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ABSTRACT 
 

Construction sludge frequently exhibits fluidity which cannot be piled up on dump truck. 
Thus, cement or lime are commonly used to harden construction sludge at site in Japan. This 
process increases the pH of construction sludge to around 11 that does not satisfy the Japanese 
environmental regulation which regulates 5.8 ≤ pH ≤ 8.6. When alkaline construction sludge 
is reused as a construction material in earth works, it is necessary to adopt measures to reduce 
its impact on the environment. 

The aim of this study is to experimentally investigate the potential of combining 
accelerated carbonation and a paper sludge ash-based stabilizer (PSAS) to neutralize the pH of 
alkaline construction sludge in a short period and to improve its strength for using as a recycled 
material. Moreover, due to the high alkalinity, the construction sludge is expected as a potential 
material for capturing CO2. Hence, parallel with considering alkaline treatment by accelerating 
the carbonation, the amount of CO2 captured in alkaline construction sludge treated by PSAS 
associated with pH neutralization is also investigated in this study. 

The experimental results indicate that the addition of a PSAS significantly granulated the 
alkaline sludge, and once granulated, the PSAS successfully accelerated the pH neutralization 
of the alkaline sludge. It was also found that the decrease in dry density, d and the degree of 
saturation, Sr of the PSAS-treated sludge was able to reduce the period required for the pH 
neutralization, tN. The decrease in d is thought to allow fresh CO2 gas to penetrate the 
specimen more easily. However, if Sr is below a certain limit, it does not strongly facilitate the 
reduction of tN. This implies that pH neutralization cannot be accelerated when the amount of 
water in the sludge is below a certain level.  

In addition, it was found that mean particle diameter D50 also affected tN. Thus, the effects 
of sample crumbling prior to accelerated carbonation on the pH neutralization period were 
analyzed from the test results. It is discovered that crumbling sludges prior to CO2 gas exposure 
accelerate the pH neutralization of the sludge. This suggests that a short pH neutralization 
period is realizable by reducing the particle size. Therefore, the effect of the particle size of 
PSAS-treated sludges on the pH neutralization period was investigated. The results showed 
that the pH neutralization period decreased with the particle size which could be attributed to 
the following: the CO2 gas carbonated the particle surface, and the pH neutralization progressed 
gradually from the surface to the particle interior.  

By conducting SEM analysis, the porosity of micro-structure of PSAS as well as PSAS 
treated sludge was considered as the factor facilitating the pH neutralization. SEM photos 
showed that the intra open voids produced by PSAS probably facilitate the penetration of CO2 
gas deeply and widely into the particles. Hence, the surface area of chemical reaction was 
increased. However, the carbonation was active with an appropriate water content that issues 
the necessary aqueous condition required for carbonation reaction.    

Based on the experiment results, the production flow of the pH neutralized recycled 
sludge is suggested. The flow suggested introduces, in addition to the conventional processes 
of PSAS addition and mixing, two processes, those are curing and crumbling of the treated 
sludge before the treated sludges are exposed to a concentrated CO2 gas. The granulation via 
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crumbling differs from granulation generated immediately after the addition of PSAS. The 
granulation via crumbling takes the effects of change in properties of the sludge over time as a 
result of the hydration reaction of stabilizers into the granulation. 

The strength development of the PSAS treated sludge was evaluated using a series of 
cone index tests. It was found that strength of alkaline construction sludge was significantly 
improved by adding PSAS. For the Ao clay sludge, the strength of the alkaline sludge without 
the PSAS was decreased by accelerated carbonation but was significantly increased even after 
accelerated carbonation when the PSAS was present. Due to the porosities of the remaining 
PSAS particles, most of the contribution of the water absorption and retention performance of 
the PSAS to the strength development of the PSAS treated sludge was secured after accelerated 
carbonation. In addition, the granulated particles of the PSAS treated sludge retained their 
granular shape to some extent. Therefore, it is presumed that the friction of the particles did 
not decrease significantly. It was also found that, after carbonation, the qc of the PSAS treated 
sludge increased more rapidly than that of the alkaline sludge without the PSAS. The same 
experimental procedure was also applied for Kasaoka clay but with a higher amount of PSAS. 
In this case, a small decrease in strength of PSAS treated sludge was seen for samples 
undergone accelerated carbonation. This is probably because of the higher amount of PSAS 

caused a significant degradation of hydrated production which contribute to the strength 
development. A further detailed examination of the test results showed that under air-curing 
conditions, the qc of the sludge with accelerated carbonation increased relatively gradually 
compared to that of the sludge without accelerated carbonation.  

To utilize the application of alkaline construction sludge treated with PSAS and CO2, it 
is necessary to investigate CO2 capture and storage by using PSAS treated sludge as a feedstock. 
The experimental results pointed out that high CO2 concentration, low dry density, and small 
particle size of sludge sample could influence the CO2 captured content at the early stage of 
accelerated carbonation. 

 

Keywords: pH neutralization, Accelerated carbonation, Alkaline construction sludge, Paper 
sludge ash-based stabilizer, Alkaline treatment, Cone index, Strength development, Particle 
size, Crumbling effect, CO2 capture and storage, CO2 emission, Cement treated soil, Water 
absorption 
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CHAPTER 1  

INTRODUCTION 
 

1.1 Recycle of construction and demolition waste, construction sludge in Japan  
 

In developed countries such as Japan, the lack of land space in large cities promotes the 
construction of underground works. This construction activities generated a huge amount of 
excavated surplus soil or construction sludge that need to be treated and recycled in large 
quantities. Moreover, not only the development of infrastructure in new areas or re-
development urbanized areas, but the need of common construction such as removing soils to 
install foundation to build houses, buildings and superstructure are unavoidable and is 
generating surplus construction soil that needs to be removed from site. The development of 
infrastructure requires a large work of soil excavation and reclamation. Various construction 
activities such as cut and fill of inclined ground to prepare usable land, removing surplus soil 
for installing foundation are generating a huge amount of construction sludge. In particular, the 
re-innovation and development at metropolis where the population density is high, and lack of 
land space induces the development of underground construction. Moreover, very few 
construction projects of both civil engineering and architecture engineering can be completed 
without generating construction and demolition waste. This causes the demand of treating a 
huge amount of excavated surplus soils which was estimated to be about 140 million m3 in 
2012, according to the Japanese Ministry of Land, Infrastructure, Transport and Tourism 
(MLIT 2014). 

Therefore, it is necessary to manage the excavated soil generated from construction work. 
With the limitation of area for landfill as well as natural resources in Japan, the recycled 
management of construction and demolition waste has become very important. Reused and 
recycled excavated soils significantly reduce the unusable soil that was often disposed of 
previously. Moreover, recycled materials as well as the generation of by-products including 
excavated soils have a large potential of application. 

The Soil Contamination Countermeasures Law in 2002 pays a strong concern on 
contamination including excavated soils and construction sludge. Environmental criteria that 
regulate the pH of discharged water exist. For example, in Japan, the Water Pollution 
Prevention Act stipulates that the pH of the discharged water should be between 5.8 and 8.6. 
Consequently, the demand for recycling construction sludge as a resource for alternative 
construction materials is low, owing to concerns regarding alkali leaching. 

To achieve the sustainable development, the construction and demolition waste (CDW) 
should be recycled to mitigate disposing amount of waste which may harm the environment as 
well as to reduce the exploitation of resources. Like many developed countries, this activity 
has been strongly promoted in Japan for the last 25 years as shown in Fig 1.1. Compared to 
other developed countries, Japan is one of leading countries in recycling construction and 
demolition waste with recycling ratio is around 96% in 2012 as shown in Table 1.1. 
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Table 1.1. Construction and Demolition Waste (CDW) recycling ratio of Japan and major 
EU countries (PCRCMW.2019) 

Country Data 
annual 

Amount of 
excavated 
soil 
generated 
(million 
tons) 

CDW excluding 
excavated soil 

Remarks Generation 
amount 
(million 
tons) *2 

Recycling 
ratio (%)  
*2 

EU 
*1 

Belgium 2012  14.8 97.6  

Germany 2012 113.7 82.2 96.0 
The recycling ratio 
not including 
backfill is 68% 

Netherlands 2012  24.2 93.0  
United 
Kingdom 2012 54.4 44.8 86.5  

Italy 2012  38.8 76.0  
Spain 2012  27.6 68.0  

 France 2012  64.2 63.0  

Japan *3 FY 
2012 180.1 66.1 

(72.7) 
97.0 
(96.0) 

Values in ( ) 
include 
construction sludge 

*1: EU country data are organized by the Promotion Council for Recycling Construction  
*2: excluding construction sludge 
      The recycling ratio of EU includes backfill 
*3: The data of Japan is MLIT “Survey Results of CDW 2012” 

 

 

Figure 1.1. Recycling and reduction rate of construction and demolition waste (PCRCMW. 
2019) 
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Even the recycled ratio of construction sludge in Japan is relatively high (more than 90%) 
but compared to other kinds of construction waste, especially asphalt or concrete waste as 
shown in Fig 1.2, recycling construction sludge still need to be improved because the mass of 
construction sludge generated from excavation is extremely high. 

In 2020, the Japanese Ministry of Land, Infrastructure, Transport and Tourism issued the 
5th plan of recycled building materials which promote the recycled action of building material. 
After four times of establishment in 1997, 2002, 2008 and 2014, this 5th time of plan focused 
on improving the quality of recycled building materials. With the objective aims of sustainable 
development, the treatment and recycling of construction sludge are expected to be further 
promoted in the future. 

  

Figure 1.2. Recycle ratio of different types of construction and demolition waste in Japan 
(MLIT 2020) 
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1.2 Alkaline treatment of construction sludge by accelerated carbonation 

Construction sludge generated from the excavation frequently exist as liquid state that 
need to be hardened to form solid or semi solid state as present in Fig 1.4. This requires the 
intermediate treatment in which additives such as quick lime or cement is frequently used. 
However, this process induces the high alkalinity of treated construction sludge due to the 
hydration reaction of the additives (Kamon et al., 2005) increases the pH around 11 as shown 
in Fig 1.5 that does not satisfy the current regulation in Japan stipulating the pH of discharged 
water should be 5.8 ≤ pH ≤ 8.6. 

There are several solutions to overcome this, the alkaline filtration cover layer with 
clayey soil was created to have a function as an alkaline buffer that can mitigate the leachate 
from stabilized soil as shown in Fig 1.3. In this method, the thickness of the cover layer is 
designed depending on the pH of stabilized soil. Parameters such as buffer ability and 
permeability of the cover layer are very important to control alkali migration (Kamon et al., 
2003). The other ways are to use additives with low alkalinity or new mixing/curing method 
for decreasing the pH of stabilized sludge (Kamon et al., 2005). These reduced the impact of 
high alkaline stabilized soil on the environment but cannot treat the alkalinity thoroughly 
because stabilized soil is itself still high alkalinity. 

 

Figure 1.3. Alkaline filtration cover (Kamon et al., 1996) 

Another common method which has been applied widely for capturing CO2 is to 
accelerate carbonation of waste materials. However, the use of CO2 to treat the alkalinity of 
alkaline construction sludge has not been studied broadly and has a large potential for 
application. The alkaline construction sludge could be cured under a high concentration of 
carbon dioxide to shorten its pH neutralization period. Hence, pH quickly falls, and the desired 
pH could be rapidly obtained. This method is expected not only to solve the environmental 
impact caused by the high level pH of alkaline construction sludge but also to capture and store 
CO2 that mitigates the CO2 emission. Referring to the wide application of industrial alkaline 
waste that has been doing to capture CO2, alkaline construction sludge is expected to be a 
potential material for capturing and storing CO2 which can contribute to sustainable 
development. 
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Figure 1.4. Variation in the soil state of actual construction sludge samples collected after 
intermediate treatment (Imai et al. 2020) 

 

 

Figure 1.5. Variation in pH of actual construction sludge samples collected after intermediate 
treatment (Imai et al. 2020) 

1.3 Potential application of PSAS 

Paper sludge ash (PS ash) is the by-product of paper mills, a cinder generated from the 
incineration of paper sludge, has been widely an alternative sustainable material in construction 
industry. The production of paper has stably developed for many years producing a stable 
amount of paper sludge ash as presented in Fig 1.6 and hence, paper sludge ash has a wide 
potential for the application. Currently, most PS ash has been disposed of in landfills or used 
as concrete materials so far (Kumar et al., 2016; Mochizuki, 2019). Because PS ash particles 
have a porous microstructure with many complex irregularities and voids, PS ash can absorb 
and retain excess water in soft soil. Therefore, the application of PS ash to stabilize muds in 
construction work such as dredging in harbors, rivers, and lakes or excavating tunnels and 
underground pits has been increasing in practice (Kawasaki & Ishimito, 1992; Mochizuki et 
al., 2003). 

Like other materials, the application of PS ash in the construction industry needs to 
satisfy environmental regulations in Japan. Because of the heavy metals in original PS ash may 
cause harmful impacts on the environment, PSAS was produced as an eco-friendly material by 



Accelerated pH neutralization of alkaline construction sludge by PSAS and CO2                    Nguyen Duc Trung (19WA909) 

6 
 

insolubilizing the heavy metals from PS ash. The advantaged characteristics of PS ash in soil 
treatment such as water absorption and retention performance are remained in PSAS. 

