy options. Even if the relevant policy is
available, there is no guarantee that the developing countries will be able to support
these policies. For instance, a major strategy in establishing green supply chain is
using subsidies to promote growth in green industries. However, in the least
developed and developing countries, governments may not have enough budgets to
subsidize to an effective level due to the current high cost of renewable energy and
sustainable materials [4].

18.2.4 Technological Aspect

The institutional, regulatory, and financial barriers would further exacerbate tech-
nological barriers by preventing the creation of innovative technology. In this
section, the technological barriers, including (1) inefficient performance of tech-
nology, (2) lack access to green technology, and (3) lack of implementing green
practices such as demonstration projects, are illustrated.

18.2.4.1 Inefficient Performance

In particular, in the individual industries and/or power plants, technology barriers
often come in the form of implementing the most efficient and environmentally
friendly type of technology. For example, for district energy system (DES), certain
steam generators used in the incinerator exhibit slow start-up and poor efficiency,
thereby generating huge amounts of wastes [23]. This could be overcome by dis-
seminating the state-of-the-art information of innovative technology, and providing
appropriate subsidies to the industries.

18.2.4.2 Lack Access to Green Technology

The green technologies can improve efficiency of resource uses and reduce envi-
ronmental pollutions, leading to a better environment management system toward a
green economy [21, 24]. However, local industries and enterprises, especially in the
developing countries, still rely on conventional technology and lack access to green
technology. Moreover, technological barriers are typically related to the financial
and institutional barriers such as resistance of organization to technology
advancement adoption due to technological transfer.
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18.2.4.3 Lack of Implementing Green Practices
and Demonstration Plans

Lack of implementation of innovative green practices and demonstration plans is an
important barrier to implement efficient green supply chains. Innovative green
practices, such as energy conservation, and reusing and recycling of materials, are
essential to achieve a green economy. The innovative green practices are associated
with the explicitness of green practices, accumulation of knowledge, organizational
encouragement, and quality of human resources. Also, finding appropriate sites for
demonstration plans should be a crucial task force to optimize the engineering
performance (e.g., overall energy efficiency) and maximize the environmental and
economic benefits. For example, district energy systems (DES) should be con-
structed nearby customers within the region. In constructing eco-industrial parks
(EIPs), the steel mill, petrochemical, paper and pulping mill, and cement industries
play important roles because of their unique features by utilizing a huge amount of
energy and generating a great amount of wastes [25].

18.3 Strategies on Building Green Supply Chain

The barriers, challenges, and strategies for attaining an international green economy
have been proposed by many reports, such as the Global Green New Deal [4]. As
presented in Table 18.1, the most challenging barriers and strategies for con-
structing green supply chains are summarized. For instance, eliminations of the
unfair subsidies can improve competition in the innovative green industry since
unevenly spread of government benefits would discourage consumers from seeking
cleaner alternatives and encourage overconsumption of resources.

To overcome the aforementioned barriers in different aspects, it suggests that an
effective green supply chain for a green economy should include the following eight
key task forces:

• Command and control,
• Economic instruments,
• Information platform,
• Technical assistance,
• Research and development,
• Public and private partnership,
• International collaboration, and
• Environmental education.

For instance, through effective command and control, and environmental educa-
tion, the National policies could be properly executed under a clear government
responsibility. Similarly, the use of command and control, economic instruments, and
information platform could internalize the externalities and improve the social
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acceptance in cooperationwith a sound public–private partnership. On the other hand,
to achieve the vision and goals, research and development should be enforced with
sufficient economic supports using appropriate economic instruments. At the same
time, a comprehensive performance evaluation (CPE) program should be established
with the support of research and development, technical assistance and international
collaboration to assess the performance of green supply chains and promote the
environmental education.

To effectively deploy the green supply chains, policy mechanisms can tackle
multiple barriers from the aspects of regulatory, institution, finance, and technology

Table 18.1 Potential barriers and overcome strategies for constructing green supply chains

Categories Barriers and challenges Strategies

Regulatory • Loose regulatory laws for green
technology allows for greater
development and effective
implementation

• Existing loose environmental
regulations and exclusion of CO2

as regulated pollutants
• Long time required for reviewing
environmental impact assessment

• Shorten authorization procedures
for developing and implementing
green technology

• New pollutant-targeted regulations
(e.g., carbon tax and mandatory
energy audits)

• Shorter authorization procedures
for developing and implementing
green technology

Institutional • Different focuses and concerns
between central and local
governments

• Low level of Bureau of Energy and
Environmental Protection
Administration in government
hierarchy

• Information availability of
industries due to confidentiality
and commercial issues

• Development of networking
among central and local
governments

• Upgrade as Environment and
Resource Department

• Establishment of networking
platform for information
exchanges

Financial • Lack of fund and resource for
construction of green supply chain

• Low price for utility resources
discourages recycling and
relatively low costs for waste
disposal

• Distance between companies
inhibits synergies

• Providing economic incentives
(e.g., price support, guarantee
loans)

• Implementation of feed-in tariff
(FITs) for green technologies and
waste reuse and recycling

• Subsidies on development of
piping network for renewable
energy and district heating and
cooling system

Technological • Lack of own technologies and
manufacturing for key components

• Existing low energy and material
efficiency technologies

• Availability of reliable green
technologies

• Integration of best available
technologies for innovation

• Research and development for
clean and green technologies

• Developments of demonstration
plans for providing opportunities
for new synergies
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at once. In this section, the most important strategies on implementing green supply
chains for a green economy, including (1) implementation of National sustainable
policy; (2) establishment of government responsibility; (3) provision of economic
incentives and price supports; (4) internalization of externalities, social acceptance
and investor mobilization; (5) integration of best available technologies for inno-
vation; and (6) development of comprehensive performance evaluation program,
are illustrated.

18.3.1 Implementation of National Sustainable Policy

The goal of sustainable economic development is to ensure the daily needs of the
people while maximizing the net benefits of economic activities. However, in most
developing countries, predominant emphasis was given to achieving rapid eco-
nomic growth and prioritizing industrial development. Since no countries can be
forced to participate in international regulation, two strategies are suggested to
make the regulation more globally acceptable:

• Involvement of a regulation context and
• Implementation of green industries by technology-forcing, guaranteed market

and economies of scale

On the other hand, to meet the major prerequisite of pursuing sustainable
development, the National sustainable policy should be implemented at both the
central and local governments. Two important task forces, i.e., (1) establishment of
clear visions and missions on sustainable development and (2) promotion of green
technology at private sectors and industries, are illustrated as follows.

18.3.1.1 Establishment of Clear Visions and Missions on Sustainable
Development

A policy with uncertain goals can result in the negative consequences of a collapsed
project. Therefore, well-defined goals and measures are important to make projects
feasible. Figure 18.5 illustrates the visions, goals, and strategies of building green
supply chains toward a green economy. Governments should put efforts on pro-
moting the development of green industries, cleaner production, and green con-
sumption [26]. Also, the government should place much greater emphasis upon
achieving both economic development and environment protection. In addition, the
industries themselves should pursue a more balanced economic development, where
raising quality takes precedence over expanding quantity. In seeking to satisfy the
basic living needs, people should also abide by the moral imperative to coexist and
coprosper with other forms of life to maintain the biological diversity [2].
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Comprehensiveness, consistency, and flexibility must be maintained to obtain
success in the policy enforcement. A comprehensive policy should incorporate
insight into a wide range of disciplines and account for externalities. Also, a policy
needs to be formulated with precautions to handle changes in the political and
economic situation. Clear goals and evaluation measures can ensure the consistency
of a policy. For policy makers, the concept of consistency is needed to make
changes as minimal and as infrequent as possible. A constantly shifting policy
would lead to reluctant investors and limited progress during production.
Furthermore, in the past, policies were given favorably to the categorical labels,
such as financial policy, administrative policy, or social policy. Nowadays, the
integrated policy should encompass measures formulated with a multidisciplinary
approach. This could be the successful way to accomplish effective green supply
chain while paying attention to the multitude of actors in play.

18.3.1.2 Promotion of Green Technology at Private Sectors
and Industries

A successful green supply chain among plants can demonstrate its environmental
and economic benefits [27]. Development of a sustainable economy seeks to pre-
serve the gains from industrial capitals, including man-made capital, natural capital,
and human capital. For the private sectors and industries, the concept of
eco-industrial park (EIP) is imperative to facilitate the development of innovative
products and green services for upgrading industrial technologies. With a view to
promote the marketability of regenerated products, the promotion of green supply
chains in industrial parks helps firms to publicize the sale of such products, promote
green purchasing, and develop marketing channels for green products. Appropriate
policies should be established to foster industrial symbiosis, thereby accelerating

Fig. 18.5 Visions, missions and strategies of a green economy toward sustainable development
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the development of green technologies for effectively material reuse and waste
recycling [28, 29].

18.3.2 Establishment of Government Responsibility

Mostly, the government is the entity that brings all stakeholders, such as energy
companies and the local communities, together through policy formulation. To
overcome different barriers in an organized way, a national government would often
create a department and equip it with the proper authority. Depending on the scale
of the program, a governing body can range from a local government to an inter-
national organization (such as the European Union). In the following part, the main
responsibilities of government, such as (1) appropriate policy with effective gov-
ernance, (2) cultivation of green market and enterprise culture, and (3) involvement
of stakeholders in policy-making system, are illustrated.

18.3.2.1 Appropriate Policy with Effective Governance

An appropriate policy with governance at both the city and national levels must be
adopted to overcome financial, technical, and social barriers. Governance should be
steered to direct cities’ significant resources of physical, human, natural, and
intellectual capital toward a green economy [30]. In the context of green supply
chain, actions including agenda in policy development, formulation, adoption, and
evaluation should be implemented to reduce the amount of GHG emissions and
wastes while generating green products in a profitable manner.

On the other hand, to produce a shift to environmentally cleaner forms of
renewable energy, several government measures can be implemented including the
following:

• Demand-side management,
• Eliminating conventional subsidies,
• Pricing electricity more accurately,
• Enacting a national feed-in tariff (FIT) mechanism,
• Taxes on pollution, and
• Energy service companies (ESCO).

Municipal authorities can lower costs by linking public investment with the
ESCO. The ESCO can establish special funds, credit lines loan guarantee programs,
market transformations, and/or grants to address barriers in investments. Several
full-scale ESCO models have been established in the developed countries, such as
North America. However, no successful ESCO model was found in the developing
countries, which might be attributed to the lack of legal and financial policies in
place to enforce complex contracts [31].
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18.3.2.2 Cultivation of Green Market and Enterprise Culture

It is not appropriate for governments to take on official pricing strategies or policy
measures for institutional green transition. Rather, the unofficial measures could be
equally effective. As shown in Fig. 18.6, the governments can assist in cultivating
green enterprise culture and market environments of green consumption, and
encouraging green technological innovation. By publicizing green consumption
through publicity, schools, and media outlets, it is possible to widely spread the
green knowledge to consumers and push businesses to a greener production.
Therefore, environmental education on green economy and green supply chain
should be critically promoted.

The ultimate goal of the investment and policy changes is to create a “virtuous
cycle.” It is noted that all subsidies could be removed in the following decade
without hindering the development of green supply chains and a green economy
[4]. An initial series of investment and policy changes would facilitate industrial
scaling-up, expand markets for green products, and accelerate growth rates in
cleaner production. Finally, technological improvements will further accelerate
industrial scaling-up.

Fig. 18.6 Schematic diagram of price support and governance in cities for building green supply
chains toward a green economy. Reprinted by permission from Macmillan Publishers Ltd: Ref.
[32], copyright 2015
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18.3.2.3 Involvement of Stakeholders in Policy-Making System

The development and implementation of a green supply chain generally involve
different stakeholders, such as the owners of plants, a governing body (or competent
authorities of plants), local government, industrial sectors, energy supply/
distribution companies, communities, and citizens. Social familiarity because of
common cultures and trusts among the stakeholders is considered as the vital factor
for minimizing the risks and uncertainties of failure. A central governing body (such
as the competent authorities of industrial park) should link up all the stakeholders to
provide information on regulatory and financial support [29, 33]. Describing and
outreaching policy information along with the coordinating collective actions are
imperative for a long-term mutually beneficial success among the newly developed
projects [34]. An efficient strategic decision-making system for green supply chains
should include the following [23]:

• Supply and demand contracts;
• Network configuration such as sourcing, location and capacity of energy pro-

duction facilities, locations of storage facilities, and network design;
• Ensuring sustainability.

On the other hand, policy makers should identify the specific concerns and
issues and even recognize the need for intervention when the market fails [35].
Therefore, appropriate policy measures should be used to ensure compatibility and
viability of a project. In some cases, a policy just needs to simply overcome a few
local barriers rather than enacting large overbearing financial mechanisms.

18.3.3 Provision of Economic Incentives and Price Supports

Renewable energy plays an inevitable role in a circular industrial economy. In many
countries, however, the price of renewable energy is much too high for it to be a
viable option of green energy. This is likely due to excess subsidies that lower the
prices of fossil fuels so that they are much cheaper than the cost of the renewable
energy. These issues can be solved by simply removing those uneven subsidies to
allow the international market to determine the price of fossil fuels. It is estimated
that eliminating fossil fuel subsidies would reduce global GHG emissions by 6%
and increase GDP by 0.1% [36].

Beyond policy in the form of price supports, a series of policy changes will
bolster the price supports to be effective. This assistance of pricing strategies would
solve the institutional and financial barriers in the developing countries. To create a
cost-effective green certificate market, many economic incentives and price support
tools can be used, such as (1) feed-in tariff (FIT) mechanism, (2) emission trading
scheme, and (3) tax exemptions and rebates.
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18.3.3.1 Feed-in Tariff Mechanism

To decrease the price of renewable energy, the primary method suggested by the
“Global Green New Deal” report is to provide price supports through a “feed-in
tariff (FIT)” mechanism. The FIT mechanism can increase investment in developing
renewable energy, thereby increasing the installed capacity of renewable energy.
Aside from that, the FIT can offer several benefits including the following [22]:

• Ensuring a stable investment stream for project developers,
• Suppliers getting paid immediately,
• Quickly expanding renewable power, and
• Providing a predictable industry to produce new high-paying jobs.