Although the application of PSAS has been studied previously especially in improving 
the strength of surplus soil, the research on the accelerated carbonation of alkaline construction 
sludge has not been widely considered. Since the PSAS has the water absorption and retention 
performance (Kato et al., 2005; Mochizuki., 2016; Kawai et al., 2018), it could granulate as 
well as adjust the water content of sludge. This facilitates the accelerated carbonation of 
alkaline construction sludge as discussed later. Therefore, it is important to investigate the 
ability of using PSAS as additive to further accelerate the pH neutralization of alkaline 
construction sludge. 

 

Figure 1.6. Production of paper and paperboard in Japan (Japan Paper Association homepage) 

1.4 Objectives, methods, and scope of research 

This research mainly aims to develop a new pH neutralization method for alkaline 
construction sludge by the combination of paper sludge ash-based stabilizer (PSAS) and carbon 
dioxide (CO2). To contribute to sustainable development, waste materials such as alkaline 
construction sludge, paper sludge ash-based stabilizer and carbon dioxide were considered in 
this study. The pH of alkaline construction sludge which is commonly around 11 was expected 
to be rapidly neutralized to 8.6 by curing under high concentration of carbon dioxide. 

To further investigate the applications, CO2 capture capability and strength development 
of alkaline construction sludge treated by PSAS and CO2 was also considered. PSAS treated 
alkaline construction sludge is expected as a potential material that can be used to capture and 
store CO2 effectively. Moreover, PSAS is also expected to strengthen alkaline sludge to be a 
useful recycled construction material such as backfill. 

In this study, two types of clay which are CH (clay (high liquid limit)) and CL (clay (low 
liquid limit)) were considered to prepare alkaline construction sludge. By mixing alkaline 
construction sludge with PSAS followed by CO2 curing, the alkalinity of construction sludge 
is expected to decrease to less than 8.6 which satisfies the Japanese environmental criterion 
(5.8 ≤ pH ≤ 8.6). The of objectives of this research together with their methodology are 
presented in Table 1.2. 



Accelerated pH neutralization of alkaline construction sludge by PSAS and CO2                    Nguyen Duc Trung (19WA909) 

7 
 

Table 1.2. Objective of research and methodololy  

Objective  Methodology 

Effect of PSAS on pH neutralization 
period and pH rebound  

 Accelerated carbonation using CO2 
incubator, pH measurement 

Introduction of crumbling process  Accelerated carbonation using CO2 
incubator, pH measurement, Sieve analysis 

Mechanism for contribution of 
PSAS and crumbling 

 SEM analysis 

Strength development of accelerated 
carbonate construction sludge  

 Accelerated carbonation using CO2 
incubator, cone index test 

CO2 capture ability of the 
accelerated carbonate sludge  

 Accelerated carbonation using CO2 
incubator, CaCO3 evaluation test 

 

1.5 Dissertation organization 

This dissertation is organized into 8 chapters.  

The first chapter introduces the information about the generation of construction and 
demolition waste, construction sludge with the encouraged plan and policies from the 
governments to recycle waste materials, the potential of PSAS and the application of 
accelerated carbonation to treating alkalinity of alkaline construction sludge. Then the 
application of accelerated carbonation for alkaline construction sludge is also summarized. 
Technologies to accelerate carbonation of construction sludge with their advantage and 
disadvantage also pointed out as well as the method of using accelerated carbonation to treat 
alkalinity of construction sludge was presented in this research. The shortcomings of alkaline 
treatment of construction sludge will be discussed. The overall objective and the scope of this 
study are also presented. Beyond that this study follows the objects and is arranged as following 
chapters: 

Chapter 2 briefly reviews relevant literature on accelerated carbonation with the 
introduction of technologies to carry out. A summary on the methodology and performance of 
current alkaline treatment, previous studies on characteristic of PSAS and strength 
improvement of carbonate alkaline construction sludge are also presented. 

Chapter 3 introduces the effect of PSAS on pH neutralization of alkaline construction 
sludge and pH rebound. PSAS having porous microstructure and hence, is expected to produce 
the porosity of PSAS treated sludge by mixing PSAS with alkaline construction sludge. The 
porosity of PSAS treated sludge is expected to facilitate the penetration of CO2 gas and 
accelerate the pH neutralization. PSAS also has the water absorption and retention performance 
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which implies that it could reduce the free water content of the construction sludge to an 
appropriate value that facilitate the accelerated carbonation. In addition, due to the water 
reduction, PSAS treated sludge change its state from liquid to solid or semi-solid. Thus, the 
PSAS treated sludge was easily granulated under the mixing process by using a top-bench 
mixer. The granulation decreases the particle size of PSAS treated sludge which means 
increases the surface area that facilitate the accelerated carbonation. 

Chapter 4 introduces the crumbling process and the effects of crumbling on accelerated 
carbonation. The granulation caused by PSAS is considered as one of factors that accelerate 
the carbonation. However, even being likely granulated by crumbling, pH of alkaline 
construction sludge without PSAS could not be neutralized to reach 8.6. In addition, PSAS 
itself is high alkaline material which implies that a large amount of PSAS could induce a 
negative impact on pH neutralization. From this point of view, non-granulated sludge with less 
amount of PSAS was intentionally crumbled prior to accelerated carbonation to decrease the 
particle size, increase the surface area while remain the effectiveness of PSAS in producing the 
porosity of treated sludge. This is expected to further shorten the pH neuralization period. 

Chapter 5 provides some discussion about the mechanism related to effects of PSAS and 
crumbling on the accelerated carbonation with explanation based on the SEM analysis. Photos 
taken by SEM machine showed the porosity on the surface of particles as well as the intra open 
voids of PSAS treated sludge caused by the addition of PSAS that allows CO2 gas to penetrate 
more easily and deeply inside the particle and hence, facilitate the chemical reaction. 

Chapter 6 presents the strength development of accelerated carbonate construction sludge 
treated with PSAS. A series of cone index test was conducted to investigate the strength 
improvement of alkaline construction sludge treated with PSAS undergone the accelerated 
carbonation. It was found that the water absorption caused by PSAS strengthened the 
construction sludge before and after the accelerated carbonation.  

Chapter 7 investigates the potential of CO2 captured ability by PSAS treated alkaline 
construction sludge. The X-ray diffraction analysis reveals that PSAS has a large amount of 
Calcium oxide, CaO which is necessary to capture CO2. The investigation of CO2 capture by 
PSAS-treated sludge is introduced. Amount of CO2 can be captured as well as factors affecting 
the CO2 captured contents are also discussed. 

Chapter 8, the last chapter summaries the contents and results obtained from this research. 
The conclusions are issued, the limitation and recommendations are given for further study. 
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CHAPTER 2 

BACKGROUND (LITERATURE REVIEW) 
 
2.1 Accelerated carbonation: 
 

Fossil fuels is considered to produce 80-85% the total of global energy. However, this 
energy production is generating the vast amount of CO2 due to the combustion and calcination 
in heavy industry, transportation, or power generation (Goldberg et al., 2001; Metz et al., 2005). 
The other sources of CO2 emissions come from land use changes or deforestation, and 
decomposition of carbonates (Goyal & Sharma, 2020). The largest contribution to 
decomposition of carbonate is from cement industry (Andrew, 2018). CO2 is emitted in two 
forms, the burning of fuel to heat raw materials up to more than 1000°C, and the releasing of 
CO2 gas during the decomposition of carbonates into oxides and carbon dioxide caused by the 
production of clinker. Hence, to mitigate the impacts of CO2 on climate change, efforts to 
reduce as well as to capture and store CO2 has been strongly promoted by many countries. 

The accelerated carbonation is commonly known as an effective method to capture and 
store CO2. Most of research on accelerated carbonation aims to maximize the CO2 content that 
captured by alkaline materials wherein CO2 is captured and stored in solid form instead of 
being released into the atmosphere. In fact, the carbonation can take place in atmospheric 
conditions with very low rate because the concentration of CO2 in natural conditions is very 
low, around 0.03% (Nakarai & Yoshida, 2015) making the natural storage of CO2 
insignificantly. One of the natural carbonation or weathering occur by the reaction of natural 
CO2 with alkaline silicates are as follows (Pan et al., 2012):  

CaSiO3(s) + 2CO2(aq) + H2O(l) → Ca2+
(aq) + 2HCO3

- + SiO2(s)                                                                    [2.1] 

Mg2SiO4(s) + 4CO2(aq) + 2H2O(l) → 2Mg2+
(aq) + 4HCO3

-
(aq) + SiO2(s)               [2.2] 

The atmospheric CO2 dissolve in natural water from the rain and become weak carbonic 
acid. This kind of acid react with calcium and magnesium silicates from the mineral and then 
flow to the river or ocean, end with the precipitation of carbonates as solid state. The natural 
carbonation take long time because the extremely low kinetics of natural carbonation as well 
as the complicated conditions of nature.  

The development of industries and agriculture nowaday are generating a huge amount of 
CO2 that the natural carbonation cannot solve itseft. Consequenty, CO2 or the greenhouse gas 
causes the global warming and other extreme weather events. Therefore, it is necessary to 
positively capture CO2 by accelerating carbonation of alkaline minerals, especially alkaline 
wastes as adsorbents. 

The process of accelerated carbonation allows alkaline materials react with high-purity 
CO2 gas under high concentration degree in the presence of moisture. It was first proposed by 
Seifritz. (1990), the accelerated carbonation could reduce the reaction to a timescale of a few 
minutes or hours (Lim et al., 2010). According to Pan et al. (2012), accelerated carbonation 
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can be classified into two types which are mineral carbonation and alkaline solid waste 
carbonation. 

The mineral carbonation is defined as the reaction between minerals and CO2 to form the 
production of carbonate. The result of carbonation produces a low pH of carbonated production 
which inhibit the leaching metal and solubility which are mobilized at high pH (Costa et al., 
2007). The alkaline solid waste carbonation is the reaction of an alkaline waste with CO2 as 
presented in Table 1.3. 

Table 2. 1. Alkaline solid waste (Pan et al., 2012) 

Types of alkaline 
solid waste Examples References 

Slag Steelmaking slag  
Coal slag 
Blast furnace slag 

Huijgen et al., (2005); 
Bonenfant et al., (2008); 
Eloneva et al., (2008); 
Kodama et al., (2008); 
Baciocchi et al., (2009); 
Doucet (2010); Chang et al., 
(2011) 

Air pollution control 
(APC) residue 

Municipal solid waste incinerator 
(MSWI) APC residue 
Cyclone dust 

Costa et al., (2007); 
Baciocchi (2009); Montes-
Hernandez et al., (2009); 
Nyambura et al., (2011); 
Cappai et al., (2012) 

Fly ash MSWI fly ash 
Coal fly ash 
Oil shale ash 

Li et al., (2007) 

Bottom ash MSWI fly ash Arickx et al., (2006) 
Cement wastes Cement kiln dust 

Cement bypass dust 
Construction and demolition waste 
Cement/concrete waste 
Blended hydraulic slag cement  

Haselbach., (2009) 

Mining and mineral 
processing waste 

Asbestos tailings 
Nickel tailings 
Red mud (Bauxite) 

Khaitan et al., (2009) 

Sludge ash Sewage sludge incinerator ash 
Steel wastewater sludge 
Paper sludge ash 

Gunning et al., (2010) 

Paper pulping and 
mill waste 

Paper mill waste 
Green sludge dreg 
Lime mud 
Lime slaker grits 

Bird and Talberth., (2008) 

 
The most common objective of accelerated carbonation so far is to maximize the storage 

of CO2. Most researchers focus on optimizing the conditions that facilitate accelerated 
carbonation such as pressure, temperature, liquid to solid ratio (or water content), gas humidity, 
gas flow rate, liquid flow rate, particle size of feedstock (Chang, Chen, et al., 2011; Chang, 
Pan, et al., 2011; Costa et al., 2007; Haug et al., 2010; Huntzinger et al., 2009). 
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Method for accelerating carbonation can be separated into 2 types: direct carbonation and 
indirect carbonation (Pan et al., 2012). The direct carbonation is the process when minerals or 
alkaline waste directly react with CO2 under 2 types of condition which are dry and wet 
depending on the liquid to solid ratio less than 0.2 or more than 5, respectively. The indirect 
carbonation requires an extracted process of alkaline metals from solid matrix by acid followed 
by carbonation. Mineral carbonates theoretically can store CO2 permanently under ambient 
conditions. However, there is a risk that mineral carbonates may react with strong acid and CO2 
is released back into the natural environment. 

To capture CO2 by accelerated carbonation, natural silicate minerals such as vollastonite 
(CaSiO3), serpentine (Mg3SiO5(OH)4), talcum (Mg3Si4O10(OH)2), olivine (Mg2SiO4), 
pyroxene, and amphibole, etc. could be used due to their high calcium or magnesium conent. 
However, technological carbonation of these mineral consumes energy and resouces. Another 
way to overcome this is to use alkaline waste as presented in Table 2.3. 

Other application of accelerated carbonation is the curing of precast concrete components. 
Insteatd of steam curing, accelerated carbonation has been gradually applied as an alternative 
curing due to it advantages. In the 1970s, accelerated carbonation curing was not attractive 
because of backward technology at that time cause the high costs of CO2 capture.(Berger, 1979; 
Berger & Klemm, 1972a, 1972b; Bukowski & Berger, 1979; Good Brake et al., 1979a, 1979b; 
Shi et al., 2012). However, the development of CO2 capture technology in the recent few 
decades allows the feasibility of accelerated carbonation curing. It was reported that the general 
energy requirement of steam curing is 2300KJ to cure one standard concrete block while that 
of accelerated carbonation curing is only 500KJ (Shi et al., 2012). The accelerated carbonation 
curing is expected to reduce the curing time as well as increase the strengh of concrete. The 
natural carbonation takes place for many years called weathering carbonation is considered as 
the factor deteriorates the strength of concrete due to the decalcification of CSH gel when 
reacting with atmospheric CO2. However, the acceleated carbonation allows CO2 intentionally 
injected to concrete at early ages of curing. Thus, CO2 could react with unhydrated cement 
phases and hydration products to produces CaCO3. The dense microstructure of CSH is 
produced and intermingled with CaCO3, resulting the improvement of strength (Goyal & 
Sharma, 2020). 

2.2 Technology of accelerated carbonation 

Two laboratory test methods can be used to accelerate the carbonation of soil samples. 
One is to inject CO2 gas at a predetermined concentration into a container or an incubator and 
then cure the soil specimens (Cai et al., 2015; Imai et al., 2020; Nabeshima, 2002; Nakarai & 
Yoshida, 2015; Nishi et al., 2004; Shoji et al., 2014; Trung et al., 2021). In this case, 
carbonation proceeds from the surface of the soil specimens. Moreover, because the test 
method is relatively simple, multiple specimens can be carbonated simultaneously. The other 
method is to inject CO2 gas from one end of a soil cylindrical specimen using a column test 
device or a triaxial test device, allowing CO2 gas to permeate through the specimen, thereby 
causing CO2 gas to flow out from the other end (Nishi et al., 2004; Umino et al., 2014; Yi et 
al., 2013a, 2013b). In this case, the carbonation of the entire specimen is accelerated. However, 
the second test method is more complicated than the first method, and the number of specimens 
that can be tested at one time is limited. In this study, the first method was adopted because pH 
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measurements had to be performed based on the JGS standard on many specimens to determine 
the relationship between the amount of CO2 captured in sludge and pH change. 

2.3 Factors effect accelerated carbonation 

The factors that accelerate carbonation can be inferred from the principle of accelerated 
carbonation reaction. A review by Pan et al. (2020) pointed out that the mechanism of 
accelerated carbonation occurred in four routes: (a) transportation-controlled mechanisms such 
as CO2 and Ca2+-ions diffusion to/from reaction sites; (b) boundary layer effects (diffusion 
across precipitate coatings on particles); (c) dissolution of Ca(OH)2 at the particle surface; (d) 
pore blockage; and (e) precipitate coating. The mechanism of carbonation reaction is illustrated 
in Fig 1.6. 

The particle size, surface area 

 

Figure 2.1.  Illustration of mechanism of accelerated carbonation reaction of alkaline solid 
waste (Pan et al., 2012) 

To start the reaction, Ca2+ ion must leach from the inside to the surface of particle to react 
with CO3

2- as presented in Fig. 1.6. According to previous studies, the rate of calcium leaching 
is inversely proportional to particle size and pH or increase with the increasing pressure and 
surface area (Chang, Chen, et al., 2011; Chang, Pan, et al., 2011; Costa et al., 2007; de Windt 
et al., 2011; Gerdemann et al., 2007; Iizuka et al., 2004; Lekakh et al., 2008; Tai et al., 2006). 
The same conclusion was also found from other studies. The average grain particle sizes around 
100~150mm is the optimum range for efficient carbonation of slag grinding (Costa, 2009). In 
addition, Eloneva et al. (2012) found the size 100 to 500mm was the optimal for kinetic of 
calcium leaching. In other words, the smaller particle size of the feedstock facilitates the 
accelerated carbonation. Iizuka et al. 2004 proposed a method to capture CO2 by using 
cementitious waste and pointed out that the calcium extraction was increased with pressure. 

Maroto-Valer et al. (2005) reported that reducing the particle size, which corresponds to 
an increase in surface area, is effective for carbonating magnesium-rich minerals such as 
olivine and serpentine. These previous reports suggested that appropriately preparing the L/S 
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ratio or the particle size of the alkaline construction sludge prior to accelerated carbonation can 
be important for the promotion of pH neutralization. The finer particle sizes of supplementary 
cementing materials provide higher specific surface area for reaction and accelerate the rate of 
carbonation (Monkman & Shao, 2010). 

The water content or liquid to solid ratio (L/S ratio) 

The influence of liquid to solid ratio on accelerated carbonation of municipal solid waste 
incineration fly ashes was studied by Li et al. (2007). It was found that the optimum L/S ratio 
was 0.3 by weight of ash at ambient temperature. Similarly, the L/S ratio of 0.2-0.3 for air 
pollution control residues (APC) and 0.3-0.4 for bottom ash (BA) residues was found by 
Fernández Bertos et al. (2004). As presented in Fig 1.7. The optimum L/S ratio for the 
carbonation of steelmaking slag is suggested from 10:1-20:1 (mL/g) by Chang, Chen, et al. 
(2011); Chang, Pan, et al. (2011). 

 

Figure 2.2. Relationship between water to solid ratio and the gain in weight upon carbonation 
(Fernández Bertos et al., 2004) 

Also, Goyal & Sharma. (2020) reported that water to binder ratio has a significant impact 
on CO2 sequestration capability of concrete, and because the carbonation requires an aqueous 
ambient to proceed the hydration reaction, a sufficient water is necessary. However, too much 
water in the pores can block the passage of CO2 gas. 

CO2 concentration 

Imai et al. (2020) conducted a series of experiment to investigate the effect of CO2 
concentration in the incubator on accelerating the carbonation of alkaline construction sludge 
and found that the pH neutralization rate increased with the increase in CO2 concentration but 
up to 10%. The authors found that there was no significant improvement of pH neutralization 
rate by increasing the CO2 concentration from 10% to 20%.  

Eloneva et al. (2008) conducted a series of experimental test to investigate the effect of 
carbon dioxide concentration on the pH stabilization. Flue gas (i.e., a mix of CO2 and N2) and 
pure carbon dioxide were used to neutralize pH to a stabilization. The authors found that the 
CO2 concentration affect the pH neutralization time with the curing period of the pure CO2 gas 
and the mixed gas contained 10% of CO2 are 24 min and 71 min, respectively. 
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2.4 Accelerated carbonation of alkaline construction sludge 

 
Figure 2.3. Schematic illustration of treatment and recycle of construction sludge (Imai et al., 
2020) 

Even though research on accelerated carbonation has been widely implemented and 
promoted, especially to capture CO2 by using mineral feedstock, the application of treating the 
pH of alkaline construction sludge has not been paid attention to enough so far. Construction 
sludge frequently has high alkalinity after its generation or during the intermediate treatment 
process. When alkaline sludge is reused as a construction material in earth works, it is necessary 
to adopt measures to reduce its impact on the environment (Kamon et al., 2003). To solve the 
alkalinity problem, the authors proposed a method to accelerate the neutralization of the pH of 
alkaline sludge by curing it under a high carbon dioxide concentration in an underground pit, 
as shown in Fig. 2.4. By exposing alkaline sludge to concentrated CO2 gas, the cement hydrates 
comprising the sludge, such as calcium hydroxide (Ca(OH)2) and calcium–silicate–hydrate (C–
S–H), form calcium carbonate (CaCO3). The generation of CaCO3 is expected to reduce the 
pH of the sludge. The chemical reactions are expressed as follows: 

Ca(OH)2 + CO2 → CaCO3 + H2O                 [2.3] 

(CaO)x(SiO2)(H2O)y + xCO2 → xCaCO3 + (SiO2)(H2O)t + (y-t) H2O           [2.4] 

Previous laboratory experiments have shown that accelerating the pH neutralization of 
alkaline sludge can be successfully achieved by exposure to CO2 gas (Imai et al., 2020). The 
author conducted a series of experiment and found that pH almost constant under sealed curing 
conditions and could be slowly neutralized under air curing conditions as shown in Fig 2.5. To 
investigate effect of accelerated carbonation on pH neutralization, the authors attempted to 
simulate alkaline construction sludge having pH≈11 by mixing Ao clay with blast furnace 
cement type B. After the material preparation, sludges with different water contents was placed 
in cup with the height of 20 mm and placed into a CO2 incubator for curing. Indeed, the 
accelerated carbonation significantly shortened the pH neutralization period of alkaline 
construction sludge. The results indicated the initial water content of the sludge and CO2 
concentration degree are the factors that could accelerate carbonation of alkaline construction 
sludge as shown in Fig 2.6. 

It could be seen that a higher CO2 concentration yields a higher neutralization rate. 
However, there is a limit beyond which increases in the CO2 concentration will not accelerate 
the neutralization rate any further as mentioned previously, suggesting that the excessive use 
of CO2 concentrations to produce neutralized sludge could be uneconomical. The results also 
indicated that the use of higher CO2 concentrations to further promote the neutralization of 
alkaline waste is limited.  
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Figure 2.4. Schematic of accelerated carbonation scheme to neutralize construction alkaline 
sludge 

Therefore, these findings suggest that other effective methods, in addition to CO2 
concentration control, should be explored to enhance the pH neutralization of construction 
sludge under accelerated carbonation. 

 

 

Figure 2.5. pH neutralization of alkaline construction sludge under sealed curing and air 
curing conditions (Imai et al., 2020) 

   
Figure 2.6. pH neutralization of alkaline construction sludge by accelerated carbonation 
(Imai et al., 2020) 
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2.5 Previous research on strength development of carbonate alkaline construction sludge 

The application of accelerated carbonation on strengthen the precast concreate at early 
ages of curing has been widely studied. However, very few studies focus on the strength 
development of carbonate cement-treated soil. Most of the previous studies in the field of 
geotechnical engineering have used accelerated carbonation technology to improve the strength 
of stabilized soil (Cai et al., 2015; Nakarai & Yoshida, 2015; Yi et al., 2013a). Nakarai et al. 
(2015) investigated the effect of carbonation of cement-treated Toyoura silica sand on the 
strength development under sealed curing, ambient curing and accelerated carbonation. The 
authors found the strength development was affected by the carbonation. Strength of specimens 
undergone the sealed curing for 28 days was almost constant whereas an increase of strength 
under natural curing (CO2≈0.03%) and accelerated carbonation (CO2=5%)  was observed. Note 
that the specimens were sealed for 6 days before curing under natural conditions or accelerated 
carbonation. The increase in strength of CO2 curing specimens was more significant compared 
to that of natural curing at the early ages of curing whereas natural curing specimens showed a 
higher strength after long period of curing. Not only strength, the elastic modulus of sealed 
curing specimens was also constant even after more than 1 year. The elastic modulus of natural 
curing specimens was also constant but that of CO2 treated samples were significantly 
increased. 

 
(a) 

 
(b) 

Figure 2.7. Change in (a) strength, and (b) elastic modulus of cement-treated Toyoura silica 
under natural, accelerated carbonation, and sealed curing conditions (Nakarai & Yoshida, 
2015) 

Another research related to strength development of cement-stabilized soils was carried 
out by Nishi et al. (2004). In this research, the authors investigated the effect of accelerated 
carbonation on strength development by conducting unconfined compression test, and pH of 
construction waste sludges treated by cement. After the preparation, cement treated sludge was 
cured under sealed curing for 7 days or 28 days prior to accelerated carbonation. The results 
showed that the unconfined compressive strength of CO2 treated sludge undergone 7 days of 
sealed curing was significantly decreased to a certain value then gradually increased whereas 
that of 28 days sealed curing specimens decreased without a rebound.  
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Figure 2.8. Strength development of cement stabilized soils under CO2 curing conditions 
(Nishi et al., 2004)

2.6 The water absorption and retention performance, porosity, and micro-structure of 
PSAS

As mentioned above, PS ash-based stabilizer (PSAS) is the by-product generated from 
the production of paper after insolubilizing heavy metals in the original PS ash. Phan. (2021)
reported that the water absorption performance of PSAS is not different from original PS ash. 
As shown in Fig. 2.9, owning the surface morphology of porous structures with many complex 
irregularities and voids, PSAS can absorb and retain excess water in soft soil.

(a) Scanning electron microscope image of 
PSAS

(b) Water absorption by a PSAS particle

Figure 2.9. Ability to absorb water of PSAS: (a) Scanning electron microscope image of 
PSAS, and (b) Schematic image of water absorption by PSAS treated sludge (Dong et al., 
2011).

It has been found that PSAS can instantly improve the stability of mud and sludge when 
PSAS is mixed with them. Fig. 2.10(a) shows the appearance of the treated clay just after the 
PSAS was mixed to the Ao clay (initial water content wi = wL) with the different APS and the 
corresponding total water content of the mixture, w’. Compare with the appearance of Ao clay 
mixtures at the same w’ shown in Fig. 2.16(b), the treated clay showed much lower fluidity 
than that of Ao clay. This indicates that the PSAS instantly absorbed clay-water after being 
mixed and thus reduced the amount of water in voids, resulting in low fluidity of the treated 
clay.
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Figure 2.10. Appearance of (a) treated clay just after mixing Ao clay with PSAS (Kawai et al., 
2018), and (b) Ao clay at corresponding total water content, w’.
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CHAPTER 3 

EFFECT OF PSAS ON PH NEUTRALIZATION AND PH 
REBOUND 
 

PSAS having porous microstructure (Phan et al., 2021) and hence, is expected to produce 
porosity of PSAS treated sludge by mixing with construction sludge. The porosity of treated 
sludge is expected to facilitate the penetration of CO2 gas and accelerate the pH neutralization. 
PSAS also has water absorption and retention performance which implies that it could adjust 
the water content of the construction sludge to an appropriate value that facilitate the 
accelerated carbonation. In addition, due to the water reduction, PSAS treated sludge change 
its state from liquid to solid or semi-solid. Thus, the PSAS treated sludge was easily granulated 
under the mixing process by using a top-bench mixer. The granulation decreases the particle 
size of treated-PSAS sludge which means increases the surface area that also facilitate the 
accelerated carbonation. 