The FIT mechanism forces electric utilities to purchase renewable power in a
nearby service area at a fixed price above market rates for a specific period of time.
Germany is one of the greatest success countries for implementing FIT around the
world. Its FIT covers the costs of electricity grid interconnection and metering by
spreading it across all electricity customers, and then slowly declining the tariff over
time.

18.3.3.2 Carbon Pricing System

Aside from the FIT mechanism, the most widely used tool should be the carbon
pricing system. Carbon pricing system is to put a cost on the negative externalities
generated by non-green technology and makes using those technologies undesir-
able. Therefore, it could spur on the research and development of green tech-
nologies. Normally, carbon pricing system can take the form of a trading scheme or
a tax on emissions wherein the right to certain levels of GHG emissions is traded.

1. Emission Trading Scheme (ETS)
The implementation of the emission trading scheme (ETS) is based on the “cap
and trade” principle, where a maximum (cap) is set on the total amount of GHG
that can be emitted by all participating installations. “Allowances (or permis-
sion)” for GHG emissions will be allocated for free or auctioned off by the
authorities and subsequently can be traded among all the participants. Under the
“measurable, reportable, and verifiable (MRV)” principle, installations must
monitor and report their GHG emissions. After verifying their GHG emissions
by third party, installations should hand in enough allowances to authorities to
cover their GHG emissions. If emission exceeds the permission, a company
must purchase allowances from other participants. Conversely, a company
having well performance on emission reduction can sell its leftover credits. The
European Union Emissions Trading System (EU-ETS), launched in 2005, was
the first large-scale ETS for GHG emissions in the world. However, an issue
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with the emission trading is that it lowers the net emissions of an industry but
could increase the emissions at a single site [37]. This individual issue should be
considered by the policy presiding over that single facility.

2. Tax Exemptions and Rebates
Tax exemptions and rebates can be implemented in many forms, such as fuel
taxes and land development taxes. Carbon taxes can provide large fiscal rev-
enues while lowering carbon emissions by putting a price on pollution emission
[38]. Taxes on pollution account for externalities that have traditionally
remained unpaid for. Due to the rising price of carbon emissions worldwide,
companies would be forced to adopt cleaner technologies. Moreover, a company
with overtaxed from pollution costs may be forced to reevaluate its overall
efficiency on the use of energy and materials.

18.3.3.3 Other Measures

To promote the renewable energy, electricity can be priced more accurately by
other measures:

• Abolishment of “price ceilings”: This would allow electricity rates to reflect
current market prices instead of fueling excessive consumption, inhibiting
investment, and undervaluing energy efficiency.

• Elimination of “declining block-rate pricing (i.e., the per unit price of energy
decreases as the energy consumption increases, which is offered to large-scale
energy consumers)”: this would promote energy efficiency and reduce the
consumption of electricity.

• Reflection of “time use (i.e., how the electricity usage varies throughout the
day)” in electricity bills: This would adjust customers’ consumption with respect
to peak and off-peak consumption hours. A consumer will buy electricity in a
more efficient manner [22].

18.3.4 Internalization of Externalities, Social Acceptance,
and Investor Mobilization

Global environmental issues can be classified into three parts: (1) pollution,
(2) biodiversity, and (3) trade-related. Global public environmental issues, such as
GHG emissions and ozone depletion, should be addressed by collective actions and
binding agreements to avoid “free-rider” problems. With a view to improve social
welfare, the concept of environmental externalities, social acceptance, and investor
mobilization are introduced in this section.
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18.3.4.1 Internalization of Externalities

There are two types of environmental market failure: (1) environmental externalities
and (2) environmental degradation. Externalities can cause divergence between
social cost (or benefits) and private costs (or benefits). Externalities arise when
certain actions of a producer or a consumer have unintended external effects on
others. In general, negative externalities (such as pollution) arise when a producer
imposes cost on other producers and/or consumers, where the imposer is not
charged. Mostly, the probability of human exposure to pollution such as solid
residues and wastewater can be effectively mitigated through proper operating
procedures. However, airborne emissions are typically no longer controllable once
they are released. There has been consensus among public health officials that
airborne pollutants from incineration would lead to premature mortality. Airborne
emissions comprise a large number of substances that are environmental persis-
tence, long half-life, and inherent toxicity. Even at a low level, they would exhibit
severe impacts on environment, ecosystem quality, and human health [39]. As a
result, facilities should deploy up-to-date green technologies with appropriate flue
gas controls to reduce airborne emissions.

18.3.4.2 Social Acceptance

Since a community is made up of a spectrum of different viewpoints, it cannot be
treated as a collective whole. People with different viewpoints may react differently
to certain political decisions and scientific information. As a result, these variances
should be considered in the decision-making process to complement the policy
measures. In general, “cultural theory” can be applied as a heuristic tool to evaluate
the public opinions and acceptance on a certain issue. It is noted that even when the
information is available to the public, certain factions will remain skeptical about
the need to implement green technologies [40]. A study indicated that local attitudes
were surprisingly in favor of green supply chains. However, the development of
green supply chains was still limited due to the absence of public information,
insufficient technology information, incomplete legal framework, and inadequate
political decision [41].

18.3.4.3 Investor Mobilization

Prior to green facility installation, investor behavior and mobilization can be
evaluated by several factors. Two of the most important parameters affecting the
decision making of stakeholders are as follows:

• Awareness of investor [42] and
• Payback period [43].
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1. Awareness
For investors and stakeholders, awareness is the amount of information
regarding a certain technology and its associated market [44]. It should be
established through the understanding of governance, objectives, targets, busi-
ness models, technical knowledge, risks, and rewards [45]. Making investors
aware of the costs and benefits of a successful green supply chain is a tipping
point since lack of awareness could result in a market failure. In particular, in the
developing countries, there is lack of consensus on green practices such as
promotion of energy efficiency.

2. Payback Period
Payback period refers to the period of time required to recoup the investments or
to reach the break-even point. It is correlated to the probability of an investment
being made [46], e.g., a shorter payback time will yield a higher probability of
investment. Interestingly, a larger number of recommendations in a preliminary
assessment means more work for stakeholders further down the road, thereby
leading to a negative influence on the probability of implementation. The
neglect of the stakeholders in following through with recommendations can be
attributed to a lack of economic incentives.

18.3.5 Integration of Best Available Technologies
for Innovation

Technological barriers require comprehensive and integrated strategies that include
solutions from the institutional, regulatory, and financial aspects. Simple tech-
nologies are available with limited resources, which should make significant
improvements in economic efficiency, resource use, and human well-being [30].
The complexity of various technologies for green supply chains, however, may
hinder the formation of green supply chains. It thus suggests that the innovation
centers should adapt the relevant knowledge to localize the experience on imple-
mentation of green technologies. The technology knowledge should be available to
policy makers, investors, and communities to support national institutions and serve
as a link to international experts and knowledge base.

For optimization of WTE supply chain, several approaches such as bioethanol
supply model [47], taxonomy criterion [48], mathematical programming [49], and
multiobjective decision making [50] have been employed. Integration of best
available technologies (BAT) for innovation can provide opportunities of green
technologies and products. With consideration to the life cycle of the production
process, the recycling-based technologies should be implemented in industrial
parks. In industrial manufacturing processes, the integrated approaches include the
following [28, 33]:
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• Waste-to-resource and -energy technologies;
• Energy conservation technologies, such as waste heat recovery;
• Cleaner productions for energy, water, and materials;
• Energy-efficient and water-efficient technologies; and
• Carbon capture and utilization (CCU) technologies.

Several important technologies for the constructions of green supply chains are
illustrated as follows.

18.3.5.1 Waste-to-Energy (WTE) Technologies

The biosolids from the wastewater treatment plant can be converted to biogas for
electricity and heat. Biosolids gasification has been receiving the most attention as
viable options for waste-to-energy (WTE), which is capable of providing a clean
and manageable process with the possibility of net energy gains [51]. The WTE
technologies can convert the biobased wastes into a form of biobased chemicals or
energy, which can be used for heating and energy supplies of a district. For building
the WTE supply chains, the commonly used technologies used in industrial park are
as follows:

• Green fuel pellet [52],
• Bioheating [53],
• Combustion [54] or incineration [55],
• Gasification [51, 56], and
• Anaerobic codigestion [57].

By using the proper technologies, different types of biomass can be converted
into various types of bioenergy products, such as biogas, biofuel, and biochar. The
suitable feedstock for the WTE supply chain includes the following:

• Agriculture and forestry wastes,
• Energy crops,
• Domestic and household wastes,
• Animal residues, and
• Industrial residues.

As shown in Fig. 18.7, the WTE techniques can be divided into four categories:
physical, thermal, chemical, and biological methods. As suggested by USEPA [56],
there is significant interest around the globe in developing this technology to
commercial scale based on the quantity of research data pertaining to sludge
gasification. However, the pulp and paper mill sludge may not be a suitable can-
didate for gasification due to the high moisture and mineral contents, resulting in
low energy values and uneconomical even for a full-scale operation [56].

In this section, the commonly used processes in the WTE supply chains,
including green fuel pellet, combustion, gasification, and anaerobic digestion pro-
cesses, are briefly illustrated.
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1. Green Fuel Pellet

Green pellet fuels are biofuels made from compressed organic matter of biomass.
They are considered as environmentally friendly fuels due to their lower sulfur
content and lower pollutant emission than heavy fuel oil in the course of com-
bustion. Wood pellet fuels are the most common type of pellet fuels, generally
made from compacted sawdust and related industrial wastes such as lumber, fur-
niture, and construction wastes. The advantages of using green pellet fuels as
alternative sources of heating and power include as follows:

• Substantial increase in low heating value (LHV) compared with green chips.
• Reduction in transportation costs.
• Simplified transportation and handling.
• Reduction of biological activity and stable storing.
• Homogeneous manageable fuel for power plants.

According to the life cycle assessment, the energy consumption of wood pellet
production was mainly on the manufacturing process (*71%), followed by its
transportation (*23%) [58]. On the other hand, the solid residues generated from
wood pellet combustion (such as bottom ashes) can be used as farmland fertilizers
and soil conditioners due to the high contents of calcium, potassium, magnesium,
and phosphorus [3, 52]. Another pellet fuel produced by the physical method is
called refuse-derived fuel (RDF). The RDF is made from materials that have been
sorted out of municipal solid waste streams to exclude non-combustible materials
such as glass and metals.

2. Combustion

Combustion is referred as a thermal treatment or an incineration (in the case of
municipal solid wastes treatment). The commonly used combustion technologies
can be categorized into

• Pile combustion,
• Stoker combustion,
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Fig. 18.7 Waste-to-energy (WTE) supply chain for bioenergy utilization. Reprinted by permis-
sion from Macmillan Publishers Ltd: ref. [3], copyright 2015
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• Suspension combustion, and
• Fluidized-bed combustion.

Combustion involves heating under excess oxygen to completely oxidize the
organic part of input stream. It can make use of the chemically bounded energy in
solid wastes. After combustion, the volume of solid waste can be reduced, and its
contained hazardous materials can be destroyed. The outputs of the combustion
processes include exhaust (flue) gases, fly and bottom ashes, wastewater, and
energy (in terms of heats). In the exhaust gas, complex elements and compounds
can be found: such as N2, CO, CO2, NOx, SOx, polychlorinated di-benzodioxine,
furan, methane, ammonia, hydrochloric acid, and hydrogen fluoride [59]. The
emissions of air pollutants could be reduced by various methods such as follows:

• Modifying fuel composition,
• Modifying moisture content of fuel,
• Modifying particle size of fuel, and
• Improving construction chamber shape and incineration application.

Prior to combustion, input solid wastes are often physically altered to increase
energy efficiency and decrease emissions. Since the moisture content in municipal
solid waste directly affects the efficiency of combustion, the solid waste stream is
often processed to ensure an optimal level of moisture content.

3. Gasification

Conventionally, the treatments for biosolids, such as paper and pulp mill sludge and
municipal sewage sludge, were landfill, incineration, or land application. Aside
from combustion, the sludge can be sent to a gasification process to generate
biogas. Gasification can convert organic part of input stream into methane (CH4),
syngas (CO and H2), and CO2. It typically can be achieved by reacting the materials
at high temperatures (e.g., >700 °C) with a controlled amount of combination of
steam, oxygen, and/or nitrogen. The advantages of gasification for sludge treatment
include [56]:

• Higher value of versatile end products.
• Availability of the feedstock.
• High efficiency of gasification system.
• Low costs for syngas conversion process.

Appropriate pretreatments on sludge are required if the gasification process is
applied. For example, the appropriate moisture content in sludge should be typically
between 10 and 20%, which is much lower than those in raw sludge, i.e., 40–99%.
After gasification, the syngas, if purified and cleaned, can be further converted to
liquid fuels via a catalytic Fischer-Tropsch (FT) process. The produced liquid fuels
can be applied in various applications [56] such as follows:

• Feed into an internal combustion engine as transport fuels,
• Feed into generator for electricity production,
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• Combusted for heat recovery,
• Used in fuel cell applications, and
• Production of a variety of chemicals.

4. Anaerobic (co-)digestion

Anaerobic digestion is a series of biological processes where microorganisms break
down biodegradable components in the absence of oxygen. It is a versatile tech-
nology by which a renewable energy in the form of biogas can be produced in the
course of microbial decomposition of biosolids. As a result, it can significantly
reduce the costs for treating wastes and pollution. After anaerobic digestion, the
reacted residues have a fairly homogeneous content with respect to major nutrients
such as sodium, phosphate, and potassium, which is beneficial to using as a fertilizer.