3.1 Material introduction, sludge preparation 

a. Material 

To prepare the construction sludge, Ao clay and Kasaoka clay was used. Ao clay (wL = 
40.7%, wp = 23.7%, s = 2.716 g/cm3, and pH = 7.0) is categorized as CL (clay (low liquid 
limit)) whereas Kasaoka clay (liquid limit: wL = 60.4%, wP = 26.0%, s = 2.680 g/cm3, pH = 
9.1) was categorized as CH (clay (high liquid limit)) based on the Unified Soil Classification 
System. 

The alkaline construction sludge was simulated by mixing Ao clay or Kasaoka clay with 
blast furnace cement type B (BFCB), which are commercially available in Japan. BFCB 
satisfies the current Japanese industrial standards. BFCB (s = 3.04 g/cm3 and pH = 12.3) is a 
mixture of ground granulated blast furnace slag (BFS) and Portland cement with the amount of 
BFS ranging from 30% to 60%, as specified in JIS R 5211. BFCB was selected because the pH 
of this sludge changes more slowly with changes in the amount than quicklime or ordinary 
Portland cement, making it easier to adjust the pH of the sludge specimens to a target value as 
shown in Fig 3.1. As a previous study demonstrated that the dominant pH value of actual 
construction sludge at treatment facilities is approximately 11 (Imai et al., 2020), sludge having 
a pH of approximately 11 was targeted in this experiment. 

A paper sludge ash based-stabilzer (PSAS) commercially available in Japan was used to 
treat a portion of the alkaline sludge specimens. The s of the PSAS was 2.603 g/cm3, the pH 
was 11.7, and the PSAS was classified as non-plastic (NP). Immediately after each alkaline 
sludge specimen was prepared, the PSAS was added to it, followed by mixing to obtain a PSAS  
treated sample. In this study, the addition ratio APS of the PSAS to the Ao clay was defined as 
the dry weight ratio. The chemical compositions and the particle size distribution of Ao clay, 
Kasaoka clay, BFCB, and PSAS are shown in Table 3.1 and Figure 3.2.  
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Figure 3.1. Relationship between ratio of added BFCB to clay and pH of sludge 

 

Table 3.1. Chemical components of materials  
a) Ao clay: 

SiO2         Fe2O4 Al2O3        K2O          CaO TiO2 MgO P2O5         MnO   others 
56.96 15.41 15.27 4.41 2.83 1.54 2.36 0.54 0.31 0.55 

 

b) Kasaoka clay  
SiO2         Fe2O3 Al2O3        K2O          CaO TiO2 MgO MnO   others 
69.07 5.46 20.22 2.75 0.91 0.63 0.81 0.03 0.12 

 

c) BFCB 
CaO SiO2         Al2O3            SO3            Fe2O4           MgO TiO2           MnO P2O5           others 
65.57 19.07 5.26 3.98 2.91 1.98 0.60 0.17 0.23 0.23 

 
d) PSAS 

CaO SiO2          Al2O3            SO3         Fe2O4            MgO TiO2            ZnO P2O5         others 
63.89 13.55 6.89 6.06 3.27 1.31 3 0.23 0.95 0.85 
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Figure 3.2. Particle size distribution of Ao clay, Kasaoka clay, PSAS, and BFCB 

b. The preparation of alkaline construction sludge 

To investigate the effect of PSAS on accelerating carbonation of alkaline construction 
sludge, different amounts of APS were tested on different alkaline sludge specimens, as 
summarized in Table 3.2. Thus, 11 types of each PSAS-treated Ao clay sludge and PSAS -
treated Kasaoka clay sludge (APS > 0%), having a pH of 11.2 to 12.0, were obtained. Figure 3.3 
shows the appearance of some of the sludge samples: alkaline sludge (APS = 0%) and PSAS-
treated sludge (APS = 15, 50% under the w = 0.5wL condition, and APS = 20, 50% under the w = 
1.0wL condition) prepared by Ao clay. 

First, the initial water content, wi of Ao clay or Kasaoka clay was adjusted to 0.5wL or 
1.0wL  by adding an appropriate amount of distilled water and stirring for 3 mins by using a 
bench-top mixer. Subsequently, BFCB was added to clay at a 3% dry mass ratio and mixed 
thoroughly to obtain alkaline sludges with pH values of 11.2 to 12.0. The prescribed amounts 
of PSASs were added to the sludge and mixed thoroughly. PSAS exists as dry form and is 
stored under dry conditions due to its hydration when exposed to water or even atmospheric 
conditions. The PSAS addition ratio APS was defined as the dry mass ratio of the PSAS to clay. 
Various APS values ranging from 0% to 70% were attained. It is noteworthy that at this point, 
the sludges except those with wi = 1.0wL and APS = 0%, 10%, or 20% for Kaosaoka clay sludge, 
or with wi = 1.0wL and APS = 0%, 5% for Ao clay sludge were granular. This because small 
amount of PSAS produces the low ability of water absorption and retention performance. 
Consequently, the water reduction is not enough to cause the solid or semi-solid state of PSAS 
treated sludge, and hence sludge could not be granulated.  

Finally, sludge samples were cured under sealed conditions for 7 days. Figure 3.4 shows 
the particle size distributions (PSDs) of the alkaline sludge and PSAS-treated sludge prepared 
from Ao clay, except for those with w = 1.0wL and APS = 0% and 5%. The PSDs were obtained 
using sieve analyses, in which each sludge specimen was air dried for 24 h and then sieved for 
10 min using an electromagnetic sieve shaker machine with sieves ranging from 19 mm to 75 
m and a sieving amplitude of 1.5 mm. In the wi = 1.0wL and APS = 0% and 5% samples, the 
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sludge did not granulate after mixing; therefore, the PSDs could not be obtained. The PSDs of 
the Ao clay and the PSAS are also shown in Fig. 3.2. It was found that in the wi = 1.0wL cases, 
the particle size tended to decrease as the APS increased for both types of clay. The PSDs of 
Kasaoka clay sludge are expressed in Figure 3.5. Similarly to Ao clay, Kasaoka clay sludge 
with low APS (i.e., 0, 10, 20%) were not granulated so that their PSDs are not shown. Note that 
the liquid limit of Ao clay and Kasaoka clay, wL are 40.7% and 60.4%, respectively so that the 
needed APS for the granulation of sludges are also different. 

 
Alkaline sludge (APS = 0%) 

 

 
PSAS treated sludge (APS = 15%) 

 

 
PSAS treated sludge (APS = 50%) 

 
Alkaline sludge (APS = 0%) 

 

 
PSAS treated sludge (APS = 20%) 

 

 
PSAS treated sludge (APS = 50%) 

a) Ao clay under wi = 0.5wL condition b) Ao clay under wi = 1.0wL condition 

Figure 3.3. Examples of alkaline sludge and PSAS treated sludge prepared using Ao clay 

The change in particle size was primarily attributed to the water absorption and retention 
performance of the PSAS. By absorbing and retaining water, the PSAS induced a semi-solid 
or solid sludge with an increase in the APS. Then, under mixing conditions, the sludge was 
granulated, and the particle size decreased with increases in the APS. However, when the APS 
increased above a certain level, the sludge could not absorb or retain additional water, and 
further changes in the particle size were minimal. In contrast, little change was observed in the 
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PSDs with increases in the APS for sludge with a low initial water content (wi=0.5 wL). This is 
because the sludge was already initially in a semi-solid state, the amount of free water that the 
PSAS could absorb and retain was limited even if the APS increased.   

Table 3.2. Mixture conditions for preparation of alkaline sludge and addition ratios of PSAS 
used in treatment experiments  

Clayey type Initial water content 
of clay, wi (%) 

Addition ratio of 
BFCB, Acement (%) 

Addition ratio of PSAS,  
APS (%) 

Ao clay 
0.5wL 

3.0 

0, 5, 15, 30, 50 

1.0wL 0, 5, 10, 15, 20, 30, 50, 70 

Kasaoka clay 
0.5wL 0, 10, 20, 30, 40 

1.0wL 0, 10, 20, 30, 40, 50, 60, 70 
 

 
(a) wi = 0.5wL 

 
(b) wi = 1.0wL 

Figure 3.4. Particle size distributions of alkaline sludge (APS = 0%) and PSAS-treated sludge 
(APS > 0%) prepared from Ao clay 

 
(a) wi = 0.5wL 

 
(b) wi = 1.0wL 

Figure 3.5. Particle size distributions of alkaline sludge (APS = 0%) and PSAS-treated sludge 
(APS > 0%) prepared from Kasaoka clay 
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3.2 Experimental procedure, accelerated carbonation of alkaline sludge and PSAS 
treated sludge 

 

Preparation of alkaline sludge
and PSAS treated sludge

Sealed curing
(7 days)

pH measurement

Accelerated carbonation
by CO2 incubator

pH measurement

Sieve analysis

 

Figure 3.6. Test procedure flow chart 

The effect of PSAS on pH treatment of alkaline construction sludge was investigated by 
conducting accelerated carbonation using CO2 incubator. As presented in Fig 3.6, after the 
preparation, alkaline sludge and PSAS treated sludge were stored in plastic bags for curing 
under sealed curing conditions. The purpose of curing samples in sealed conditions is to attain 
the stable pH of sludge. The particle size distribution as shown in Fig 3.4 and 3.5 was 
determined by the sieve analysis conducted after sealed curing for granulated sludge. 

In parallel with that, another part of sludge samples was carefully placed into plastic cups 
from a zero height until a 30-mm-thick layer was formed. Each type of sludge that did not 
granulate was first added until it filled a cup and was subsequently statically compressed into 
a 30-mm-thick flat layer. The purpose of this procedure in the experiment was to simulate the 
in-situ treatment of actual alkaline construction sludge. As shown in Fig 2.4, in-situ alkaline 
construction sludge is poured into an underground pit without compaction. The alkaline sludge 
falls freely into the pit, and then CO2 gas is injected from the bottom and flows to the top of 
the pit. Strictly speaking, the density of the sludge varies from the top to the bottom, depending 
on the height. However, this experiment attempted to simulate the actual sludge in its loose 
state, laid on upper layers that are closed to the surface. To reflect this, sludge samples were 
prepared in cups, paying attention to the preparation procedure in order to mimic their authentic 
in-situ state. Figure 3.7 shows the relationship between degree of saturation, Sr and dry density, 
d for each sludge sample prepared in a cup. The dry density was measured by determining the 
volume under wet condition and the mass of soil particles of sludges in the plastic cups prior 
to the accelerated carbonation. Sr and d tend to decrease with increasing APS. This is related to 
the water absorption and retention performance of the PSAS and the light-weight 
characteristics of the porous PSAS particles. 
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To accelerate the neutralization of the pH, accelerated carbonation of the untreated and 
the treated alkaline sludge specimens was conducted using a CO2 incubator, in which the CO2

concentration and temperature were controlled at 10% and 25C, respectively as present in Fig 
3.8. In practice, alkaline construction sludge having high water content is placed in an 
underground pit for injecting CO2 gas as presented in Fig 2.4. Hence, the particles located 
deeply inside the soil mass are under high humidity conditions. Therefore, the humidity inside 
the incubator was setup around or higher than 90% to simulate the real conditions of the in-situ 
sludges placed in the underground pit where the humidity is high. After an arbitrary CO2 curing 
periods, samples were taken out of the incubator for pH measurement. Note that the pH 
measurement was conducted before and after accelerated carbonation process to evaluate the 
decrease in pH as well as the pH neutralization rate.

(a) Sludge samples prepared from Ao clay (b) Sludge samples prepared from Kasaoka 
clay

Figure 3.7. Relationship between degree of saturation and dry density of each sludge 
specimen prepared in a cup

(a) (b)
Figure 3.8. Schematic of accelerated carbonation by CO2 incubator: a) CO2 incubator 
supplied by CO2 storage tank, b) sludge in plastic cup with the thickness of 3 cm
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Table 3.3. Accelerated carbonation conditions 

CO2 concentration (%) Temperature (°C) Humidity (%) 

10 25 90 or higher 

3.3 Effect of PSAS on pH neutralization rate 

Figures 3.9 and 3.10 show the change in the pH of each sludge specimen with respect to 
the curing time for the w = 0.5wL and w = 1.0wL cases, respectively. It was found that the pH 
values of all the sludge types decreased as the curing time increased. However, a longer curing 
time was required to neutralize the PSAS untreated sludge than the treated sludge. In this study, 
neutralization was considered complete when the pH reached 8.6 as shown in Fig 3.11, which 
is the standard value stipulated by the Prevention of Water Pollution Act in Japan. It should be 
noted that, as shown in Fig 3.9a and 3.9b, the accelerated carbonation tests for Ao clay sludge 
were performed twice on the alkaline sludge for the w =0.5wL case when APS = 0%. This was 
because in the first trial, the pH did not drop below 8.6, and all specimens were consumed 
before the maximum time limit was reached. Therefore, in the second trial, the accelerated 
carbonation test was conducted using a larger number of specimens. As shown in the figure, 
the behaviors observed in the first and second trials were similar, which confirmed the 
reproducibility of the experiment, indicating that the tN value could be evaluated from the 
results of the second trial. It could be seen that the pH of most of granulated sludge fell quickly 
under CO2 curing whereas that of the ungranulated cases could only rapidly decrease at the 
initial stage of pH neutralization. After falling closely to 8.6, pH of ungranulated sludge 
samples became stable and decreased very slowly.  