Anaerobic digestion of a certain biomass (such as manure) as a sole substrate
might not be profitable because of low biogas production and some exploitation
problems. To overcome this barrier, codigestion of various complimentary feed-
stocks has been developed and implemented as a good engineering practice (GEP).
The codigestion process could avoid the probabilities of ammonia and lipids from
inhibiting the process due to a better nutritional balance [52, 61]. For stable
anaerobic digestion operation, the carbon-to-nitrogen (C/N) ratio should range
between 20 and 30. In this case, the anaerobic codigestion of municipal sewage
sludge with swine manure and poultry manure can achieve a high biogas yield of
400 dm3 per kg VS [60].

18.3.5.2 Waste Heat Recovery

The heat recovery in the incineration or manufacturing processes not only enhances
the use of district heating but also reduces the energy consumption with a better
valorization of the waste. The exhaust (waste) heat can be classified into various
levels:

• High quality: higher than 500 °C,
• Medium quality: 250–500 °C, and
• Low quality: lower than 250 °C.

The process waste heat could be further utilized to generate electricity and/or
steam by various technologies, such as heat exchanger, adsorption chiller, trans-
critical CO2 heat pump, refrigeration cycles, and organic Rankine cycle (ORC).

1. Multiple Energy Production System
For waste heat recovery, several mature technologies regarding multiple energy
production system can be used in district energy supply [61, 62]:

• Combined heat and power (CHP): known as “cogeneration” and
• Combined cooling, heating and power (CCHP): known as “tri-generation.”
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By utilizing exhaust heat, both CHP and CCHP boost system efficiency and
decrease CO2 emissions. The principles of CHP and CCHP are similar since they
derive energy from a single source. CHP utilizes a heat engine and/or power station
to simultaneously generate electricity and available heat. In CHP, the
high-temperature heat or steam first drives a gas or steam turbine-powered gener-
ator, and then, the resulting low-temperature exhaust heat is used for water or space
heating. The moderate temperatures of outlet steam after the CHP process were
typically at 100–180 °C, which can be used by the adsorption chillers, and/or
refrigerators for cooling demand such as air conditioner. It is noted that a
well-designed CHP system could offer an energy efficiency of over 80% [54, 61].

The main difference between CHP and CCHP is that, for CCHP, cooling is one
of the desired end products for the customers. Cooling can be generated by a heat
pump or absorption chiller using the exhaust heat from process or heat delivered to
buildings. Moreover, a great advantage of deploying CCHP systems for energy
supply is the flexibility of the system. For instance, in winter, the CCHP can be seen
as CHP since there is no demand for air-conditioning in building.

2. Organic Rankine Cycle (ORC) System

Organic Rankine cycle (ORC) power facility has been recently used for exhaust
(waste) heat recovery from the flue gas in various industrial processes because of its
simplicity, reliability, low maintenance, and easy remote monitoring [63]. The ORC
facility can effectively extract low- to medium-grade thermal heat (typically at tem-
peratures of 66 − 260 °C) in the flue gas for power generation [64–66]. Moreover, it
can be operated at low pressures (less than 1380 kPa or 200 psig) [63]. To evaluate the
thermodynamic and economic performances, the thermal efficiency and net power
output index are frequently used, respectively [67]. In the ORC, the R245fa has been
commonly used as the organic working fluid because of its relatively high latent heat
of gasification and heat exchange efficiency, and relatively low environmental
impacts on ozone depletion and GHG emissions [64]. The boiling point and specific
heat of R245fa are 15.1 °C at 1 atm and 0.9369 kJ/(kg�°C) at 30 °C, respectively. The
density of R245fa at 30 °C is about 1324.6 kg/m3.

18.3.5.3 Carbon Capture and Utilization (CCU) Technologies

The implementations of carbon capture and utilization (CCU) technologies should
combat the environmental and energy issues in industries for security and sus-
tainability. With the CCU technologies, appropriate value of carbon management
mechanism is added into fossil fuel, biomass, and renewable energy. Furthermore,
updates in the main infrastructures, such as road and land accessibility, water
availability, solid waste disposal, and an electrical grid, should be required for
construction of WTE supply chain.
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18.3.6 Development of Comprehensive Performance
Evaluation Program

To evaluate the performance of a green supply chain, two methods, i.e., cost–
benefit analysis (CBA) and life cycle assessment (LCA), are commonly utilized.
CBA can be used to estimate the costs and profits associated with a project, while
LCA can quantify the environmental impacts and benefits. Aside from the CBA and
LCA, several concepts are imperative to carried out a comprehensive performance
evaluation (CPE) for establishing green supply chains, including determination of
plan-do-check-action (PDCA) principle, key performance indicators (KPIs), and
demand-side management (DSM), which are illustrated as follows.

18.3.6.1 Plan-Do-Check-Action (PDCA) Principle

Plan-do-check-action (PDCA) principle was originally suggested by Shewhart [68]
and could be implemented in the design of comprehensive performance evaluation
as illustrated in Fig. 18.8. Establishing commercialized (or business) models should
be essential to demonstrate and evaluate the performance of innovative green
technologies. For example, the incineration plant can be integrated with the steam
cooking system to form a district energy supply center. Biosolid wastes from the

Fig. 18.8 Policy-making cycle for establishment and implementation of green supply chains
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large and/or small industrial plants could be utilized as the energy source for power
generation and/or heating purpose, respectively. After performance evaluations,
policy makers and stakeholders can compare the operation results with their original
goals and properly revise it if needed. Through revisions and amendments, a policy
can be adjusted in light of new information. The above procedure is consistent with
the management method of PDCA cycle.

18.3.6.2 Key Performance Indicators (KPIs)

The CPE programs are required to assess whether the policy factors are successful
at achieving preset goals. Since a policy acts on a community in a multifaceted way,
performance evaluations should be conducted in a diverse approach. The CPEs
should be performed for at least three times: (1) before a policy is enacted to ensure
proper planning, (2) during the process of implementation to ensure optimal
function, and (3) after goals have been met to ensure insight into future improve-
ments. For the CPE, key performance indicators (KPIs) must be established for
evaluating the progress toward the implementation of green supply chains. The
KPIs are quantifiable measures of an institution’s ability to accomplish their set
goals. As suggested by UNEP, three primary areas act as the most beneficial KPIs
when measuring various aspects of green economies [1]:

• Indicators of resource efficiency (engineering aspect),
• Economic transformation (economic aspect), and
• Human progress and well-being (social aspect).

Table 18.2 summarizes the themes and KPIs for establishing green supply
chains from environmental, economic, and social aspects. For instance, the KPIs in
the environmental aspect measure resource efficiency of a green supply chain.
Because the scales of land areas and companies for various industrial parks are
quite different, the performance of each industrial park should be compared via
annual production of energy or economic values as the basis, e.g., carbon intensity
(i.e., CO2 emission/energy production) and energy intensity (i.e., energy/GDP).

For the economic aspect, the economic transformation indicators often assign a
monetary value to the cost and profits of greening strategies, including investments,
jobs, and industrial growth. The levels of investments made in green activities can
be compared with that in environmentally harmful activities. Moreover, economic
performance of green supply chains can be measured by the growths of goods,
services, and jobs in green activities [69].

For the social aspect, human progress, community development, and well-being
indicators are suitable for gauging the performance of green supply chains since
they consider if the economic development goal of sustainable development is
fulfilled. However, when available data is sufficient, the indicators are often seen as
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Table 18.2 Themes and key performance indicators (KPIs) from environmental, economic, and
social aspects

Aspects Themes Indicators

Environmental Pollution prevention and control (per
unit output value increase)

Air pollutant emissions such as VOCs,
NOx, SO2, and particles

Wastewater discharge

COD emissions

Solid waste generation

Target for CO2 reduction

Energy and resource consumption (per
GDP)

Land consumption

Energy consumption

Freshwater consumption

Chemicals consumption

Energy and resource recycling Energy-saving efficiency

Ratio of reclaimed industrial wastewater

Water consumption per unit output value

Material consumption per unit output
value

Waste recycling ratio per unit output
value

Environmental planning and
management

Averaged pollution standard index (PSI)

Ratio of green land

Green building indicators

Environmental management system
(EMS)

Sustainable material management
(SMM) system

Economic Cost reduction and clean production Measures for promoting pollution
prevention and resource recovery

Cost reduction of CO2 emission control
by waste recycling

Ratio of material shipping expense in the
total output value

Profit increase and green consumption Gross domestic production (GDP)

Gross industrial output value (GIOV)

Industrial added value (IAV)

Discounted cash flow

Tax Carbon tax

Fuel tax

Pollution tax

Incentive and pricing support Feed-in tariff on renewable energy (or
green technology)

Government subsidy on construction

Credit lines loan guarantee

Corporate image promotion and green
industry

Budget/expenditure of environmental
protection

Total investment for pollution control
(continued)
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less legitimate than the key economic indicators such as GDP for making policy
decisions.

18.3.6.3 Demand-Side Management (DSM)

Demand-side management (DSM), or demand-side response, programs are imple-
mented to change the consumption pattern of consumers, such as the behavior of a
household. The goal of the DSM is to encourage the consumer to use less energy
during peak hours, or to move the time of energy use to off-peak times (such as
nighttime and weekends). A successful DSM program should comprise marketing
strategies with multiple approaches, such as follows [22]:

• Programs targeting specific audiences,
• Technical assistance for customers,
• Simple program procedures for customers to estimate potential benefits, and
• Financial incentives to attract attention and reduce initial costs.

Similarly, large-scale energy plants also should be located near their source of
heat demand to maximize the overall energy efficiency [70]. Also when changes
occur, the performance of a plant and its associated energy distribution network
should be able to predict [35]. In catering to green supply chain, a cost–benefit
analysis can provide an estimate on the direct costs of operating and maintenance
and the fixed costs to optimize the design of green supply chain [10].

Table 18.2 (continued)

Aspects Themes Indicators

Social Public participation and acceptance Number of visitors in open house events
per year

Completeness of message platform

Publication of environmental report

Public satisfaction of environment

Public cognition of eco-industrial park

Community development Interchange plan for public transportation
system

Plan for biking and walking route

Social familiarity

Betweenness centralization

Density average distance

Fairness and justice Green park area per capital

Number of pleaded environmental
pollution events

Compliance with laws and regulations

Population and health Safety nets

Health status
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18.3.6.4 Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is an evaluation of potential environmental impacts
for a production system or service throughout its life cycle by compiling all inputs
and outputs (e.g., material, energy, and pollutants). LCA was originally used in
product analysis, and it recently has been widespread in analyses of pollution
control facility and/or environmental engineering areas, such as follows:

• Waste management system [31, 71],
• Incineration facility [39, 72], and
• Carbon footprint in industrial park [73].

Environmental impacts evaluated through LCA can be associated with analysis
of material and energy consumptions [74] and stakeholder involvement [14]. On the
other hand, the decisions from human health risk assessment need to be supported
by strong scientific evidences, and the extent of uncertainties in assessments should
be carefully determined. Scenario evaluation by LCA can be used to estimate
exposure levels in humans, with the consideration to the time of contact and the
sources of hazardous materials. Another tool for approximating actual human
exposure levels to a pollutant of interest is biomonitoring.

18.4 Implementation of WTR Green Supply Chains:
Case Study

To achieve the goals of being environmentally bearable, economic viable, and social
equitable, “building a green supply chain within industrial park” should be exten-
sively promoted to make traditional industries around the world. It is noted that
development of eco-industrial parks (EIPs) can simultaneously achieve the envi-
ronmental protection, economic development, and social equity.

18.4.1 Eco-Industrial Parks (EIPs) as a Business Model

To meet the demands of a circular economy, eco-industrial parks (EIPs) have been
extensively established in different regions, such as Australia [75], Denmark [76],
Europe [12, 77], USA [34], Japan [29], Mainland China [28, 78, 79], Korea [33],
and Taiwan [26, 80]. The definition of the EIPs can be found in the literature [81]:

community of manufacturing and services companies seeking enhanced environmental and
economic performance through collaboration in managing environmental and resources
issues including energy, water, and materials.

The EIPs are to promote energy conservation/efficiency, carbon reduction, and
green production by the implementation of green supply chains. The objectives of
EIPs are to
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• Establish an integrated framework that embraces economic development,
environmental quality, and social equity,

• Stimulate investments in the private sector, increasing employment opportuni-
ties related to resources recycling and encouraging rural and urban community
developments,

• Build up a recycling-based sustainable society to achieve the goals of zero
emissions,

• Manage waste reduction and reuse technologies to achieve goals of total
recovery and zero waste, and

• Build recycling-based ecocities and/or ecovillages, raise resource-recycling
ratios, and reduce water and energy consumptions.

To meet the objectives of EIPs, five strategies are suggested as follows:

• Policy makers should create policy for simultaneously reducing GHG emissions
and improving energy efficiency.

• Action plans should increase manufacturing efficiency while seeking synergetic
cooperation between all manufacturers in the industrial park.

• Creation of a cost-effective integrated green certificate market by implementa-
tion of pricing instruments, such as tax exemptions and carbon credits.

• Crucial information should be made easily accessible including the following:

– Updated manufacturing processes,
– Supply and demand of materials and energy,
– Resources for assistance, and
– Human training resources.

• Life cycle analysis (LCA) should be utilized as a structured basis for evaluating
the performance of environmental impacts and benefits in EIPs.

18.4.2 Iron and Steel Industry

In the case of iron and steel industry, China Steel Corp. (CSC) in Lin-Hai Industrial
Park (Kaohsiung, Taiwan) has successfully established the business model and
served as the center of green supply chain since 2008. Figure 18.9 shows the
schematic diagram of construction of the green supply chains in the Lin-Hai
Industrial Park. Lin-Hai Industrial Park consists of a total of 482 manufacturers in
the fields of mechatronics, steel manufacturing, chemical engineering, and trans-
portation. By the end of 2012, a total of 15 green supply chains including steam,
hydrogen, nitrogen, waste alkaline solution, incinerator bottom ash, and electric arc
furnace dust were established. For instance, the alkaline solid wastes can be used
for carbonation process to react with flue gas CO2 to form stable carbonate pre-
cipitates [82]. Meanwhile, the physicochemical properties of the carbonated solid
waste can be upgraded since the free-CaO content is eliminated, which is beneficial
to the application as construction materials [25, 83]. Moreover, the alkaline
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wastewater, if available, can be introduced in the carbonation reaction, and the
wastewater can be neutralized after reaction.

From this green supply chain model, the total amount of steam supply was
estimated at about 2.5 Mt/y. As a result, the environmental benefits of steam supply
include the following: (1) a CO2 reduction of 574,000 t/y, (2) a SOx reduction of
1830 t/y, (3) a NOx reduction of 1270 t/y, and (4) particle matter (PM) reduction of
180 t/y. On the other hand, the total amount of recycling wastes was determined at
0.67 Mt/y, corresponding to a waste utilization ratio of 84.7%. Accordingly, the total
economic profits attributed by the green supply chains was estimated to be US$ 100
million per year.

18.4.3 Petrochemical Industry

Lin-Yuan Industrial Park (Kaohsiung, Taiwan) comprises a total of 30 industries,
where 27 of them are petrochemical related industries including Formosa Plastic
Corp. and China Petroleum Corp. Since 1992, Formosa Plastic Corp. had been
served as the district energy supply (DES) center for many companies in the
industrial park. Figure 18.10 shows the schematic diagram of construction of the
green supply chains in the Lin-Yuan Industrial Park. For example, the Formosa
Plastic Corp. utilized the CHP technology to generate electricity and heat (i.e.,
steam), where four boilers with a steam capacity of 200 tons/h were installed. The
exhaust heat with different qualities was used to simultaneously generate electricity,
steam, and hot water. The high-quality steam (*3.5 kg/cm2) was utilized to drive
the steam turbine for electricity generation and median-quality steam supply.
Similarly, the low quality steam (1 kg/cm2) was used not only to recycle the chilled
water for air-cooled heat exchanger but also generate hot gas (*105 °C) delivering

Fig. 18.9 Conceptual diagram of green supply chains in the case of alkaline solid wastes in the
Lin-Hai Industrial Park (Taiwan)
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to another plant for high-density polyethylene (HDPE) production. With the
aforementioned energy integration system, the overall heat efficiency increased up
to 60.5% because of the district steam supply. Furthermore, the industry waste gas
supply (such as hydrogen) was estimated at 8600 ton per year.

In this industrial park, both the rainwater and wastewater are recycled into the
manufacturing process for reuse. The water recycling technologies, including the
membrane bioreactor (MBR), ultrafiltration (UF) and reverse osmosis
(RO) processes, can be used to purify the wastewater to the acceptable levels of
turbidity (<0.2 NTU) and total suspended solid (<1 mg/L). Also the large mole-
cules and ions in the wastewater can be removed though the RO process.

Since 2012, a total of seven green supply chains (including electricity, steam, hot
water, hydrogen and bottom ash) have been established with a potential amount of
38,000 tons per year. The environmental benefits of steam supply include (1) a CO2

reduction of 32,300 ton per year, (2) a SOx reduction of 370 ton per year, and (3) a
NOx reduction of 160 ton per year. Accordingly, the economic profits in the
Lin-Yuan Industrial Park were estimated to be US$5.3 million per year.
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Chapter 19
System Optimization

Abstract Since the accelerated mineralization process would consume additional
energy and generate more CO2 emissions, it should be critically assessed from the
view point of 3E (Engineering, Environmental, and Economic) aspects. From the
process design point of view, dissolution of reactive species (e.g., calcium ions) and
the water solubility of CO2 exhibit contradictory performances in the limiting
step. Therefore, the optimum operating conditions of the accelerated carbonation
process should be proposed to compromise the above conflicting phenomena. In this
chapter, two different approaches, i.e., (1) mathematical programming and
(2) graphical presentation, are illustrated for evaluating the engineering performance
of process. To provide a holistic assessment, the 3E triangle analysis is discussed
with a case study of high-gravity carbonation using steel slag. Furthermore, in this
chapter, the pilot studies and demonstration projects of accelerated carbonation
around the world are reviewed. The performance of accelerated carbonation is
illustrated from the engineering (CO2 capture scale and efficiency, and product
utilization), economic (energy consumption and operating cost), and environmental
(impacts and benefits) aspects.

19.1 Mathematical Programming Approach

19.1.1 Principles

A nonlinear program can be formulated to estimate the maximum (or minimum)
objective function, e.g., carbonation conversion of alkaline solid waste. For
example, the effect of different operating factors, such as reaction temperature
(noted as A) and liquid-to-solid ratio (noted as B), on the carbonation conversion of
alkaline solid waste (noted as d) can be expressed as follows:

d ¼ f A; Bð Þ ð19:1Þ
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Since the d is a function of various operating factors with interaction terms, the
optimality of d can be determined by a nonlinear program with several equations for
the operating factors.

According to the Weierstrass theorem [1, 2], d has a global optimality in set
S only if

• d is continuous on feasible S.
• S is closed and bounded.

Considering the objective of maximizing d (A, B) subject to equality constraint hi
(A, B) converting from inequality constants si

2, it is convenient to write these
conditions in terms of a Lagrange function defined as L (A, B, u) in Eq. (19.2):

L A;B; u; sð Þ ¼ d A;Bð Þþ
X

i¼1

uihi A;B; sð Þ ð19:2Þ

where ui is the Lagrange multipliers, which can be either positive, negative, or zero.
In Eq. (19.2), the maximum value of d(A, B) should be equal to maximum L(A, B,
u, s), if the constraints were satisfied. To meet the necessary conditions of the
Lagrange Multiplier Theorem (L′(x*) = 0 and L″(x*) < 0), the gradients of L(A, B,
u, s) function can be determined as follows:

LAðxÞjx¼x�¼
@dðx�Þ
@A

þ
X

i¼1

u�i
@hi x�ð Þ
@A

¼ 0 ð19:3Þ

rLBðxÞjx¼x�¼
@dðx�Þ
@B

þ
X

i¼1

u�i
@hi x�ð Þ
@B

¼ 0 ð19:4Þ

rLuðxÞjx¼x�¼ hi x
�ð Þ ¼ 0 ð19:5Þ

rLsðxÞjx¼x�¼ u�i
@hi x�ð Þ
@s

¼ 0 ð19:6Þ

where x* is the optimal solution for the carbonation of alkaline solid waste. Any
point that does not satisfy the conditions of the Lagrange multiplier theorem cannot
be a maximum point.

In addition, the obtained results should meet the sufficient conditions of opti-
mality by taking the Hessian matrix of Eq. (19.2), as shown in Eq. (19.7):

HðxÞjx¼x� ¼
@2L
@A2

@2L
@A@B

@2L
@B@A

@2L
@B2

2

664

3

775 ð19:7Þ
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19.1.2 Application: Case Study of Carbonation in a Slurry
Reactor

From the statistical point of view, the response surface methodology (RSM), as
illustrated in Chap. 9, can be used to evaluate the effect of the relating operational
parameters, including reaction time, temperature, and L/S ratio on the carbonation
conversion of alkaline solid wastes. For example, the carbonation conversion of
steel slag (i.e., basic oxygen furnace slag, BOFS) in a slurry reactor can be
expressed as Eq. (19.8) [3]:

d %ð Þ ¼ 45:56þ 8:97Aþ 6:45B� 2:55AB� 5:36A2 � 0:91B2 ð19:8Þ

where A is the reaction temperature and B is the L/S ratio. By solving Eqs. (19.3)–
(19.6), eight optimal candidate points may be theoretically obtained as a solution. In
the case of h1 = 0, for instance, the conditions can be determined by Eqs. (19.9)–
(19.11):

rLA;BðxÞ
��
x¼x�¼

@L
@A
@L
@B

" #

x¼x�
¼ �10:72A� 2:55Bþ 8:97

�2:55A� 1:82Bþ 6:45þ u1

� �

x¼x�
¼ 0

0

� �
ð19:9Þ

rLuðxÞjx¼x�¼
@L
@u1

¼ B� 1þ s21 ¼ 0 ð19:10Þ

rLsðxÞjx¼x�¼
@L
@s1

¼ 2u1s2 ¼ 0 ð19:11Þ

In this case, the temperature and L/S ratio can be determined to be 62 °C
(i.e., A = 0.6) and 20 mL g−1 (i.e., B = 1.0), respectively. The s1 and u1 values
were 0 and −3.1, respectively. Moreover, the obtained results should meet the
sufficient conditions of optimality by taking the Hessian matrix of Eq. (19.2), as
shown in Eq. (19.12):

HðxÞjx¼x�¼
@2L
@A2

@2L
@A@B

@2L
@B@A

@2L
@B2

" #

¼ �1:82 �2:55
�2:55 �10:72

� �
\0 ð19:12Þ

Since the function of carbonation conversion should be negative definite, the
determined condition of Eq. (19.9) results in the maximal value. As shown in
Fig. 19.1, it was predicted that the maximum carbonation conversion of BOFS in a
slurry reactor for 120 min should be 53.0%. It was noted that the carbonation
reaction of steel slag can be enhanced if the alkaline wastewater was introduced as a
liquid agent due to the presence of sodium and chloride ions in the wastewater
[4, 5].
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19.2 Graphical Presentation for Optimization

19.2.1 Maximum Achievable Capture Capacity (MACC)

The maximum achievable capture capacity (MACC) of solid wastes after acceler-
ated carbonation can be obtained by considering both the carbonation conversion
and energy consumption. It is noted that the carbonation kinetics can be expressed
by an “exponential growth to maximum” model due to the formation of product
layer, during the carbonation reaction, as reported in the above-mentioned results.
However, the overall energy consumption of batch carbonation process was found
to increase linearly with the increase in reaction time. Therefore, the MACC of solid
waste can be systematically determined and graphically presented in Fig. 19.2 by
balancing “exponential growth of capture capacity (positive capture)” and “linear
increase of energy consumption (negative capture).”

The major unit operation processes for accelerated carbonation typically include
grinding, transportation, stirring, pumps, blowers, reactor, and liquid–solid sepa-
ration. The power consumption for most of the unit operations can be determined
by multiplying the operating voltage to the operating amplitude of the existing
equipment, while the power consumption (W) for grinding (crushing) can be

Fig. 19.1 3D response surface plot of various operating factors and conversion of steel slag in a
slurry reactor
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calculated by Bond’s equation as shown in Eq. (19.13) [6]. The Bond’s equation
has been widely used in the literature [7, 8]:

W ¼ Wi
10
ffiffiffiffiffiffiffiffiffiffi
WP80

p � 10
ffiffiffiffiffiffiffiffiffiffi
WF80

p
� �

ð19:13Þ

where W (kWh/ton) is the power consumption, WF80 (lm) and WP80 (lm) are the
80% passing size of the feed and the product, respectively, and Wi (kWh/ton) refers
to the work index of ground material. For example, the work index for the slag
obtained from the ball-mill test is approximately 30.4 kWh/ton [8].

Since the energy consumption of processes increases as the operating time
increases, the overall MACC of solid wastes should be achieved at the “maximum
point” by considering both the carbonation rate and energy consumption. As shown
in Fig. 19.3, for example, in the case of steel slag using alkaline wastewater in a
high-gravity carbonation, the operating time for reaching the MACC should be
8.5 min (from Point 1 to Point 2, and then we can obtain the Point A). In that case,
the required amount of steel slag for capturing 1 ton of CO2 by the carbonation
process was estimated to be 5.13 ton (from Point 3 to Point 5, and then we can get
the Point B), under which the MACC was approximately 0.20 ton CO2 per ton steel
slag. The carbonation of steel slag coupled with alkaline wastewater (i.e.,
cold-rolling wastewater) with a particle size less than 125 lm exhibits a relatively

Fig. 19.2 Systematic approach to determining maximum achievable capture capacity (MACC)
via leaching and carbonation processes
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higher performance to achieve the lower energy consumption with higher CO2

capture capacity.
Accordingly, the energy consumption of the carbonation process using direct

carbonation of steel slag with various particle sizes under different reaction times
can be determined from Fig. 19.4. As mentioned before, the capture capacity of
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steel slag at its maximum reaction rate (operated for 8.5 min using alkaline
wastewater) was estimated to be 0.195 ton CO2 per ton steel slag (from Point 6 to
Point 8, and then combined with the results of points A and B). The rotation of the
packed bed is found to be the most energy-intensive process (i.e., 47.5% of total).
Meanwhile, the fraction of energy consumption for the pumps and the grinding
process to the total energy consumption is 18.7% and 24.3%, respectively.
Although the carbonation process might require additional electricity, it could
effectively neutralize the alkaline wastewater (down to a pH value of 6.3) and
improve the properties of steel slag for further utilization, since the free CaO and Ca
(OH)2 in fresh steel slag could be totally eliminated after carbonation. The treatment
cost for waste stabilization is expected to decrease because the carbonation process
does not need to introduce additional chemicals or steam; it only needs to utilize
waste CO2 as a reaction agent.

19.2.2 Balancing Mass Transfer Rate and Energy
Consumption

To optimize the mass transfer rate in the high-gravity carbonation process, a sta-
tistical KGa model should be developed according to the experimental data. The
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important factors including rotation speed (coded as A), gas flow rate (B), slurry
flow rate (C), and L/S ratio (D) would affect the carbonation conversion of steel-
making slag in carbonation process. The analysis of the fitted response surface is
generally equivalent to the analysis of the actual system if the fitted surface is a
satisfactory estimation of the true response function. For instance, the developed
model associated with rotation speed (A), gas flow rate (B), slurry flow rate (C), and
L/S ratio (D) on overall gas-phase mass transfer coefficient (KGa) is presented in
Eq. (19.14).

KGa codedð Þ ¼ �0:13þ 1:32�A� 0:71�B� 0:16�C � 0:14�Dþ 2:04�AB� 0:13�A2 þ 0:11�C2

ð19:14Þ

In addition, a correlation between CO2 removal efficiency (η) and KGa value can
be expressed, based on the definition of KGa in two-film theory, as Eq. (19.15):

g %ð Þ ¼ gmax 1� exp �t0 � KGað Þ½ � ð19:15Þ

where the ηmax value represents the maximum CO2 removal efficiency of the car-
bonation process, which has a theoretically maximum value of 100%. The expo-
nential coefficient (t’) is the characteristic time of carbonation.