Table 3.4 summarizes the tN values of all the sludge specimens along with their physical 
properties, such as the mean particle density (D50), d, and Sr. The soil particle density of each 
sludge specimen and s were calculated from the particle densities of the Ao clay or Kasaoka 
clay, BFCB, and PSAS using the mixture ratio, and s was used to calculate the void ratio e of 
each sludge type. In Table 3.4, the tN of the 0.5wL, APS = 0% Ao clay alkaline sludge is 
considerably longer than the others. As mentioned above, this is because, as shown in Fig. 6(a), 
the pH became almost constant above a pH of 8.6 after having dropped sharply in the early 
stages. Similarly, tN of the Kasaoka clay sludge with APS=0% for both wi=1.0wL and 0.5wL 
could not be obtained after nearly 400 h cured under CO2 curing. It can be seen the difference 
in the ultimate pH of the alkaline sludge and PSAS treated sludge after accelerated carbonation. 
This probably because the chemical composition of PSAS has Sulfur Trioxide, SO3. Therefore, 
the reaction of SO3 with water to form Sulfuric acid (H2SO4) as presented in Eq (3.1) is 
considered the reason to further decrease the pH of PSAS treated sludge. 

SO3 + H2O → H2SO4                      [3.1] 

Figure 3.12 shows a plot of the tN for each sludge specimen versus APS. In both the w = 
0.5wL and 1.0wL cases, the addition of the PSAS significantly reduced the tN. Note that for the 
Kasaoka clay sludge, tN of the APS=0% sludge could not be obtained. However, when APS was 
extremely high (for example, 50% or 70% in the wi = 1.0wL cases), the tN tended to be slightly 
longer. It could be clearly seen for the case of Ao clay sludge when tN of the APS= 50% or 70% 
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in the wi = 1.0wL samples were higher than that of the low APS (i.e., 20% or 30%). Sludge 
samples prepared from Kasaoka clay having a higher liquid limit, wL=60.4% (higher than that 
of Ao clay, wL=40.7%) also demonstrated the same behavior when tN of the high APS sludge 
samples slightly increase but not as significant as Ao clay sludge. Furthermore, the figure 
indicates that the tN values were different between the 1.0wL and 0.5wL cases having the same 
APS. This implies that tN is affected by water content, APS as well as clayey types. For Ao clay 
sludge, the 1.0wL cases required less time for the pH neutralization than the 0.5wL cases, except 
when APS=5% which is the ungranulated sludge. However, for the Kasaoka clay, tN of the 1.0wL 
sludges with APS = 10, 20, and 30% are more than that of 0.5wL sludge because these sludges 
were not granulated due to the higher wL of Kasaoka clay. To investigate the factors that caused 
the differences, the tN was assessed from the physical properties of sludge, d, Sr, and D50. Note 
that beyond a certain value of APS, the effect of increasing APS on reducing tN becomes 
insignificant. This is because beyond a certain value of APS, the addition of PSAS did not 
significantly reduce the particle size further. In addition, parallel with the reduction in the size 
of particles, the PSAS also produces a porous microstructure of the particles (which is 
mentioned in chapter 5) that influences accelerated carbonation. CO2 gas can react with the 
alkali not only at the surface of the particles but also inside the particles after penetrating 
through intra open voids. Therefore, effect of increase in PSAS on accelerated carbonation 
becomes equal. In fact, the increase in PSAS causes a slight increase in pH because PSAS is 
an alkaline material. 

For the CL clay (Ao clay), tN tends to decrease with the decrease of d and Sr. Figure 3.13 
shows the relationship between d and tN, while Figure 3.14 shows the relationship between Sr 
and tN for each sludge type. Note that the dry density prior to accelerated carbonation was 
measured by determining the volume and the mass of sludges in the plastic cups prior to the 
accelerated carbonation. Because sample was poured into plastic cup with a thickness of 3 cm 
therefore, the volume here was evaluated by the volume of water in the cup rising up to 3 cm. 
As shown in Fig 3.13(a), tN tended to decrease with a decreasing d for Ao clay sludge. This 
occurred because, with a decrease in d, fresh CO2 penetrates the specimens more easily. Thus, 
even as CO2 is consumed by the carbonation process, a predetermined CO2 concentration can 
be easily achieved in the sludge and can promote pH neutralization. However, from Fig 3.13, 
for the same d, the wi = 0.5wL specimens tend to require longer tN than the wi = 1.0wL 
specimens. The effect of d on tN of Kasaoka clay sludge was not siginificant because d did 
not change with change in APS as shown in Fig 3.13(b). Therefore, factors other than d appear 
to influence tN.  As shown in Fig 3.14, tN decreased with the decrease in Sr for both the 0.5wL 
and 1.0wL cases. Specifically, tN decreased significantly from 95 h to less than 7 h, when Sr 
decreased from 80.4% to 41.7% for wi=1.0wL. For wi=0.5wL, tN rapidly decreased, while Sr 
decreased from 28.0% to approximately 20%. However, further decreases in Sr did not strongly 
facilitate a reduction in tN. This implies that neutralization cannot be accelerated when the 
amount of water in the sludge falls below a certain level. For the experimental conditions, 
reducing the Sr of treated sludge to approximately 20% and 40% is suggested to optimally 
accelerate the pH neutralization for the 0.5wL and 1.0wL cases, respectively. 

Figure 3.15 shows the relationship between D50 and tN for each sludge specimen. Note 
that tN of ungranulated sludges (lumpy sludges) are presented by arrows because their D50 could 
not be obtained. As mentioned, the addition of the PSAS significantly granulated the alkaline 
sludge. Once granulated, the D50 of the PSAS treated sludge varied from approximately 0.5 
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mm to 6 mm, causing tN to rapidly decrease to less than 18 h. However, in evaluating the figure 
in detail, it is found that, when the D50 of the treated sludge is less than 0.5 mm, tN tends to 
increase with a decrease in D50. This occurs because, as the particle size decreases, the gas 
permeability coefficient also decreases, making it more difficult for CO2 to penetrate the 
specimen. As the D50 of the treated wi = 0.5wL specimens is less than that of the treated wi = 
1.0wL specimens, tN can be longer even if both d and Sr of the former are lower than those of 
the latter. On the other hand, it is noted in the figures that the tN of the sludge having D50 of 
5.0–6.0 mm was longer than that of the sludge with D50 of 1.0–3.5 mm, and tN tends to increase 
with the increase in D50. The same trend was also seen for Kasaoka clay sludge. This probably 
occurred because, when the particle size is large, a relatively long time is needed for the 
carbonation to progress from the surface of the particle to the inside of the particle. 

 
(a) Accelerated carbonation period 

t: 0–600 h of Ao clay sludge 

 
(b) Accelerated carbonation period, 

t: 0–50 h of Ao clay sludge 

 
(c) Accelereated carbonation period, 

t: 0–400h of Kasaoka clay sludge 

 
(d) Accelerated carbonation period, 

t: 0–50 h of Kasaoka clay sludge 
Figure 3.9.  Relationship between accelerated carbonation period in CO2 incubator and 

pH of each sludge specimen (wi = 0.5wL) 

The needed amount of PSAS in Ao clay sludge and Kasaoka clay sludge to attain the 
optimum tN are different. This is because the liquid limit, wL of Kasaoka clay is higher than 
that of Ao clay (wL,Kasoka clay=60.4% compared with wL,Ao clay=40.7%), Kasaoka clay is 
categorized CH clay (clay of high plasticity) and therefore the needed amount of PSAS, APS to 
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granulate the sludge prepared from Kasaoka clay at liquid limit state is higher. For instance, as 
shown in Figure 3.4(b) and 3.5(b), the Ao clay sludge was granulated with 10% amount of 
PSAS (APS=10%) to clay whereas, the APS=20% of Kasaoka clay sludge was not granulated. 
Therefore, to obtain the same mean of particle, D50, a larger amount of PSAS is required for 
Kasaoka clay. In addition, the pH neutralization rate is significantly affected by the particle 
size as shown in Figure 3.15. The low tN is obtained when D50 is around 1~6mm. Thus, the APS 
of Kasaoka clay sludge corresponding to the optimum tN is higher than that of the Ao clay 
sludge. 

  
(a) Accelerated carbonation period, 

t: 0–600 h of Ao clay sludge 

 
(b) Accelerated carbonation period, 

t: 0–50 h of Ao clay sludge 
 

 
(c) Accelerated carbonation period, 

t: 0-400 h of Kasaoka clay sludge 

 
(d) Accelerated carbonation period, 

 t: 0-50 h of Kasaoka clay sludge 
 

Figure 3.10.  Relationship between accelerated carbonation period in CO2 incubator and pH 
of each sludge specimen (wi = 1.0wL)  
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Table 3.4.  Physical properties of sludge specimens and accelerated carbonation periods 
required for pH to reach 8.6  

Clay 
type  

wi 
(%) 

APS 
(%) 

D50 
(mm) 

s 
(g/cm3) 

d 
(g/cm3) e Sr (%) tN (h) 

Ao clay 
sludge 

0.5wL 

0 0.90 2.72 0.95 1.86 28.0 489.6 
5 0.48 2.72 0.90 2.02 25.4 17.3 

15 0.44 2.71 0.82 2.31 20.1 9.4 
30 0.47 2.70 0.69 2.90 14.8 7.8 
50 0.45 2.68 0.74 2.64 17.6 9.3 

1.0wL 

0 --- 2.72 1.11 1.45 80.4 95.2 
5 --- 2.72 0.98 1.77 62.8 19.7 

10 5.0 2.71 0.76 2.55 41.7 5.6 
15 5.9 2.71 0.71 2.81 36.5 5.1 
20 3.3 2.70 0.79 2.43 40.9 3.0 
30 1.2 2.70 0.72 2.76 33.8 3.6 
50 0.80 2.68 0.72 2.72 29.1 6.1 
70 0.81 2.67 0.64 3.19 22.3 5.7 

Kasaoka 
clay 

sludge 

0.5wL 

0 5.05 2.69 0.78 2.45 29.1 --- 
10 2.60 2.68 0.89 2.01 32.5 4.9 
20 2.52 2.68 0.75 2.57 23.7 5.5 
30 2.13 2.67 0.66 3.05 18.2 6.6 
40 1.97 2.67 0.71 2.76 18.7 7.6 

1.0wL 

0 --- 2.69 0.83 2.24 68.7 --- 
10 --- 2.68 0.75 2.57 51.6 92.0 
20 --- 2.68 0.65 3.12 41.5 82.2 
30 6.91 2.67 0.64 3.17 36.6 19.2 
40 2.51 2.67 0.65 3.11 34.4 5.6 
50 1.55 2.66 0.74 2.59 39.8 5.7 
60 0.88 2.66 0.76 2.50 39.4 5.7 
70 0.85 2.65 0.71 2.73 34.0 6.2 

 

wi: Initial water content of Ao clay 

APS: Addition ratio of PSAS 

D50: Mean particle diameter  

s: Particle density 

d: Dry density 

e: Void ratio 

Sr: Degree of saturation 

tN: Accelerated carbonation period required for pH to reach 8.6 
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Figure 3.11. Definition of neutralization completion time tN

(a) Ao clay sludge (b) Kasaoka clay sludge

Figure 3.12. Relationship between APS and tN

(a) Ao clay sludge (b) Kasaoka clay sludge

Figure 3.13. Relationship between dry density and tN
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(a) Ao clay sludge 

 
(b) Kasaoka clay sludge 

Figure 3.14. Relationship between degree of saturation and tN 

 

 
(a) Ao clay sludge 

 
(b) Kasaoka clay sludge 

Figure 3.15. Relationship between mean particle diameter and tN 

3.4 pH rebound 

Accelerated carbonation shortened the pH neutralization period of alkaline constructions 
sludge. However, the stabilization of pH of treated sludge has not been investigated. To fully 
assess the effectiveness of accelerated carbonation in pH treatment, pH of sludge undergone 
CO2 curing was monitored for 28 days. The results showed that after accelerated carbonation, 
pH rebounded to a certain value and then gradually decreased. The stable pH values thereafter 
seem higher than the pH obtained right after the accelerated carbonation. The experimental 
procedure for the investigation of pH rebound is shown in Fig 3.16. 
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Figure 3.16.  Experimental flow chart of pH rebound investigation 

Fig 3.17 shows the pH level of sludge prepared from Ao clay under CO2 curing and air 
curing conditions. The pH level was dramatically decreased from more than 11.5 to around 8.6 
after 7 hours of CO2 curing. It could be explained that the OH--ions causing high alkalinity 
were dissolved by CO2 gas. With the same CO2 curing conditions and curing time, the pH of 
PSAS treated sludge was seen to be decreased more significantly than that of the alkaline 
sludge. This can be explained by the porous microstructure of PSAS treated sludge arising from 
its size particles that allows the penetration of CO2 gas. In contrast, the alkaline sludge which 
was not granulated prevents the approach of CO2 deeper into the particles. However, the results 
showed that the pH level of all samples rebounded but did not return to the original value. It 
reached a maximum value after being cured for almost 3 days under air conditions and then 
gradually decreased. This phenomenon probably arose from the residual hydration after CO2 
curing. The results also revealed that pH neutralization and pH rebound of alkaline sludge as 
well as PSAS treated sludge were not strongly affected by the period of sealed curing. 