In the case of high-gravity carbonation, the estimated t′ value was 7.10 ± 0.45
(s), with a determination coefficient (r2) of 0.955 [9]. It is noted that the average
residence time of liquid flow in a high-gravity reactor should be approximately
0.2–0.8 s [10]. Although the carbonation reaction rate is generally fast enough
compared to the retention time of gas in a high-gravity reactor, an appropriate level
of gas-to-liquid (G/L) ratio should be maintained for the operation of high-gravity
carbonation. It is noted that an increase in gas flow rate, corresponding to a greater
G/L ratio, would reduce the retention time of gas in the packed bed zone.

To optimize the gas-phase mass transfer rate and energy consumption, the
favorable operating modulus could be systematically determined via graphical
presentation, as shown in Fig. 19.5. The energy consumptions could be expressed
in terms of kWh per ton CO2 capture by the process. In the case of the high-gravity
carbonation process, a centrifugal acceleration should be maintained at 475 m/s2 for
a relatively lower energy consumption (L1 ! L2) and greater KGa value
(L3 ! L4). The favorable G/L ratio should range between 40 and 55 for
high-gravity carbonation (determined by both L5 ! L6 and R1 ! R2 ! R3).
A further increase in G/L ratio up to 80 would lead to a low KGa value and high
energy consumption for rotation and pumps, resulting in a poor CO2 removal
efficiency and capacity.
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19.3 Comprehensive Performance Evaluation via 3E
Triangle Model: A Case Study

Accelerated carbonation technologies are a feasible approach to integrating alkaline
solid waste treatment with CO2 fixation. In this section, a case study of the
high-gravity carbonation (HiGCarb) process is assessed from the perspectives of
engineering, environment, and economy (3E) using a 3E triangle model. The
principles, key performance indicators, and data analyses and interpretation for the
3E triangle model are illustrated in Chap. 9. Several methods, such as response
surface methodology, life cycle assessment and cost benefit analysis (as discussed
in Chap. 9), can be utilized in the 3E triangle analysis for system optimization.

Fig. 19.5 Determination of optimal KGa value associated with favorable centrifugal acceleration
(i.e., rotation speed) and G/L ratio via graphical presentation for high-gravity carbonation process
(as indicated by red line). Reprinted by permission from Macmillan Publishers Ltd.: Ref. [9],
copyright 2015
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19.3.1 Scope and Scenario Setup

The performance of different carbonation processes should be critically evaluated
from the perspectives of process design, energy consumption, and environmental
benefits. Figure 19.6 shows the evaluation framework for the performance before
(i.e., business-as-usual case) and after integration of HiGCarb process. To critically
evaluate the benefits of integrating the HiGCarb process in the steelmaking
industry, a systematically evaluation from the 3E aspects is quite important.

Table 19.1 presents a comparison of business-as-usual (BAU) and integration of
the HiGCarb process in the steel industry from the 3E aspects. In the BAU case,
three existing waste sources are separately operated or treated: (1) CO2 emissions
from hot-stove stack without CO2 capture or fixation; (2) cold-rolling mill
wastewater (CRMW) is neutralized by chemical agents at a wastewater treatment
plant discharge; and (3) basic oxygen furnace slag (BOFS) stabilization and dis-
posal at a landfill plant. In contrast, in the integration of HiGCarb process case, the
CO2 emitted from the steel industry is directly used to neutralize alkaline CRMW.
At the same time, the contents of free-CaO and Ca(OH)2 in BOFS can be

Economic Aspect

1. Technology risk
2. Regula on risk

3E Analysis

Engineering Aspect

1. Technology risk
2. Commercializa on risk

Environmental Aspect

1. Eco-system risk
2. Human health risk

- High engineering performance: CO2 capture scale, treatment capacity of wastewater and solid wastes
- Low environmental impact: global warming poten., human health, resource deple on, land occup., etc.
- Low economic risk: opera ng cost, end-product profit, carbon credit, revenue gained by industry, etc.

3E Triangle Model

Ad Hoc 
Commi ee

Life Cycle Impact Assessment

Development of Waste-to-Resource Supply Chain between Steel and Cement Industries

Yes

No

1. Key performance indicators
2. Standardiza on
3. Weigh ng factors

1. System boundary
2. Data inventory
3. Life-cycle impact assessment

Technology Evalua on

1. System set-up
2. CO2 mineraliza on
3. Product u liza on as cement

Cost and Revenue Analysis

1. Opera ng costs
2. Product / carbon credit profits
3. Treatment avoidance fees

System Op miza on

Data
Inventory

Performance
Indicators

Triangle 
Model

Interpreta on

Scope

Delphi Method

1. Expert consul ng
2. Sequen al ques onnaire
3. Sta s cally acceptable

Fig. 19.6 Research framework of 3E assessment for high-gravity carbonation (HiGCarb) process
using a triangle model to obtain an optimal operating modulus
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eliminated. As a result, the physico-chemical properties of BOFS can be utilized as
cement replacement materials.

Furthermore, the carbonated product can be used as supplementary cementitious
materials (SCM) in a blended cement mortar or concrete block. As cement man-
ufacturing is an energy- and material-intensive process, with high annual produc-
tion, significant indirect environmental benefits by the accelerated carbonation
process can be realized.

19.3.2 Key Performance Indicators and Data Inventory

A 3E triangle model can provide a holistic assessment from the viewpoint of 3E
aspects using a graphical presentation. As exemplified in Table 19.2, a total of 15
key performance indicators (KPIs) are presented for evaluating the HiGCarb pro-
cess used in a 3E triangle model. Engineering performance (EP) is calculated using
three technology indicators (engineering aspect), where EP1, EP2, and EP3 represent
the HiGCarb capacities for CO2 removal, wastewater neutralization, and carbonated
product, respectively. To calculate the life cycle environmental impact (LCEI),
eight environmental indicators are selected from ReCiPe midpoint and endpoint
assessment because of their expected relevance for the HiGCarb process. The rest
of impact categories in ReCiPe were excluded for the 3E analysis since they did not
exhibit significant difference among the scenarios. Economic cost (EC) is deter-
mined using four economic indicators, including operating costs for capturing, end
product sale profit, waste treatment free avoided, and carbon credit profit.

Table 19.1 Remarks of business-as-usual (BAU) case and high-gravity carbonation (HiGCarb)
process in steel industry

Aspects System boundary

Business-as-usual (BAU) Integration of HiGCarb process

Engineering • No need to modify spec
or features of process

• Manufacture of RPB reactor
• Integration of RPB into industry
• Additional energy consumption for
HiGCarb process operation

Environmental • CO2 emission
• CRMW discharge
• BOFS landfill

• Reduction in CO2 emission
• Reduction in the use of chemicals for waste
treatment

• Increase in air pollutant emissions due to
electricity use

• Reduce cement production in cement
industry (carbonated product utilization)

Economic • Pay for BOFS treatment
fee

• Pay for CRMW
treatment fee

• Pay for CO2 emission fee

• Capital and O&M costs for RPB reactor
• Gain direct/indirect carbon credits
• Gain profits from product sales
• Avoidance of BOFS treatment fee
• Avoidance of CRMW treatment fee
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The weighting factors (Wi) of each KPI can be determined via Delphi method.
The Delphi study is typically conducted over a period of few months and comprised
at least two rounds. The participating experts, so-called ad hoc committee, could be
consulted through roundtable discussion or sequential (online) questionnaires. The
ad hoc committee should comprise highly informed academic and industrial experts
from diverse backgrounds as well as government officials from the region.

Table 19.3 presents the examples of operating information and life cycle data
inventory, including main material inputs and energy consumption, for nine sce-
narios. In this analysis, the CO2 used for the HiGCarb process was introduced from
the hot-stove gas at China Steel Corporation (Kaohsiung, Taiwan), where the
average CO2 concentration was 28–32%. Both the BOFS and alkaline CRMW were
used directly from the manufacturing process. The gas—(QG) and slurry—(QS)
flow rates were 0.38 m3/min and 0.33–0.56 m3/h, respectively. For these condi-
tions, the capture scale of the HiGCarb process ranged between 75 and 170 kg CO2

per day.
In this case study, data inventory is obtained from the experiment in field tests,

and the scale factor is assumed to be 0.8. Due to different operating conditions, a
total of nine scenarios are established based on various levels of CO2 removal ratio:

• Low level: <70% (noted as L)
• Medium level: 70–90% (noted as M)
• High level: >90% (noted as H)

The choice of functional unit reveals several issues such as net CO2 fixation
amounts per unit weight of BOFS within a certain operating period. The 3E per-
formance can be performed directly from the amounts of the materials and energy
used such as electricity. In the 3E triangle model, the total scores for the 3E aspects
are summed up after multiplying each KPI by its corresponding weighting factors
(Wi). The Wi can be determined by the ad hoc committee using the Delphi method.

19.3.2.1 Engineering Consideration

The mass transfer rate of carbonation in the HiGCarb process could be significantly
greater than that using a fix packed bed. As a result, the HiGCarb process can offer
a high CO2 capture efficiency of greater than 98% with a relatively short reaction
time at ambient temperature and pressure [11]. The CO2 removal ratio (η, %) from
the flue gas via the carbonation process can be experimentally determined by
Eq. (19.16):

g ¼ qCO2;i Qg;i Cg;i � qCO2;o Qg;o Cg;o
� 	

qCO2;i Qg;i Cg;i
�% ð19:16Þ

19.3 Comprehensive Performance Evaluation via 3E Triangle Model … 415



T
ab

le
19

.3
D
at
a
in
ve
nt
or
y
in
cl
ud

in
g
m
ai
n
m
at
er
ia
l
in
pu

ts
an
d
en
er
gy

co
ns
um

pt
io
n
fo
r
ni
ne

sc
en
ar
io
s

ID
C
O
2

re
m
ov

al
ra
tio

Pe
rf
or
m
an
ce

an
d
op

er
at
io
n

co
nd

iti
on

sa
In
ve
nt
or
y
(p
er

t-
C
O
2
ca
pt
ur
ed
)

E
ng

in
ee
ri
ng

pe
rf
or
m
an
ce

(E
P)

η
(%

)
x

(r
pm

)
Q
G

(m
3 /
m
in
)

Q
s

(m
3 /
h)

C
R
M
W

in
pu

ts
(t
)b

B
O
FS

in
pu

ts
(t
)

to
ta
l

en
er
gy

(k
W
h)

E
P 1

(t
C
O
2/
t-
B
O
FS

)
E
P 2

(m
3 /
t-
B
O
FS

)
E
P 3

(t
/t-
B
O
FS

)

L
1

L
ow

le
ve
l

(<
70

%
)

42
.3

15
8

0.
38

0.
33

10
5.
2

7.
01

44
1.
4

0.
14

3
15

.0
1.
14

2

L
2

51
.4

15
8

0.
38

0.
50

14
0.
2

7.
01

43
2.
7

0.
14

3
20

.0
1.
14

4

L
3

65
.1

20
0

0.
38

0.
40

81
.3

6.
11

35
6.
1

0.
16

4
13

.3
1.
16

4

M
1

M
ed
iu
m

le
ve
l

(7
0–

90
%
)

71
.3

35
0

0.
38

0.
40

78
.7

3.
93

26
3.
7

0.
25

4
20

.0
1.
25

6

M
2

77
.0

50
0

0.
38

0.
50

91
.0

4.
55

29
0.
6

0.
22

0
20

.0
1.
21

8

M
3

86
.4

45
0

0.
38

0.
33

52
.2

3.
48

22
6.
4

0.
28

7
15

.0
1.
28

7

H
1

H
ig
h
le
ve
l

(>
90

%
)

95
.8

35
0

0.
38

0.
40

55
.8

4.
19

24
7.
7

0.
23

8
13

.3
1.
24

0

H
2

98
.3

40
0

0.
38

0.
33

47
.5

3.
16

20
4.
7

0.
31

6
15

.0
1.
31

8

H
3

99
.5

20
0

0.
38

0.
56

86
.3

6.
49

35
4.
6

0.
15

4
13

.3
1.
15

5
a η

is
C
O
2
re
m
ov

al
ra
tio

as
de
te
rm

in
ed

by
E
q.

(1
9.
16
),
x
is
ro
ta
tin

g
sp
ee
d,

Q
G
is
ga
s
flo

w
ra
te
,Q

s
is
sl
ur
ry

fl
ow

ra
te
,a
nd

L
/S

is
liq

ui
d-
to
-s
ol
id

ra
tio

.b
C
R
M
W

co
ld
-r
ol
lin

g
w
as
te
w
at
er

416 19 System Optimization



where qCO2;i
and qCO2;o

(g/L) are the CO2 mass densities at the temperature of inflow
and outflow gas streams, respectively. Qg,i (L/min) and Qg,o (L/min) are the volu-
metric flow rate of the inlet and outlet gas streams, respectively. Cg,i (%) and Cg,o (%)
are the CO2 volume concentration in the inlet and exhaust gas, respectively.

The CO2 capture process may involve energy-intensive units, such as stirring,
heating, blowers, air compressors, pumps, liquid–solid separation, and material
grinding. The power consumption of process could be directly determined by
multiplying the operating voltage by the operating current of the existing equip-
ment. Moreover, the energy consumption of material grinding (EG) can be esti-
mated by Bond equation [6], as shown in Eq. (19.17). It is noted that the Bond
equation should give the most accurate estimation of grinding energy requirement
within the conventional grinding range of 25,000 to 20 lm [12].

EG ¼ wi
10
ffiffiffiffiffiffiffiffiffiffi
DP80

p � 10
ffiffiffiffiffiffiffiffiffiffi
DF80

p
� �

ð19:17Þ

where DF80 (lm) and DP80 (lm) are the 80% passing size of feed and product,
respectively. The wi (kWh/ton) is the work index of ground material, which
expresses the resistance of the material to crushing and grinding. It is noted that the
work index is subject to variations because of variations in the inherent properties
of materials, variations in the grinding environment, and variations in the mecha-
nism of energy transfer from the grinding equipment to its charge [13].

19.3.2.2 Environmental Consideration

Figure 19.7 shows the LCA system boundaries of the BAU case and the integration
of the HiGCarb process into industry. The environmental impacts of the BAU
(without the HiGCarb process) and the HiGCarb process are compared by means of
LCA, including manufacturing and operation of the reactor and end product use as
green materials. The functional equivalent (unit) is assumed to be one ton of fresh
BOFS produced from steel industry or delivered to the carbonation process.

In the HiGCarb process, the unit operation processes include slag grinding,
stirring machines, blowers, air compressors, pumps, RPB reactor, and electricity
generation. Also, for the boundary system in the LCA, the stages of both raw
material extraction (i.e., RPB reactor manufacturing) and product use (i.e., substi-
tution in CEM I/42.5 Portland cement) are included. The life time of the system is
assumed to be 20 years. As suggested by the LCA method described in the ISO
14040:2006 and ISO 14044:2006 [15, 16], the environmental impacts of the pro-
cess could be quantified by Umberto 5.6 using the ReCiPe Midpont (E) and
Endpoint (E, A) methodology [17].
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19.3.2.3 Economic Consideration

The amount of revenue gained (RG), in terms of USD/t-BOFS, could be calculated
by Eq. (19.18):

RG ¼ Pcc;dir þPcc;ind
� 	þPta þPep � Cop ð19:18Þ

where Pcc,dir is the profit of direct carbon credit by the HiGCarb process, Pcc,ind is
the profit of indirect CO2 avoidance credit by-product use, Pta is the profit of BOFS
treatment avoidance, Pep is the profit of end product sale, and Cop is the operating
cost.

The price of stabilized BOFS was approximately US$6.0/ton [18], which could
be considered as the profit of carbonated BOFS product sales. Because the
physico-chemical properties of BOFS can be upgraded after the HiGCarb process,
no additional treatment of carbonated BOFS such as grinding and stabilizing pro-
cesses within the steelmaking industry is required [4]. The treatment fee of BOFS
was approximately US$10/ton [19], which can be saved in the case of HiGCarb
process. In addition, the price of carbon credit in the emission reduction unit
(ERU) market was approximately US$8.1/t-CO2 in 2014 [20].

Fig. 19.7 System boundaries of business-as-usual (top part of the figure) and HiGCarb (bottom)
process, which includes manufacturing of the reactor and substitution for cement. Reprinted by
permission from Macmillan Publishers Ltd: Ref. [14], copyright 2016
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19.3.3 Performance in 3E Perspectives

19.3.3.1 Engineering Performance

Energy consumption is one of the major concerns to the engineering performance
and cost effectiveness of a CO2 capture process. It is noted that the accelerated
carbonation by the HiGCarb is conducted at ambient temperature and pressure.
Therefore, no additional energy is required to maintain the reaction temperature and
pressure, in contrast to autoclave or slurry reactors [21–24]. Figure 19.8 shows the
energy consumption of unit processes among the nine scenarios, in terms of a
functional unit of “per t-CO2”. The results indicated that with a capture scale of
75–170 kg CO2 per day, the total energy consumption of the HiGCarb process
ranged from 205 to 440 kWh/t CO2. The preprocessing of material such as feed-
stock grinding was the most energy-intensive process, contributing 65–79% of total
energy consumption. Although the grinding process was energy-intensive, it was
required for effective carbonation reaction, as well as for subsequent utilization of
carbonated BOFS as SCM in Portland cement. In addition, the energy consumption
of the rotating packed bed reactor was the second highest, corresponding to
11–21% of total energy consumption. Furthermore, scenarios with low CO2

removal ratios (such as L1, L2, and L3) required a longer operating time to achieve
the same CO2 capture scale than other scenarios with high CO2 removal ratios.
Scenario H2 exhibited the lowest energy consumption of about 205 kWh for
capturing one ton of CO2. In this case, it met the criteria suggested by the US
Department of Energy (US-DOE): A cost-effective CO2 capture facility should
achieve a CO2 removal ratio of 90%, while maintaining less than 35% impact on
the cost of electricity [25]. In other words, this criterion corresponds to a maximal
energy consumption of 420 kWh/t-CO2 [26].

Regarding the engineering performance, the specific capture capacity of BOFS
(EP1) mainly depends on the operating conditions, but not directly correlated with
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CO2 removal ratio. Scenario H2 has the highest EP1 value, corresponding to
316 kg CO2 per ton BOFS. Among the nine scenarios, although CO2 removal ratio
in scenario H3 was the highest (i.e., 99.5%), the EP1 of scenario H3 was the second
lowest (i.e., 154 kg CO2/t-BOFS). On the other hand, the CO2 capture scale is
mainly related to the amount of BOFS introduced into HiGCarb system per unit
time period. In scenario H3, a relatively low L/S ratio (i.e., greater amount of
BOFS) and higher slurry flow rate were used, the CO2 capture scale of the entire
HiGCarb system was promoted, i.e., 56.8 t-CO2/year, becoming the top three high
in the nine scenarios.

For the amount of wastewater neutralization (EP2), scenario H3 exhibited the
highest treatment capacity, followed by scenarios L2 and M2. The EP2 was not
related to CO2 removal ratio but replied on the slurry flow rate and L/S ratio. Also,
for the amount of carbonated product (EP3), scenario 3 exhibited the highest
capacity, followed by scenario H1 and then scenario L3. The carbonated product
can be used as SCMs in blended cement mortar, where several mortar properties,
such as early-stage compressive strength and soundness could be enhanced [27].

19.3.3.2 Environmental Performance: Impacts and Benefits

From the environmental aspect, the global warming potential (GWP), for instance,
can be calculated by considering all the CO2-equivalent emissions of each element
or equipment from the life cycle point of view for the entire HiGCarb process.
Figure 19.9 shows the GWP of each scenario as determined by LCA. The impact of
the reactor manufacturing and its maintenance could be neglected since the mag-
nitude of environmental impacts by RPB production is 104 to 105 times less than
that of operating processes. The actual CO2 capture amounts could be offset by the
energy consumption due to the manufacturing and operation of equipment, causing
additional CO2 emissions. According to the direct measurement of CO2 reduction in
the flue gas, the capture capacity per ton of BOFS by carbonation reaction ranged
between 140 and 320 kg CO2. On the other hand, the carbonated BOFS product
from the HiGCarb process can be used as SCMs in blended cement, thereby
resulting in additional avoidance of CO2 (i.e., indirect CO2 reduction). Cement
manufacturing is a CO2-intensive process, where 0.73–0.99 tons of CO2 would be
generated for one ton of cement production [28]. To account for the environmental
benefits from product utilization, the avoided burden approach [15, 16] has been
applied in the LCA. The results indicated that a significant amount of 0.87–1.00 ton
of CO2 emission could be indirectly avoided by utilization of the carbonated BOFS
as SCMs.

The HiGCarb process could be able to serve as a “real” CO2 fixation technique
from the viewpoint of LCA. As shown in Fig. 19.9, the highest GWP reduction was
found in scenario H2, i.e., a reduction of roughly 1.28 ton CO2-eq per t-BOFS
between the BAU and HiGCarb. In scenario H2, additional CO2 emissions from
HiGCarb due to electricity uses (i.e., 33.8 kg CO2-eq) were much lower than those
of being directly captured by HiGCarb (i.e., 316.7 kg CO2-eq).
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According to the LCA results, the HiGCarb process could reduce not only GHG
emission but also environmental impacts on ecosystem quality, human health, and
resource depletion. Figure 19.10 shows the results of the endpoint impact assess-
ment for different scenarios by the ReCiPemethodology. Because of the various
initial material flows such as wastewater discharge and CO2 emission, the endpoint
impacts of BAU (as indicated by the red bars) among the nine scenarios are quite
different. For the HiGCarb (as indicated by the yellow bars), the particulate for-
mation (PM) potential was found to be significantly higher than that of the BAU. It
was attributed to the fact that the HiGCarb process would consume additional
electricity, thereby resulting in a greater human health impact for all scenarios.
However, the adverse impacts on human health due to the process of electricity
usage could be compensated by the utilization of carbonated BOFS as SCM (as
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presented in green bars). For this reason, the net endpoint impact (as presented in
white bars) in the case of CO2 removal ratio higher than 75% (scenario M2) could
eventually be reduced by up to 12.4 points over that of BAU case. Nevertheless, the
net endpoint impact was still relatively higher in scenarios of low CO2 removal ratio
(such as L1 and L2).

19.3.3.3 Economic Performance: Cost and Benefits Analysis

For the economic performance, Fig. 19.11 shows the effect of CO2 removal ratio on
operating costs and revenue gained in three different cases of electricity prices.
Three different levels of average electricity price for industrial use in 2013 were
used for economic performance evaluation: (1) Case A represents a low industrial
electricity price of 0.091 USD/kWh; (2) Case B represents a medium industrial
electricity price of 0.168 USD/kWh; and (3) Case C represents a high industrial
electricity price of 0.319 USD/kWh. As shown in Fig. 19.11, the operating cost for
processing one ton of BOFS was roughly 5.4–5.9 USD in Case A, while increasing
to 19.0–20.8 USD per one ton of BOFS input in Case C. On the other hand, the
profits from direct and indirect carbon credits were estimated to be 8.3–10.1 USD
per ton of BOFS input to the HiGCarb process. Also, no additional CO2 storage
cost is needed for the HiGCarb because the CO2-based mineral product can be
directly used as SCMs for Portland cement in cement industry. As a result, the total
profits returned including carbon credit and BOFS-related returns were approxi-
mately 25.8–29.0 USD per ton of BOFS input to HiGCarb. According to the above
analysis, the highest revenue was gained with a CO2 removal ratio greater than
93%. In Case A, the revenue gained was estimated to be 20.2–23.2 USD per ton of
BOFS input.
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19.3.4 Optimization Using 3E Triangle Model

Figure 19.12 shows the results of performance evaluation for different scenarios of
HiGCarb process via 3E triangle model. The results indicated that the effects of
CO2 removal ratio (η) on economic costs were not significant since the LCC scores
typically ranged between 0.25 and 0.40. However, a poor engineering performance
(i.e., scenarios L1, L2, and L3) is typically accompanied by severe environment
impacts, with the LCEI scores ranging between 0.52 and 0.60. In other words, an
increase in CO2 removal ratio should effectively reduce the environmental impacts
and make integration of the HiGCarb process into the steel industry more envi-
ronmentally friendly. Among nine scenarios, scenario H2 exhibits a superior
engineering performance (as indicated by line 1) with a relatively lower environ-
mental impacts (as indicated by line 2) and a relatively lower economic costs (as
indicated by line 3). Although the CO2 removal ratio of scenario H3 was the highest
(i.e., 99%) among all scenarios, the large quantity of BOFS input eventually
resulted in medium environmental impacts and economic costs.

To evaluate the significance of HiGCarb process in an industry, data from China
Steel Corp (CSC) is used and combined with the results of 3E triangle model. The
annual production of BOFS in CSC is assumed to be 1.2 Mt [29], which should be
treated and/or utilized. By applying the scenario H2, the annual direct CO2 fixation
by HiGCarb process is estimated to be 0.33 Mt, corresponding to a reduction
potential of 1.5% in total CO2 emission from the studied industry. Meanwhile,

Fig. 19.12 Comprehensive performance evaluation of HiGCarb process for different scenarios via
3E triangle model
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based on the avoided burden approach, the annual indirect CO2 reduction from the
substitution of carbonated BOFS as cementitious materials is about 1.05 Mt,
accounting for *5% in total CO2 emission from the steel industry.

As a result, a reduction potential of up to 6.5% in total CO2 emission from the
steel industry could be realized, as shown in Fig. 19.13. The HiGCarb process can
establish a waste-to-resource supply chain between the steel and cement industries,
thereby reducing the overall CO2 emissions and resource consumption. At the same
time, the alkaline wastes from steel industry could be stabilized and converted into
valuable products such as green cement.

19.4 Technology Demonstration and Commercialization

Large-scale CO2 separation from flue gases in power and/or industrial plants would
make a huge volume of CO2 available on-site. As a result, the subsequent fate of
captured CO2 would be either storage in natural geological structures or direct
utilization and conversion. In practice, the suitable storage sites are few in number,
and the procedures still involve high energy and economic costs with high risk and
uncertainty in terms of long-term storage. Therefore, carbon utilization and con-
version technologies are preferred, which should be directly integrated with the
associated capture unit. Rather than the amount of CO2 used, the most important
consideration in CO2 utilization is the development of innovative technologies for
cleaner production, thereby directly leading to a reduction in the use of energy and
materials.

Industrial wastes (by-products) are generally produced near places of CO2

emissions. Accelerated carbonation using industrial alkaline wastes is attractive

Fig. 19.13 Comparison of performance for business-as-usual and integrated HiGCarb process
suggested by the results from 3E triangle model
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since an integrated approach to combining CO2 capture and utilization with waste
stabilization can be achieved. The potential environmental impacts caused by uti-
lization of those untreated wastes, such as (1) highly alkaline and active properties
and (2) heavy metal leaching, could be avoided. Therefore, using emitted CO2 to
carbonate industrial waste (i.e., accelerated carbonation) offers an improvement
over existing methods because it does not require the CO2 or the industrial waste to
be transported. It also allows better monitoring of total pollution emissions.