 
(a) 

 
(b) 

Figure 3.17. pH rebound of simulated sludge after CO2 curing: (a) alkaline sludge, (b) 
PSAStreated sludge. 
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Figure 3.18 expresses the pH rebound of the 7 days sealed alkaline sludge and PSAS 
treated sludges prepared from Ao clay and Kasaoka clay, cured under different period of CO2 
curing time. The pH fell dramatically (from 11.54 to 7.56 and 11.55 to 8.19 in the case of PSAS 
treated sludge and alkaline sludge respectively) after 7 hours of CO2 curing but then continued 
slightly decrease (from 7.56 to 7.5 and 8.19 to 8.16 in the case of PSAS treated sludge and 
alkaline sludge respectively) during the rest of curing time up to 24 hours. 

At the end of 24 hours CO2 curing, pH of alkaline sludge could not be decreased to less 
than about 8 whereas that of PSAS treated sludge fell to 7.5. It can be seen that the pH at the 
end of the CO2 curing is the crucial factor influencing the following pH in long-term durability. 
Although affected by the pH rebound phenomenon, the upcoming pH of specimens having the 
pH less than about 8 at the end of the CO2 curing was maintained at the values less than 8.6 
several days after air curing to satisfy the requirement of Japanese Law. 

Although the effectiveness in reducing pH after 7 hours to 24 hours of CO2 curing was 
negligible, the results showed that a longer curing time shows a better effect in suppressing the 
pH rebound, and hence contributes to a low maintenance of pH thereafter. 

 
(a) Alkaline sludge prepared from Ao clay 

 
(b) PSAS treated sludge prepared from Ao 
clay 

 
(c) Alkaline sludge prepared from Kasaoka 
clay 

 
(d) PSAS treated sludge prepared from 
Kasaoka clay 

Figure 3.18. pH rebound of sludges after such periods of CO2 curing time 
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CHAPTER 4 

INTRODUCTION OF CRUMBLING PROCESS 
 

4.1 Effect of crumbling on pH neutralization rate 

 

Figure 4.1. The Relationship between tN and D50 of PSAS treated sludge prepared from Ao 
clay and Kasaoka clay 

From the preceding discussion, the pH neutralization period, tN tend to decrease with the 
decrease in D50 and the increase in APS under the same accelerated carbonation conditions, the 
duration required to complete the pH neutralization (tN) of PSAS treated sludge was 
significantly less than that of alkaline sludge. It was discovered that the addition of PSAS 
granulated the alkaline sludge, and once the Ao clay sludge and Kasaoka clay sludge were 
granulated with the D50 ranges from 1mm to 6 mm, tN of PSAS treated sludge was successfully 
shortented to less than 10 hours as shown in Fig 4.1. It should be noted that granulation of the 
treated sludge means that the sludge produced sand and gravel-like granules. Granulation was 
induced by the water absorption and retention performance of the PSAS, which reduced the 
plasticity of fines in the soil samples, according to Watanabe et al. (2021).  

However, it should minimize the additional ratio of PSAS because (1) in order to treat 
sludge economically, and (2) PSAS itself is an alkaline material so that the addition of PSAS 
may cause a negative impact on pH neutralization even D50 is reduced. As previous mentioned, 
samples with significant addition amounts of PSAS in relation to Ao clay (i.e., 50% or 70% 
dry weight ratio) required a longer duration to achieve pH neutralization than those with lower 
amounts of PSAS (for example, 20% or 30%). This trend was also obserbed for Kasaoka clay 
sludge when tN slightly increase with the increase in APS. In fact, various types of alkaline 
sludge exist, and it is expected that significant amounts of PSAS must be added to the sludge 
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to granulate it in certain cases. Hence, the crumbling of alkaline sludge treated with small 
amount of PSAS was proposed. Once granulated, the water evaporation was facilitated, and 
the stiffness of particles was enhanced due to the reduction of water content. Even there is 
possibility that the contribution of bonding strength was decreased by the crumbling, the 
experimental results revealed that strength of sludge was significantly improved. The 
crumbling followed by air curing decreases the particle size of treated sludge, produces a 
porosity and reduces the water content of treated sludge and is expected to treat alkaline sludge 
more effectively and economically. The proposed procedure of alkaline treatment of sludge 
with crumbling process is shown in Fig 4.2. Note that the granulation via crumbling differs 
from granulation generated immediately after the addition of PSAS. The granulation via 
crumbling takes the effects of change in properties of the sludge over time as a result of the 
hydration reaction of stabilizers into the granulation.

Figure 4.2. Proposal of production flow for pH neutralized recycled-soil

To comprehensively investigate the effectiveness of crumbling on pH neutralization rate, 
crumbling was applied for the sludge samples treated with and without PSAS. Alkaline sludges 
treated with low amounts of PSAS were cured for a certain time and then crumbled into sand 
and gravel-like granules to facilitate accelerated carbonation. Granulation via crumbling 
utilizes the change in the consistency of the sludge over time as a result of the hydration 
reactions of the stabilizers.

4.1.1 Sample preparation with or without crumbing

As presented in Fig 4.3, ungranulated sludges were prepared for both Ao clay and 
Kasaoka clay to investigate the effect of crumbling on accelerated carbonation. Similar to the 
preparation of sludge sample as mentioned previously, liquid limit of clay, wL was firstly 
achieved by thoroughly mixing distilled water with clay by using a bench-top mixer for 3 min. 
Then blast furnace cement type B was added and homogeneously stirred for 7 more minutes to 
form alkaline sludge. Finally, PSAS treated sludge was formed by adding paper sludge ash
based-stabilizer to the alkaline sludge with a different proportions as presented in Table 4.1. 
To keep the pH steady, sludge was cured under sealed curing for 7 days.
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After the sealed curing, ungranulated sludges were segregated into two portions, one of 
which was maintained in the ungranulated state, as shown in Fig 4.4(a), whereas the other was 
crumbled into sand and gravel-like granules using a bench-top mixer, as shown in Fig 4.4(b), 
and cured in air for 1 day. Granulation via crumbling is based on the change in the consistency 
of the sludge over time as a result of the hydration reaction of stabilizers (Hayano et al., 2016). 
The alkaline sludge transformed from liquid to plastic, and then to a semi-solid during the 
sealed curing. Based on this transformation, crumbling, which refers to re-stirring of the 
processed alkaline sludge, was performed to yield granules, as shown in Fig 4.4(b). 

The particle size distributions (PSDs) of the crumbled sludges, were examined via sieve 
analysis, followed by the measurement of water content. Sieve analyses are generally 
conducted on dry samples washed with water and oven-dried. However, the process of washing 
with water and oven drying might cause the granules, that is, the particles clustered by 
stabilizers, to become finer. Such a process does not occur when pH neutralization is performed 
by CO2 curing, as shown in Fig 2.4. Therefore, to maintain the particle size as close as possible 
to what is actually expected, sieve analyses were performed on the wet samples in their original 
states of water content. Particle size distribution of crumbled sludge is shown in Fig 4.5. 

Figure 4.6 shows the relationship between the degree of saturation Sr and the dry density 
d for each type of sludge prepared in a cup. In general, Sr and d decreased as the APS increased 
or the particle size decrease. This is associated with the lightweight characteristics of PSAS 
porous particles or with the crumbling effect. 

Preparation of Ao clay or Kasaoka clay
with initial water content, wi =  1.0wL

Addition of BFCB with Ac = 3%

Addition of PSAS to Ao clay with APS = 7, 15, 20%
and to Kasaoka clay with APS = 0, 10, 20%

Water content measurement (wmud)

Sealed curing
for 7 days

Accelerated carbonation

Crumbling

Sealed curing
for 7 days

Air curing
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Sieve analysis

 

Figure 4.3. Experimental flow chart 
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Table 4.1. Mixture conditions for preparation of crumbling sludge 

Clay type Initial water content 
of clay, wi (%) 

Addition ratio of 
blast furnace 

cement type B 
(BFCB), Ac (%) 

Addition ratio of paper 
sludge ash-based stabilizer 

(PSAS), APS (%) 

Kasaoka clay 
1.0wL 3 

0, 10, 20 

Ao clay 7, 15, 20 

 

 

 
(a)  

 
(b)  

Figure 4.4. Sludges with or without crumbling (wi = 1.0wL and APS = 0%): (a) Uncrumbled 
sludge; (b) crumbled sludge 

 

 
(a) Ao clay sludge 

 
(b) Kasaoka clay sludge 

Figure 4.5. Particle size distribution of crumbled and uncrumbled sludges 
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Figure 4.6. Relationship between dry density, d and degree of saturation, Sr

4.1.2 Change in pH neutralization period associated with crumbling

Accelerated carbonation

After preparation, accelerated carbonation was conducted for all types of sludge.
Granulated sludges were softly placed to plastic cups with a diameter of 82 mm and filled up 
to the height of 3 cm from the bottom of the cup. The uncrumbled sludges were placed in cups 
and statically compressed manually to form a 30 mm-thick flat layer. These preparation 
procedures were performed to simulate the in situ treatment of actual alkaline construction 
sludge. As shown in Fig 2.4, the in situ alkaline construction sludge was poured into an 
underground pit without compaction. The alkaline sludge dropped unrestrictedly into the pit. 
Subsequently, CO2 gas was injected from the bottom and flowed to the top of the pit. To reflect 
this, the sludges were prepared in cups, and the adopted preparation procedures mimicked the 
authentic in situ states.

The sludges prepared in the cups were used as the specimens for accelerated carbonation. 
Approximately 5 to 10 specimens of each sludge type were placed in a CO2 incubator. 
Subsequently, accelerated carbonation was conducted while maintaining the CO2 concentration 
and temperature at 10% and 25 °C, respectively. A CO2 concentration of 10% was adopted in 
accordance with the results of Imai et al. (2020). 

Consequently, the pH of the specimens removed from the incubator sequentially during 
an arbitrary elapsed curing period was measured based on the Japanese Geotechnical Society 
Standards (JGS 0211). After placing each specimen in a beaker, water was added at an amount 
equivalent to five times the dry mass of the specimen. The solution was then suspended using 
a stirring rod and left for 30 min before the pH was measured by a portable pH meter.
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(a) Ao clay sludge  

(b) Kasaoka clay sludge 
Figure 4.7. pH neutralization of crumbled and uncrumbled sludges 

Figure 4.7 shows the pH of the sludge specimens with respect to the accelerated 
carbonation period in a CO2 incubator. The pH of all types of sludge decreased with time. 
However, the pH of the APS=0% sludge (ungranulated sludge) remained high, even after a 
certain curing time for the Kasaoka clay sludge samples. In addition, the crumbling effectively 
influenced pH neutralization rate but for the PSAS treated sludge (APS=10, 20%). It is 
noteworthy that the ultimate pH of APS=0% sludge samples after being treated by CO2 curing 
could not be fallen to 8.6 even after being crumbled and tN could not be obtained. Crumbling 
only accelerated the carbonation at early stage of curing and did not affect the ultimately treated 
pH of PSAS treated sludge. 

Similar to Kasaoka clay sludge, ungranulated Ao clay sludge samples (i.e., the APS=7% 
sludge) undergone the crumbling process significantly accelerate the pH neutralization rate. 
However, the same procedures applied for the granulated sludge samples (i.e., the APS=15 and 
20%) did not effectively enhance the rate of pH neutralization. This is probably because 
crumbling did not remarkably adjust the particle size of the granulated sludge as presented in 
Fig 4.5b. 

It could be seen that both APS and particle size affect the pH neutrazliation rate. As 
previously discussed in Fig 3.12, it was discovered that the tN of the PSAS treated sludges with 
wi = 0.5wL (the uncrumbled sludge) was less than 10 h for Kasaoka clay sludge or from 10 h 
to 20 h for Ao clay sludge, and that the tN among the sludges did not differ significantly 
compared to that of alkaline sludge. A slight increase of tN along with the increase of PSAS 
can be seen. This is because the sludges with wi=0.5wL are granulated and have no significant 
difference in particle size. When the effect of particle size on pH neutralization is the same, the 
amount of PSAS contributes the difference in pH neutralization due to the alkalinity of PSAS. 
Meanwhile, for the uncrumbled sludges with wi = 1.0wL, tN decreased significantly as APS 
increased as shown in Fig 4.8. For the uncrumbled sludges with APS = 10% and 20%, their tN 
was approximately 100 h, whereas those with APS ≥ 40% was only a few hours This is due to 
the granulation and the increase in surface area caused by a certain amount of PSAS. However, 
it was discovered that crumbling significantly accelerated the carbonation of sludges with low 
APS values. As shown in the figure, for the same APS, the tN of the crumbled sludges was 
considerably less than that of the uncrumbled sludges. 
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Table 4.2 and 4.3 summarizes the tN obtained after accelerated carbonation. The soil 
particle density s of each sludge was calculated based on the particle densities of the clay, 
BFCB, and PSAS using the mixture ratio. It is noteworthy that the tN of the Kasaoka sludges 
untreated by PSAS could not be obtained because the pH did not reach 8.6, as shown in Fig. 
4.7.  