19.4.1 Worldwide Demonstration Plans

Accelerated carbonation may involve several energy-intensive processes, such as
material grinding, reactor heating, and gas pressurization. Energy and cost penalties
largely depend on plant scale, operation conditions, and operation modulus (such as
pretreatment and post-treatment processes). Several pilot studies and demonstration
projects of accelerated carbonation using alkaline wastes can be found around the
world, as summarized in Table 19.4. For example, since 2007, an accelerated
carbonation plant at the Rocks (Wyoming, the USA) has been demonstrated in a
2120-MW coal-fired power plant using fly ash [30]. Another pilot study in the USA
has been developed by Calera Corp. The Calera technology can fix approximately
30,000 t CO2 per year from fossil fuel power plants and other industrial sources.
The captured CO2 is sequestered in geologically stable substances suitable for
disposal, storage, and/or use as building materials. In 2009, Calera identified
another ideal demonstration site at a brown-coal power plant in the Latrobe Valley,
Victoria, Australia, for further demonstration [31].

In France, the Carmex project was initiated in 2007 and launched in 2009 to
utilize various materials (such as harzburgite, wehrlite, iherzolite, olivine, and slags)
through direct carbonation with and/or without organic ligand and mechanical
exfoliation. The Carmex experiences indicate that the use of mineral carbonation is
feasible for industries [34]. In this project, the accessible alkaline wastes are mat-
ched to large CO2 emitters through a dedicated geographic information system
(GIS). From the technical point of view, a high carbonation conversion of 70–90%
can be achieved without additional heat activation of feedstock.

In Australia, the MCi project has been carried out to transform CO2 into car-
bonates for use in building or non-fired products, such as bricks, pavers, and plas-
terboard replacements [35]. A total investment of US$9 million over four years was
provided to establish the pilot plant at the University of Newcastle. The serpentine
was used as the feedstock to mineralize CO2 from the Kooragang Island plant.

In San Antonio (Texas, the USA), the Capitol SkyMine® plant was under
construction by Skyonic on September 2013, and had been launched since October
2014. This plant can directly remove CO2 at a scale of 83,000 t-CO2 annually from
industrial waste streams. The carbonate and/or bicarbonate material products can be
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cogenerated for use in bioalgae applications to become a profitable process. Aside
from mineralizing CO2, the process can remove SOx, NO2, and heavy metals such
as mercury from existing power plants and/or industrial plants that can be retrofitted
with SkyMine®.

In Taiwan, the first small-scale high-gravity carbonation (HiGCarb) process was
launched at China Steel Corporation (CSC) in 2013 to stabilize basic oxygen
furnace slag (BOFS) and alkaline wastewater. The CO2 removal efficiency of
hot-stove gas was greater than 95%, with total elimination of CaOf and Ca(OH)2
content in the BOFS. The annual capture scale was *60 tons CO2 at a gas inflow
rate of 0.9 m3/min. Moreover, the carbonated BOFS was used as green cement
substitutes in mortar. In 2016, the second HiGCarb process was established at
Formosa Petrochemical Corporation (FPCC) using by-product lime to capture CO2

in the flue gas. The capture scale of this plant was about 0.6 tons CO2 per day, at a
gas inflow rate of 1.8 m3/min. Moreover, the carbonated by-product could be used
as supplementary cementitious materials (SCM) in cement mortar or concrete.

19.4.2 Engineering Performance

19.4.2.1 CO2 Capture Scale and Efficiency

Scale-up of the post-combustion CO2 capture process is possible without significant
developments or costs [37]. However, deployment of the post-combustion carbon
capture process in industries is still challenging because the CO2 emissions nor-
mally come from “multiple” sources. For example, in the steel industry, an inte-
grated steelmaking process is composed of numerous facilities from the entire life
cycle of iron ore to steel products including raw material preparation (such as coke
production, ore agglomerating plant, and lime production), iron-making (such as
blast furnace, hot metal desulphurization), steelmaking (such as basic oxygen fur-
nace, ladle metallurgy), casting and finishing mills. The largest part of direct CO2

emissions in steel mills is from power plants (about 48% in total CO2 emissions),
followed by blast furnaces at around 30% [38].

In large-scale tests, process integration should be considered to improve the
performance of the entire industrial plant, thereby reducing the energy requirement
for the capture process. Also, the selection of appropriate site for CO2 capture
should be referred to the management of the use of by-product gases, as well as on
the definition of boundary limits.

19.4.2.2 Product Utilization

Accelerated carbonation technology of alkaline wastes could be moved toward
commercialization, only if the produced carbonates can be used as a valuable
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product such as a substitute for components of cement [37]. In addition to the
product utilization, the current challenges in the application of the process still
include the following:

• Effect of impurities on removal performance
• Acceptance of the product by the cement industry
• Ability to capture large amounts of CO2

• Energy requirements
• Finding an appropriate water source
• Production of alkalinity
• Having sufficient demand for the end product

For the product utilization, it was reported that both cement kiln dust (CKD) and
fly ash (FA) have been successfully used to produce a green Portland ash [31, 39].
The suitability of the calcareous material as a partial replacement for cement clinker
in cement has been documented in some non-structural applications in the USA, but
the suitability of the calcareous material as a cement ingredient in concrete appli-
cations has not yet been demonstrated publicly [31].

19.4.2.3 Integrated Approach to CO2 Fixation and Solid Waste
Utilization

Figure 19.14 shows an integrated approach to deploying the high-gravity carbon-
ation (HiGCarb) process, which could be considered for CO2 fixation in flue gas
and solid waste utilization within an industrial plant. It is noted that the CO2

removal rate by the HiGCarb process could meet the timescale in industrial plants.

Fig. 19.14 Integrated approach to applying high-gravity carbonation (HiGCarb) process for CO2

capture in flue gas and solid waste utilization within an industrial plant
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19.4.3 Economic Perspectives

19.4.3.1 Energy Consumption

Accelerated carbonation might involve several energy-intensive processes, such as
grinding of solid wastes, reactor heating, and gas pressurization. From the per-
spective of energy consumption, the extensive uses of electricity for any unit
process in carbonation could easily diminish the credits from carbon fixation. A life
cycle assessment for different types of direct carbonation processes indicates that
energy consumption is responsible for the increase in additional CO2 emission and
offsets the overall CO2 capture efficiency Xiao et al. [40]. In comparison, although
the energy consumption of indirect carbonation is typically less than that of direct
carbonation, the manufacturing of chemicals for the extraction step may generate
additional CO2 emission and lead to other environmental issues. This suggests that
the recovery of the extractants (valuable chemicals) with low energy consumption
should be included for implementing indirect carbonation [40, 41].

As suggested by the US Department of Energy (DOE) [25], a cost-effective CO2

capture facility should meet the following criteria:

• Achieve a removal efficiency (η) of 90%
• Maintain <35% impact on the cost of electricity (COE)

Consequently, heat recovery is an important unit process for accelerated car-
bonation (exothermic reaction), which could not only improve carbonation per-
formance but also reduce energy loss. For example, the temperature of flue gas
streams is high enough for carbonation since it is usually above the dew point.
Therefore, heat can be directly obtained from the gas streams or other
heat-regenerating systems. To achieve this goal, Santos et al. [42] developed an
integrated process where the high pressure is obtained by pumping liquid in an
autoclave reactor through a long reaction chamber. Moreover, the heat generated by
the carbonation reaction (i.e., exothermal) can be recovered via the integrated
process.

Pan et al. [4, 43] introduced a high-gravity carbonation (HiGCarb) process for
direct carbonation, where high micromixing between the slurry and gas phases
could enhance the overall mass transfer, thereby improving the carbonation con-
version and reducing the residence time. In the HiGCarb process, the slurry was
first pumped into the center of the reactor, after which it flowed outward motivated
by centrifugation. In the meantime, the CO2 gas entered the reactor from the tangent
direction and moved inward due to the pressure gradient.

Figure 19.15 shows the effect of CO2 removal efficiency on energy consumption
and CO2 capture capacity of the HiGCarb process. Both steel slag grinding and
HiGCarb (air compressors, stirring machines, blowers, pumps, and rotating packed
bed reactor) processes were considered in energy consumption calculation. The
scale of the HiGCarb process was operated at a capture capacity of *170 kg CO2

per day, producing *690 kg of C-BOFS per day. The energy consumption for the
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high-gravity carbonation include grinding, pumps, blowers, stirring machines, air
compressors, and rotation packed bed. The results indicate that the overall energy
consumption of the HiGCarb process increases with the decrease in CO2 capture
efficiency. The total energy consumption of the HiGCarb process with CO2 removal
efficiency (η) > 90% was estimated to be 270 ± 60 kWh/t-CO2 captured (with a
95% confidence interval). It is noted that this value was lower than the DOE
requirement, i.e., 420 kWh/t-CO2 [26]. In addition, the corresponding capture
capacity was estimated at 150 kg of CO2 per day. In this case, the COE of the
HiGCarb process was estimated to be 22.4 ± 0.1%, which met the goal of main-
taining <35% impact on COE set by the US DOE [25].

19.4.3.2 Operating Cost

Accelerated carbonation using industrial alkaline wastes should be an important
part to the reduction in CO2 from the industrial sector and the use of industrial
wastes as cement replacement. Technology may not be the only barrier to the
deployment of accelerated carbonation process in the industrial sector. Market
competitiveness and the global nature of some of these industries are important
issues that should be addressed. From an economic perspective, costs for grinding
feedstock can be reduced using the slag in the as-received condition. If the grinding
process is needed to improve efficiency of carbonation, it should be done only to the
optimum particle size for carbonation to save energy costs. Similarly, the costs of
CO2 pressure can be reduced by using it at atmospheric pressure, and the costs of

Fig. 19.15 Influence of CO2 removal efficiency (η) on energy consumption and capture capacity
in the case of high-gravity carbonation (HiGCarb) process. Adaption with the permission from
Ref. [27]. Copyright 2015 American Chemical Society
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transportation can be reduced by equipping the slag-producing industry with the
carbonation process.

Energy and cost penalties largely depend on plant scale, operation conditions,
and operation modulus including pretreatment (e.g., grinding and thermal activa-
tion) and post-treatment processes (e.g., product separation and disposal) [44, 45].
Due to lack of commercialized plant studies, cost estimations of accelerated car-
bonation are based roughly on pilot- or laboratory-scale operations. As presented in
Table 19.5, the energy consumption and cost evaluation of direct carbonation were
relatively lower than those of indirect carbonation. In the case of direct carbonation,
the energy requirement of the grinding process was the major cost in the overall
process [4, 46]. Depending on the types of feedstock and operating modulus, the
cost of ex situ direct carbonation typically ranged between US$54/t-CO2 and US
$133/t-CO2. The handling of solid particles (powders) in the process has the
potential to raise the operation and maintenance (O&M) costs, compared to CO2

absorption technologies using ammonia and amine [47].
In contrast, for indirect carbonation using chemical extraction (such as

CH3COOH, HCl, HNO3, and NaOH) without regeneration of chemicals, a fairly
high cost of US$600–4500 would be required for capturing one ton of CO2 [52].
However, with the regeneration of the chemicals, the recovery process would
generate more than 2.5 times the amount of CO2 fixation in the carbonation process
[53]. The operating costs depend largely on the purity of the precipitated calcium
carbonate (PCC) product. An average cost of US$80 is required per ton of the PCC
production from two-stage indirect carbonation using cement wastes at 50 °C and
30 bar. The major energy consumption processes include pulverization, carbona-
tion, CO2 separation, CO2 pressurization, and stirring process for both extraction
and carbonation, which are considered at a total of 52.8 MW [54].

To make ex situ carbonation more economically feasible, a breakthrough on the
use of carbonated solid wastes or products should be sought in the aspects of
technology, regulation, institution, and finance. The global cement market is large:
with *3.5 billion metric tons used in 2011 at the processing cost of *US$100 per
ton [37]. It is noted that the carbonated solid waste could potentially be used as
partial cement replacement materials (i.e., SCM) [55, 56]. As a result, the benefits
returned from carbonation product utilization should be considered in the fiscal
analysis of the overall process. From the viewpoint of energy consumption, fine fly
ash (FA) should be a good candidate for low-cost carbonation since no grinding
process is needed in advance. Moreover, waste heat from manufacturing processes
could be integrated instead of electrical heating to reduce the overall energy
requirement and operating cost [57].

In comparison, without taking into account long-term monitoring costs, it is
estimated that the total cost of in situ carbonation should be at US$72–129 per
t-CO2, if transportation and storage cost was assumed to be *US$17 per t-CO2 in
basaltic rocks [58]. All of these costs are by far greater than the recent carbon price
in European carbon market, i.e., *US$7 per t-CO2 in 2014 [52]. However, it is
noted that the CO2 price may increase to US$35–90 per t-CO2 by 2040 [59]. In
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another scenario estimated by the International Panel on Climate Change (IPCC),
the carbon price would give *US$55 per t-CO2 as a lower bound estimate.

19.4.4 Environmental Impacts and Benefits

The effect of accelerated carbonation should be carefully weighed and compared
according to changes in the environmental impacts. A life cycle assessment
(LCA) of the accelerated carbonation process is of particular importance to maxi-
mize CO2 capture capacity while minimizing additional CO2 emissions due to the
process energy consumption. Several operation units, such as material grinding,
sieving, and heating, for accelerated carbonation are energy-intensive processes,
thereby leading to additional CO2 emissions. In particular, more than half of the
process power consumption may come from the material grinding [8]. These unit
processes may also increase other environmental impacts, such as eutrophication
(midpoint), acidification (midpoint), and resource depletion (endpoint), due to
increases in the concentrations of other pollutants.

19.4.4.1 Reduction in Greenhouse Gas Emission

Deployment of accelerated carbonation in industries and/or power plants will
contribute to greenhouse gas (GHG) emission reduction and create additional
environmental benefits. For instance, conventionally, precipitated calcium carbon-
ate (PCC) is manufactured by carbonating calcined limestone; therefore, the pro-
duced CO2 is greater than that bound during the carbonation process [60].
Traditional PCC manufacturing resulted in an additional 0.21 kg of CO2 emissions
per kg of PCC [61], mainly caused by oil combustion for lime calcinations. In the
indirect carbonation process, the PCC can be produced from a carbon-free feed-
stock, being a more environmentally sustainable method for producing PCC since
no calcination step is required. In this case using acetic acid with wollastonite, a net
fixation of 0.34 kg CO2 per kg of PCC can be achieved, indicating a substantial
reduction in GHG emission. Since PCC can be used in the paper industry, a paper
mill plant integrated with the indirect carbonation process can transform its CO2

emissions into PCC toward carbon neutrality.
Similarly, the direct carbonation process can attain huge environmental benefits

by taking the use of carbonated solid wastes as SCMs into account. The demand of
cement could be reduced if the carbonated solid waste is used as substitutes to
replace Portland cement in cement mortar or concrete. Cement production is
energy- and material-intensive, which accounts for 4–5% annual CO2 emission
around the world [62]. China accounts for more than 60% of global cement pro-
duction, where the carbon footprint of cement production in China in 2011 was
0.545 ton-CO2/ton-cement [63]. The main contributors to CO2 emission from
cement production are
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• Clinker process: The production of raw cement material lime (CaO) from
limestone (CaCO3), which produces *0.5 ton CO2 per ton cement [62].

• Intensive heat required during the cement production.

In addition, a huge amount of natural resources is used for cement production. For
instance, Kumar et al. [64] estimated that 1.3–1.5 tons of limestone, 0.2–0.4 tons of
clay, and 0.11–0.13 tons of coal are used per ton of cement clinker production.

19.4.4.2 Leaching Behavior of Heavy Metals from Alkaline
Solid Wastes

The leaching potential of heavy metals from alkaline solid wastes is of great
concern, in terms of human health and environmental impact. Extensive studies
have been carried out to evaluate the effect of pH of the solution, carbonation
reaction, and mineral structure on the leaching behavior of heavy metals from the
solid wastes [55, 65, 66]. Also, different oxidant states of heavy metals in alkaline
solid wastes would result in different leaching behaviors, especially for Cr species
[67]. It has been demonstrated that accelerated carbonation could effectively reduce
the leaching behaviors of most heavy metals from various types of solid wastes,
such as steel slag [27], bottom ash [68], and fly ash [69].

As indicated in a few reports [65], the dissolution of calcium silicate minerals
(e.g., C2S) might break down the mineral structure during carbonation, as shown in
Eq. (19.19), thereby potentially releasing heavy metals (e.g., vanadium), chlorine
and fluoride ions into solution.

CaOð Þ2�SiO2 þmH2O ! CaO � SiO2 � H2Om�1 þCa OHð Þ2 ð19:19Þ

Calcium-bearing components are the major alkalinity contributors in the alkaline
solid wastes. For instance, the pH of the solution containing steel slag typically
ranges between 11 and 13. Conversion of the CaO species in solid wastes into
CaCO3 with CO2 gas could effectively decrease the pH of the solution to about 6–8.
In parallel with the decrease in pH, the leaching potential of most heavy metals
from wastes, such as Pb, Cr, Cu, Zn, Cd, and V ions, could be properly restricted
due to the formation of insoluble carbonates [65, 66].
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Chapter 20
Prospective and Perspective

Abstract This chapter provides the prospective and perspective of key strategies
for effective CO2 mineralization and utilization, including (1) implementation of
national sustainable policy; (2) recovery of valuable elements from solid wastes;
(3) enhanced removal of various air pollutants in flue gas; (4) generation of high
value-added products for diversified applications; (5) integrated approach to mul-
tiwaste treatment as green solutions; and (6) eco-industrial parks as a business
model. In addition, research needs on CO2 mineralization and utilization using
alkaline wastes are proposed to achieve the goal of zero waste.

20.1 Strategies Toward “Zero” Waste for Sustainability

Integrated alkaline waste treatment with CO2 capture and utilization is an attractive
approach to achieving direct and indirect reduction in greenhouse gas
(GHG) emissions in industries. The accelerated carbonation can not only stabilize
alkaline wastes but also fix CO2 in flue gas from industries as a safe and stable
carbonate precipitate. On the other hand, the amount of CO2 reduction by car-
bonation could be considered as certified emission reduction (CER) credits, which
could be used in the emission trading scheme (ETS) under the clean development
mechanism (CDM) issued by the Kyoto Protocol.

Barriers from the aspects of regulation, institution, finance, and technology can
be encountered while implementing the green supply chain. These barriers are hard
to be distinctly separated because, for instance, policies (or regulations) often act on
more than one barrier simultaneously. Similarly, this is especially true for the
institutional and financial barriers as they can habitually be closely related. From
the viewpoint of treatment and utilization for various alkaline solid wastes, several
strategies should be considered:

• implementation of national sustainable policy,
• recovery of valuable elements from solid wastes,
• enhanced removal of various air pollutants in flue gas,
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• generation of high value-added products for diversified applications,
• integrated approach to multiwaste treatment as green solutions, and
• eco-industrial parks as a business model.

20.1.1 Implementation of National Sustainable Policy

For the national sustainable policy, predominant emphasis should be given to
achieving rapid economic growth and prioritizing industrial development.
Industries should pursue a more balanced economic development in which raising
quality takes precedence over expanding quantity, placing much greater emphasis
upon achieving both economic development and environment protection.
Therefore, industries should engage in “cleaner production” that may not seriously
pollute the environment while promoting green consumption. From the government
point of view, promotion of eco-industrial parks (EIP) establishment is essential to
spur the development of new “green-tech” products and services for upgrading
industrial technologies. Appropriate policies should be established to foster
industrial symbiosis, thereby facilitating the green technologies for effective
material reuse and waste recycling. Several rules are suggested to make the regu-
lation more globally acceptable, including (1) involvement of a regulation context
and (2) implementation of green industries by technology-forcing, guaranteed
market, and economies of scale.

20.1.2 Recovery of Valuable Elements from Solid Wastes

The valuable elements, such as aluminum (Al), sodium (Na), and iron (Fe), in solid
wastes can be extracted and recovered prior to accelerated carbonation. For
example, a reclamation process for concentrating iron components from solid
wastes (especially for steel slags) should be considered. The concentrated iron
materials can be used as pigment and abiotic catalyst.

20.1.3 Enhanced Removal of Various Air Pollutants
in Flue Gas

In real operations, the flue gases or fumes (with diluted CO2) can be directly used
for accelerated carbonation with alkaline solid wastes generated in the same plant.
In this case, accelerated carbonation process can further reduce several air pollu-
tants, such as sulfur dioxide (SO2) and particulate matter (PM) in flue gas by
different mechanism. Therefore, the additional environmental benefits could be
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gained due to coremoval of air pollutants using a single process. For example, the
SO2 gas can be combined with calcium ions from solid wastes to form calcium
sulfate (CaSO4) precipitates. In addition, the PM can be reduced via different
mechanisms, such as impaction, interception, and diffusion by tiny water droplets.

20.1.4 Generation of High Value-Added Products
for Diversified Applications

Alkaline solid wastes can be used to sequester great amount of CO2, especially if
the wastes are generated nearby the source of CO2, for achieving both the envi-
ronmental and economic benefits. After carbonation, the treated solid wastes could
be converted into several high value-added materials, such as glass ceramics (with
red mud from the sintering process), supplementary cementitious materials (SCM),
and precipitated calcium carbonate (PCC). In the case of utilization as SCM, a
ternary blended system using various types of carbonated wastes (such as combined
fly ash and steel slag) should be considered. Sequential performance tests on
material functions are necessary to reliably predict the behavior after use within a
reasonable time, such as an expansion test when it comes to be utilized as SCM. In
addition, quality assurance and quality control (QA/QC) programs, including cal-
ibration, validation, and verification, should be established to ensure data quality
objectives (DQO) and provide a useful distinction between materials that are
suitable and those that are not.

20.1.5 Integrated Approach to Multiwaste Treatment
as Green Solutions

Pretreatment processes of alkaline solid wastes are usually necessary to overcome
the potential barriers in conventional utilization and application. Portfolio solutions
can be provided along with the accelerated carbonation. In Chap. 8, an integrated
approach to multiwaste treatment via accelerated carbonation has been proposed
using CO2 in flue gas as a chemical to stabilize active components in alkaline solid
wastes. For example, after indirect carbonation, the extracted residues can be used
in other processes as raw materials, such as accelerated carbonation with flue gas
CO2, rare elements’ extraction, and building materials production. In addition, the
brine wastes from water reuse processes (such as electrodeionization and reverse
osmosis) can be utilized in carbonation process as liquid agents. From the economic
point of view, accelerated carbonation can reduce the treatment cost of wastewater
and increase the added value of alkaline solid. Therefore, aqueous accelerated
carbonation of alkaline solid wastes is suggested as a link to utilize wastewater for
large-scale application.
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20.1.6 Eco-industrial Parks (EIP) as a Business Model

Building a waste-to-resource (WTR) green supply chain within industrial park
should be extensively promoted to make traditional industries around the world
being environmentally bearable, economic viable, and social equitable. Policy
makers should create policy for reducing GHG emissions while improving energy
efficiency. Therefore, action plans should increase manufacturing efficiency while
seeking synergetic cooperation between all manufacturers in industrial park. To
ensure the effective implementation, creation of a cost-effective integrated green
certificate market by the implementation of pricing instruments, such as tax
exemptions and carbon credits, is quite important. Moreover, life cycle analysis
(LCA) should be utilized as a structured basis for evaluating the performance of
environmental impacts and benefits in the WTR green supply chain.

20.2 Research Needs

Concerns about serious and irreversible damages caused by rapid CO2 accumula-
tion in the atmosphere are raised. Therefore, effective approaches to controlling
CO2 emissions are required to achieve the goal of constraining global CO2 con-
centration below 550 ppm over the next 100 years. Ex situ carbonation of alkaline
wastes, which combines the treatment of industrial wastes that are readily available
near a CO2 emission point, could be part of an integrated approach to reducing CO2

emissions for industrial plants. Although a great amount of alkaline waste is
available for CO2 mineralization, the costs of accelerated carbonation are too high
for large-scale industrial deployment.

Another challenge may be the issue of cost allocation in the case of multiple
emission reductions. For instance, CO2 emission in an industrial plant is lower than
that in a coal-fired power plant. The management of a variety of CO2 sources within
a single industrial plant and the selection of appropriate process and technology for
CO2 capture should be the major concern for lowering the industrial capture costs.
Thus, it may not be a complete solution to carbon capture and utilization. To
promote industrialization of CO2 mineralization, future work should be focused on.

20.2.1 Technology Improvement and Breakthrough

Significant technological breakthroughs are needed before deployment can be
considered. A well process design and build-up of full-scale plant with efficient
mass transfer among gas–liquid–solid phases (high CO2 fixation capacity with low
energy consumption) are required. It suggests that a carbonation conversion of
higher than 85% for solid wastes should be acceptable to achieve waste stabilization
and CO2 fixation.
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20.2.2 Material Function Evaluation for Multiple Products

Diversified applications of carbonated products as high value-added chemicals or
green materials can be achieved. For instance, the chemistry and mechanism of
utilizing the carbonated product as SCM in blended cement should be systemati-
cally determined, in terms of the physicochemical properties of the product. From
the research point of view, future work should be focused on (1) the mechanisms of
various types of carbonated solid wastes with ordinary Portland cement (OPC) in
cement chemistry; (2) the balance of carbonation efficiency and cement perfor-
mance to maximize the overall carbon emission reduction; and (3) the diversifi-
cation of utilization routes for carbonation products such as high value-added
chemicals.

20.2.3 Process Integration for Innovation

The integration of different existing (or urgent) unit operations, such as water reuse
process, with CO2 capture and utilization is an effective way to achieve green
solutions. For instance, accelerated carbonation of natural ores and/or alkaline solid
waste is normally suffered from slow kinetics and high energy demand. Research
and implementation of these technologies require new collaborative efforts among
the crushed stone and cement industries, electric utilities, and the science and
engineering communities. Moreover, the procedures of feedstock crushing (in the
case of steel slag), process heating, and slurry stirring are normally energy-intensive
processes. It needs to be compensated by the exothermic carbonation process to
make the process economically viable in an industrial context.

20.2.4 Demonstration and Action Plans

The selection of appropriate processes for each case of operation site within an
achievable plant size is important. For example, the management of material
recycle and post-treatment of residue should be systematically considered in the
design phase. This includes the waste-to-resource (WTR) supply chain and system
optimization from the 3E (Engineering, Environmental, and Economic) aspects. In
the case of developing a demonstration program, all activities that will be carried
out to construct, operate, and close a large-scale facility and all factors that could be
affected by the above activities should be considered in the strategic environmental
assessment (SEA), as illustrated in Chap. 4. Accordingly, the environmental
impacts of different alternatives would be analyzed and quantified. In the valuation
step, preferable technical alternatives would be identified and weighted. To realize
commercialization and industrialization, future efforts should be focused on
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(1) process scale-up such as reactor design, material recycling, and residue treat-
ment; (2) implementation of instrumentation control and automation (ICA), such as
online hardware/software sensors and process control model; and (3) establishment
of management information systems (MIS), such as information engineering and
operations research.

20.3 The Future We Want

Reduction in CO2 emission in industries and/or power plants should be a portfolio
option. For instance, CO2 capture and alkaline solid waste treatment can be com-
bined through an integrated approach, i.e., accelerated carbonation. Gaseous CO2 is
fixed as thermodynamically stable solid precipitates, which are rarely released after
mineralization. On the other hand, in many regions, there is an increasing need to
find substitutes for natural sands in concrete to reduce material and energy con-
sumption. Within the framework of accelerated carbonation, the use of alkaline
solid wastes has been considered as an alternative to simultaneously address the
issues of solid waste treatment and natural resource depletion. The
waste-to-resource (WTR) supply chain between steelmaking and cement industries
can be established by deploying the innovative accelerated carbonation technology,
which can simultaneously treat the CO2, wastewater, and solid wastes generated
from the industry. The carbonated products utilized as green materials including
cement, aggregate, and precipitate calcium carbonate are illustrated. Therefore, it is
concluded that the establishment of a WTR supply chain should provide a method
of simultaneously addressing the problems of energy demand, waste management,
and GHG emissions to achieve a circular economy system (CES). The “win-win”
philosophy that is a prosper economy and healthy environment can be coexisted.
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