 

 

 

Figure 4.8. Relationship between APS and tN 
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Table 4.2. Physical properties of Kasaoka clay sludges and accelerated carbonation periods 
required to attain pH 8.6  

Samples with or 
without crumbling wi (%) APS 

(%) 
s 

(g/cm3) 
D50 

(mm) 
 wmud 
(%) 

d 
(g/cm3) 

Sr 
(%) 

tN 
(h) 

Uncrumbled sludges 

1.0wL 

0 2.69 n/a 56.8 0.83 68.7 n/a 
10 2.68 n/a 49.8 0.75 51.6 92.0 
20 2.68 n/a 46.1 0.65 41.5 82.2 
30 2.67 6.91 43.1 0.64 36.6 19.2 
40 2.67 2.51 39.7 0.65 34.4 5.6 
50 2.66 1.55 39.1 0.74 39.8 5.7 
60 2.66 0.88 37.1 0.76 39.4 5.7 
70 2.65 0.85 35.2 0.71 34.0 6.2 

Crumbled sludges  0 2.69 4.18 53.3 0.60 43.5 n/a 
10 2.68 3.79 45.5 0.63 42.3 7.0 
20 2.68 3.70 41.7 0.67 41.2 4.2 

 

Table 4.3. Physical properties of Ao clay sludges and accelerated carbonation periods 
required to attain pH 8.6  

Samples with or 
without crumbling wi (%) APS 

(%) 
s 

(g/cm3) 
D50 

(mm) 
 wmud 
(%) 

d 
(g/cm3) 

Sr 
(%) 

tN 
(h) 

Uncrumbled sludges 

1.0wL 

7 2.72 n/a 38.3 1.08 68.5 21.3 
15 2.71 6.07 37.9 0.71 36.5 5.6 
20 2.70 3.57 36.7 0.79 40.9 5.1 

Crumbled sludges  7 2.72 4.96 38.1 0.75 39.3 2.63 
15 2.71 1.94 37.5 0.73 37.4 3.14 
20 2.70 1.31 36.8 0.72 36.2 3.06 

 

4.2 Effect of particle size on tN 

As mentioned in the previous section, crumbling sludge prior to exposing them to CO2 
gas could shorten tN of the sludges that had not been granulated by adding PSAS. The 
characteristic feature of crumbling was the reduction in the particle size of the sludges. 
Therefore, the particle size may affect the tN. The relationships between tN and the mean particle 
diameter D50 of each type of sludge are summarized in Fig 4.9 based on Table 4.2 and 4.3. It 
could be seen that tN is relatively small and approximately constant with D50 of granulated 
sludges, which implies that that the pH neutralization rate is mainly affected by particle size. 
A certain value of D50 (i.e., around or less than 4 mm) is necessary to facilitate the accelerated 
carbonation. For the uncrumbled sludge prepared from Kasaoka clay with wi = 1.0wL and APS 
= 10% and 20%, and from Ao clay sludge with APS=7%, the D50 was set to ˃ 10 mm because 
the particle size could not be obtained via sieve analysis owing to the lumpiness of the sludge 
(see Fig. 4.4 a)). As shown in the Fig 4.9, a short tN is realizable when the particle size is 
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reduced to a certain extent. However, particle sizes other than D50, as well as the water content 
and density of the sludge may affect tN. Therefore, the effect of particle size on tN was 
investigated by conducting accelerated carbonation on sludges with narrow particle size ranges. 

 

 

Figure 4.9. Relationship between tN and D50 
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with PSAS compared to Ao clay. First, sludges were prepared by adding BFCB with Ac = 3% 
to the Kasaoka clay with different water contents, followed by PSAS treatment with APS=10% 
and 40% as shown in Table 4.3. The APS=40% sludge was choosen because this is the 
proportion of PSAS that granulate alkaline sludge and produce the optimum tN. Moreover, the 
APS=10% sludge having low amount of PSAS is not granulated and difficult to neutralize its 
pH. However, after crumbling its pH neutralization rate was effectively enhanced making its 
tN nearly equal to that of APS=40% sludge. After several trials, Kasaoka clays with wi = 0.78, 
1.0, and 1.26wL were prepared for PSAS addition with APS = 40%, whereas Kasaoka clays with 
wi = 0.62, 0.8, and 1.0wL were prepared for that with APS = 10%. The abovementioned wi values 
were selected such that the water content of the treated sludges was approximately 30%, 40%, 
and 50% for each APS. After mixing, all sludges were cured under sealed conditions for 7 days. 

After curing, the water content and wmud of each PSAS-treated sludge were measured, as 
shown in Fig 4.10. Subsequently, each type of sludge with APS = 40% and 10% (wi = 0.62wL) 
was sieved to be separated into three different particle size ranges, i.e., 0.85 mm ≤ D < 2.0 mm, 
2.0 mm ≤ D < 4.75 mm, and 4.75 mm ≤ D < 9.5 mm. Sludges with a particle size D ˂ 0.85 mm 
or D ˃ 9.5 mm were removed. Sludges with APS = 10% (wi = 0.8 and 1.0wL) were crumbled 
before they were sieved to separate the particles in the same manner as that for the APS = 40% 
sludge. 

Table 4.4. Preparation condition for particle-size-adjusted sludges and physical properties 
obtained from accelerated carbonation  

Sludges with or 
without crumbling wi (%) Ac 

(%) 
APS 
(%) D (mm) wmud 

(%) 
d 

(g/cm3) 
Sr 

(%) 
tN 
(h) 

Uncrumbled 
sludges 

0.78wL 

3 

40 

0.85 ≤ D < 2.0 
30.8 0.69 28.9 

4.6 
2.0 ≤ D < 4.75 4.6 
4.75 ≤ D < 9.5   4.6 

1.0wL 
0.85 ≤ D < 2.0 

39.7 0.65 34.1 
 

3.2 
2.0 ≤ D < 4.75 4.7 
4.75 ≤ D < 9.5   9.1 

1.26wL 
0.85 ≤ D < 2.0 

49.9 0.60 39.1 
2.4 

2.0 ≤ D < 4.75 4.7 
4.75 ≤ D < 9.5   9.0 

0.62wL 

10 

0.85 ≤ D < 2.0 
31.3 0.69 29.1 

4.8 
2.0 ≤ D < 4.75 4.9 
4.75 ≤ D < 9.5   4.9 

Crumbled sludges 

0.8wL 
0.85 ≤ D < 2.0 

40.6 0.65 34.5 
5.9 

2.0 ≤ D < 4.75 6.3 
4.75 ≤ D < 9.5   6.7 

1.0wL 
0.85 ≤ D < 2.0 

49.8 0.60 39.0 
4.2 

2.0 ≤ D < 4.75 4.8 
4.75 ≤ D < 9.5   9.2 
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Preparation of Kasaoka clay with initial water content, wi

Addition of paper sludge ash-based
stabilizer to clay (wi = 0.78, 1.0, and
1.26wL) with APS= 40%, and to clay

(wi=0.62wL) with APS=10%

Addition of paper sludge ash-based
stabilizer to clay (wi =  0.8 and

1.0wL) with APS = 10%

Crumbling

Sealed curing
for 7 days

Sealed curing
for 7 days

Separate sludge samples into 3 categories with different ranges of particle size

Accelerated carbonation tests

Water content measurement (wmud)

Addition of blast furnace cement type B with Ac = 3%

 

Figure 4.10. Experimental flow chart of preparation of particle size range-controlled sludges 
for accelerated carbonation 

4.2.2 Accelerated carbonation  

Accelerated carbonation was performed by placing the sludge in cups in a CO2 incubator. 
To accelerate carbonation, a CO2 concentration of 10% and a temperature of 25 °C were 
adopted, similar to those described in Section 3.2. As presented in Table 4.4, the sludges were 
prepared in cups such that the dry densities d of the sludges with different particle size D 
ranges (i.e., 0.85 mm ≤ D < 2.0 mm, 2.0 mm ≤ D < 4.75 mm, and 4.75 mm ≤ D < 9.5 mm) 
would be the same under the same mixture conditions. The densities were adjusted by 
depositing the sludge in the cups at zero height and then lightly compacting them to avoid 
fracturing the particles. The thickness of the sludge in each cup was 30 mm. 

 Subsequently, the sludge in the cups was removed from the incubator at an arbitrary 
elapsed curing period of up to approximately 25 h to measure the pH. Figure 4.11 shows the 
pH of the sludge with respect to the accelerated carbonation period in the CO2 incubator. The 
pH values of all the types of sludge decreased significantly in the first 5 h; subsequently, the 
pH neutralization rate decreased, particularly when the pH decreased to less than 8.6. Based on 
the definition of the neutralization completion period presented in Fig 3.11, the tN of each 
particle-size-range-controlled sludge was obtained, as listed in Table 4.4. 
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(a) Particle size range-controlled sludges with wmud ≈ 30% 

 
(b) Particle size range-controlled sludge with wmud ≈ 40%. 

 
(c) Particle size range-controlled sludge with wmud ≈ 50%. 

Figure 4.11. Relationship between accelerated carbonation period and pH of particle size 
range-controlled sludges 
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4.2.3 Change in tN with the change in particle size 

Figure 4.12 (a), (b), and (c) show the tN obtained from the results shown in Fig 4.11 for 
the D range of each sludge with wmud ≈ 30%, 40%, and 50%, respectively. As shown in the 
figures, tN decreased as D decreased in most cases, which could be attributed to the following: 
CO2 gas carbonated the particle surface, and pH neutralization progressed gradually from the 
surface to the particle interior. Therefore, a smaller particle size facilitated pH neutralization 
of the entire particle. 

Looking at the results in Fig 4.12 in detail, it is found that the effect of D on the change 
in tN varies with APS. The higher the APS is, the smaller the change in tN caused by the difference 
in D. The reason for this is not fully understood, but it is probably due to differences in the 
structure of the particles which is described in the next chapter. As mentioned earlier, BFCB 
and PSAS caused the clay particles to bind together to form sand and gravel-like granules. In 
this process, the particles can open intra-open voids, as reported by Dong et al. (2011). Thus, 
it is expected that particles containing more porous PSAS particles might develop more intra-
open voids. In this case, CO2 gas could penetrate the particles through the open voids, and the 
change in tN caused by the difference in D could be small. 
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(a) Particle size range-controlled sludge with wmud ≈ 30%. 

 
(b) Particle size range-controlled sludge with wmud ≈ 40%. 

 
(c) Particle size range-controlled sludge with wmud ≈ 50%. 

Figure 4.12.  Effects of particle size on tN 
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CHAPTER 5 

MECHANISM FOR THE CONTRIBUTION OF PSAS AND 
CRUMBLING 
 

5.1 Microstructure of PSAS and PSAS-treated sludge by SEM analysis 
 

 

Figure 5.1.  Scanning electron microscope image of PSAS 

Figure 5.1 shows the scanning electron microscope image of PSAS. It easily can be seen 
that PSAS has porous microstructure. The porous microstructure of PSAS accords with its low 
particle density, s = 2.603 g/cm3 making it is the lightest material compared to Ao clay with 
s = 2.716 g/cm3, Kasaoka clay with s = 2.680 g/cm3 or BFCB with s = 3.04 g/cm3. In 
addition, Binh et al. (2021) investigated the water absorption performance of PSAS due to its 
microstructure. Dong et al. (2011) proposed the intra-open void and intra closed void concept. 
Referring to previous research, it could be inferred that the free water can be absorbed and 
stored in these intra-open voids and intra closed voids. 

On the other hand, according to Pan et al. (2012), the precipitation of CaCO3 resulted 
from the reaction between Ca2+ ions and CO3

2- ions of the carbonation is taken place in the 
bulk solution. Hence, the addition of PSAS is expected not only granulate the sludge to increase 
the surface area, the porosity of PSAS can also facilitate the penetration of CO2 gas into the 
particles but the absorbed water also contributes to accelerate carbonation of PSAS treated 
sludge. 

To investigate the effect of PSAS on creating the porous microstructure as well as to 
clarify the appearance of intra open void, SEM was conducted for the APS=0% and APS=10% 
sludge. Figure 5.2 shows the scanning electron microscope image of the particle surface of 
alkaline construction sludge treated with and without PSAS under the same scale. As presented, 
the APS=0% sludge has very few intra open voids at the surface of particle. In contrast, it can 
be clearly seen that the APS=10% sludge has a porous microstructure with many intra open 
voids appearing on the surface of particle which can facilitate the penetration of CO2 gas as 
well as the chemical reaction of carbonation. 
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a) APS=0%, w=1.0wL b) APS=10%, w=0.41wL

Figure 5.2. SEM images of Kasaoka clay sludge with (a) APS=0% and (b) APS=10%

5.2 Mechanism for the contribution of crumbling and PSAS for accelerating carbonation

The previous study on mechanism of accelerated carbonation is reviewed in section 2.3. 
Accordingly, the principle of carbonation reaction of alkaline material occurs in 4 routes: (a) 
transportation-controlled mechanisms such as CO2 and Ca2+-ions diffusion to/from reaction 
sites; (b) boundary layer effects (diffusion across precipitate coatings on particles); (c) 
dissolution of Ca(OH)2 at the particle surface; (d) pore blockage; and (e) precipitate coating.

Figure 5.3. Illustrated mechanism of carbonation of PSAS treated sludge

Figure 5.3 presents the proposed mechanism of accelerated carbonation of PSAS treated 
sludge. As shown in the figure, the addition of PSAS produced the intra open voids and intra 
closed voids (Dong et al., 2011). These kinds of void allow the water absorption performance 
of PSAS. Free water is absorbed and stored in intra open voids and intra closed voids. With an 
appropriate water kept in these voids, the CO2 gas could penetrate into deep inside the particle.
In addition, water is also an essential environment that facilitate the carbonation because the 
precipitation of CaCO3 from carbonation reaction takes place in the water surrounding the 
particle as mentioned previously in Fig 2.1. However, it can be inferred that too much water 
could block the penetration of CO2 gas through intra open voids and decrease the effectiveness 
of porous microstructure in accelerated carbonation. 
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As shown in Figure 4.10, the neutralization completion period, tN is affected by the 
amount of PSAS, APS and particle size of samples. Generally, the difference of tN of different 
ranges of particle size cases became larger as the water content increased. For the same water 
content, this difference of the APS = 40% samples was seen unsignificant compared to that of 
the lower APS =10% cases. Moreover, the APS = 10% samples with small particle size (0.85 mm 
< D ≤ 2.0 mm) gave a smaller tN compared to that of APS = 40% regardless of the water content. 
In contrast, when the particle size becomes larger, the APS = 40% samples performed the smaller 
tN except for the high-water content sample cases (i.e., wmud=50%).  

This is because at low water content (wmud = 30% and 40%), the high APS sample having 
porous microstructure allows the penetration of CO2 gas regardless the particle size of samples. 
The intra open voids induced by the addition of PSAS facilitate the penetration of CO2 gas 
deeply and widely inside the particle. Hence, the penetration of CO2 gas was not strongly 
affected by the size of particles. In contrast, the alkaline sludge (without PSAS) showed dense-
liked at the surface of particles without intra open void. Thus, CO2 gas could not penetrate into 
the core of particles and hence, CO2 could only dissolve to a part which is near the surface of 
particle. This strongly affected the carbonation of large particle whereas the pH neutralization 
of the small particle was not affected since the surface is closer to the core. Therefore, tN was 
the same for the APS=40% sludge but increased with the increase in particle size for the APS=0% 
sludge. 

However, in this study the water content of sludge was intentionally increased up to a 
certain level (wmud = 50%) which is enough to fill the intra opend voids of the APS=40% sludge. 
In this case, the porosity produced by PSAS could not facilitate the penetration of CO2 gas due 
to the occupation of water. Consequently, the effect of porosity on shortening tN became 
negligible and the sludges with large particles showed a higher tN which is similar to the 
alkaline sludge. 

The main purpose of crumbling is to intentionally reduce the particle size, especially for 
the sludge with small amount PSAS which cannot be granulated. Obviously, the small particle 
size samples take less time to neutralize the pH compared to the bigger ones because (1) CO2 
gas can penetrate more easily to the core of particle due to the small distance from the surface 
to the core of particles, and (2) the smaller particle size induces the larger surface area that can 
be approached by CO2. Moreover, for all cases of sludge (wmud=30, 40, and 50%) having 
particle sizes ranging from 0.85 mm to 2 mm, the APS =10% samples showed smaller tN 
compared to that of the APS = 40% because PSAS itself is a high alkaline material. In addition, 
the porous microstructure of the APS=40% sludge induced by PSAS seems not significantly 
improve the pH neutralization for the small particle size because the distance from the surface 
to the core of particle is short enough to facilitate the carbonation that makes the effectiveness 
of porous microstructure on accelerated carbonation becomes less significant. Hence, 
crumbling is expected to effectively accelerate the carbonation of alkaline construction sludge 
treated with small amount of PSAS. Note that, the presence of PSAS even with a small amount 
is necessary to accelerate carbonation of alkaline construction sludge because tN of the APS=0% 
sludge could not be obtained although being crumbled as shown in Fig 4.5(a). 

However, tN of the APS=10% sludge generally increase with the increase in particle size 
which implies that CO2 gas probably could not penetrate easily to the inside of the large particle 
size samples. To overcome this, a higher amount of PSAS is expected to produce more intra-
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open voids inside the high APS samples. For the large particle size sludge, CO2 gas could 
penetrate to the core of particle via the intra open voids as shown in Fig 5.2b and Fig. 5.3. 
Under the appropriate water content, these intra open voids have enough empty space that allow 
the penetration of CO2 gas deeply and widely into the inside of particles. As shown in Fig 4.10a, 
the APS=40% samples with wmud=30% having different particle sizes produced the same tN. 
This is probably because the number of intra open voids generated by PSAS is sufficient to 
allow the penetration of CO2 gas that facilitate the accelerated carbonation even for large 
particle size. Thus, the effect of particle size reduction on accelerated carbonation was not 
significant. 

In contrast, under high water content conditions, these open intra voids are occupied by 
water that inhibit the penetration of CO2 gas. Consequently, impact of water content on 
accelerated carbonation becomes more significant when particle size becomes larger as shown 
in Fig 5.4. In this case, the effect of porosity on accelerated carbonation caused by PSAS 
becomes negligible. The results also shows that the small particle samples with the highest 
water content produced the smallest tN, and vice versa for both APS=10% and 40% cases. When 
CO2 approach the surface of particles, a liquid firm and bulk water solution covering the 
particle is needed as the catalyst for the carbonation reaction. This liquid environment allows 
the diffusion of CO2 and Ca2+ -ions to/from the reaction sites and the precipitation of CaCO3 
(Pan et al., 2012). For the small particle, once CO2 gas approach the surface of particles, it is 
very closed to the core which means it could react with a higher percentage of Ca2+ -ion in the 
particle compared to the larger one, even under high water content conditions (i.e., wmud=50%). 
In contrast, under high water content conditions, the intra voids are occupied by water that 
hinder the penetration of CO2 gas into deep inside and CO3

2- -ions can only react with a small 
part of Ca2+ -ions near the surface of particle. Consequently, accelerated carbonation is just 
partly taken place. 
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Figure 5.4. Proposed illustration for the explanation of effect of intra open void, water 
content, and particle size on the penetration of CO2 gas into particles
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CHAPTER 6

STRENGTH DEVELOPMENT OF ACCELERATED 
CARBONATE CONSTRUCTION SLUDGE

As mentioned previously, the addition of the PSAS to alkaline sludge significantly 
shortened the pH neutralization period under accelerated carbonation. However, the effects of 
the PSAS on the strength development of the sludge under accelerated carbonation have not 
been investigated in detail. Therefore, a series of cone index tests was conducted in this study 
on alkaline and treated sludge specimens subjected to accelerated carbonation as shown in Fig 
6.1. For comparison, cone index tests were also conducted on sludge specimens that did not 
undergo accelerated carbonation. The test procedures and test results are discussed in this 
chapter. Discussions on the strength development mechanism are also presented.

To establish an accelerated carbonation method for neutralizing alkaline construction 
sludge, another important aspect is to ensure that the strength of the alkaline sludge remains 
after carbonation. It is known that the C–S–H produced during cement hydration plays an 
important role in the strength development of cement-treated soils. Therefore, the degradation 
of C–S–H in alkaline sludge caused by accelerated carbonation is considered to be a factor in
the decreased strength of alkaline sludge (Nishi et al., 2004). However, the change in the 
strength of compacted neutralized sludge after carbonation was not fully clarified because 
Nishi et al. (2004) evaluated the strength of alkaline sludge using unconfined compression tests. 
In contrast, the sludge after pH neutralization was compacted to evaluate its practical 
application as a construction geomaterial in the present study to examine the impact of 
accelerated carbonation on the strength properties of compacted sludge.

Figure 6.1. Cone index test equipment
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6.1 Material preparation  
 

To investigate the impact of the PSAS on the strength development of the sludge under 
accelerated carbonation, four types of sludge prepared from Ao clay and Kasaoka clay with 
different proportions of the addition ratio, APS, were prepared, as shown in Table 6.1. They 
were alkaline sludge (APS = 0%) and PSAS treated sludge with an APS of 20% and 40% for the 
Ao clay sludge and Kasaoka clay sludge, respectively. For each clay, six specimens for each 
type of sludge were prepared to examine the strength development under the following 
conditions: 1) three periods of sealed curing time (3 days, 7 days, and 14 days), and 2) with 
and without accelerated carbonation, as shown in Table 6.2. 

To prepare the alkaline sludge specimens for both the untreated and treated cases, dry Ao 
clay was stirred with distilled water to achieve the desired liquid limit state, wL. Subsequently, 
BFCB was added to the clay, and the mixture was stirred thoroughly. To prepare the treated 
sludge specimens, PSAS with an APS of 20% or 40% was sequentially added to the alkaline 
sludge immediately after their preparation, and the mixture was stirred thoroughly. Using the 
above-described methods, 24 specimens weighing 3 kg each were produced. Each specimen 
was subsequently poured into a plastic bag and cured under sealed conditions at a room 
temperature of 25°C.  

Table 6.1. Mixing conditions for preparation of sludge specimens 

Clayey 
type Type of sludge 

Initial water 
content of 

clay, wi (%) 

Addition ratio of 
blast furnace 

cement B (BFCB), 
Acement (%) 

Addition ratio of 
paper sludge ash-
based stabilizer 
(PSAS), APS (%) 

Ao clay 
sludge 

Alkaline sludge 

1.0wL 3.0 

0 

PSAS treated sludge 20 

Kasaoka 
clay 
sluge 

Alkaline sludge 0 

PSAS treated sludge 40 

 

Table 6.2. Sealed curing and accelerated carbonation periods 

Type of sludge Sealed curing period Accelerated carbonation 
period 

Alkaline sludge 

3, 7, and 14 days 0 and 7 h PSAS-treated 
sludge 
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6.2 Cone index tests on specimens with and without accelerated carbonation 

As shown in Table 6.2 and Fig. 6.1, each specimen was cured under sealed conditions at 
25°C. Subsequently, after a predetermined number of curing days (3, 7, and 14 days), half of 
the specimens were subjected to 7 h of accelerated carbonation followed by cone index tests. 
For comparison, the other half of them were subjected to cone index tests without undergoing 
accelerated carbonation. 

1) Test procedure for specimens subjected to accelerated carbonation 
 

For the accelerated carbonation tests, the specimens were poured into trays and placed in 
a CO2 incubator for 3, 7, and 14 days under sealed curing. Before being placed in the CO2 
incubator, the height of each specimen in the trays was adjusted to approximately 25 mm. It 
should be noted that the alkaline sludge specimens were deliberately and manually crumbled 
before being poured into trays to accelerate the pH neutralization tests. The particle size of the 
crumbled alkaline sludge was 10 mm or less. However, this crumbling process requires 
considerable time and effort. Therefore, the addition of the PSAS is proposed in this study to 
achieve granulation without manual or mechanical intervention. 

Similar to the investigation of the effect of PSAS on accelerating carbonation, the CO2 

concentration, temperature, and humidity in the CO2 incubator were set to 10%, 25°C, and 90% 
or higher, respectively (the same values as in Table 3.3). The curing period was set to 7 h, and 
once the pH levels of the specimens decreased to approximately 8.6 or lower, the specimens 
were immediately removed from the CO2 incubator, and the cone index tests were conducted 
on the specimens based on the Japanese Geotechnical Society Standards (JGS 0716). The cone 
index tests require compacted specimens per the Japanese Geotechnical Society Standards 
(JGS 0711). Therefore, each specimen was placed in a 10-cm mold by first dividing the sludge 
into three equal layers. Each layer was sequentially added to the mold and compacted 25 times 
by dropping a 2.5-kg hammer from a height of 30 cm. After full compaction, a cone index test 
was conducted by penetrating the tip cone at a speed of 1 cm/s into each compacted specimen 
held in a 10-cm mold. The force acting on the cone when the tip cone penetrated 5 cm, 7.5 cm, 
and 10 cm from the top surface of the specimen was used to calculate the cone index value, qc. 

Following the cone index test conducted immediately after accelerated carbonation, each 
specimen was manually crushed to obtain particle sizes of approximately 10 mm or less and 
each specimen was then homogeneously mixed after its removal from the compaction mold. 
All the specimens were then placed in plastic bags and air-cured at a temperature of 25°C. As 
shown in Fig 6.2, after 3 days of air curing, the cone index test was repeated for each specimen. 
Subsequently, the specimen was removed from the compaction mold and curing continued 
under ambient conditions. This procedure was repeated to conduct the cone index test on each 
specimen after 7 days, 14 days, and 28 days of air curing. 

2) Test procedure for specimens without accelerated carbonation 
 

Cone index tests and air curing were also conducted on specimens that did not undergo 
accelerated carbonation. The procedures were similar to those for the specimens subjected to 
accelerated carbonation, except that the accelerated carbonation process was omitted (Fig 6.2). 
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Preparation of alkaline
sludge and PSAS

treated sludge

Sealed curing

Air curing

Accelerated carbonation at
3, 7, and 14 days of sealed

curing

Cone index test at 3, 7, and
14 days of sealed curing

Cone index test just after
accelerated carbonation

Cone index test at 3, 7, 14,
and 28 days of air curing

Air curing

Cone index test at 3, 7, 14,
and 28 days of air curing

 

Figure 6.2. Test procedure flow chart 

6.3 Cone index test results and discussion  

1) Strength development during sealed curing before accelerated carbonation 
 

Accelerated carbonation is abbreviated as AC in Figs 6.3, 6.4, 6.5, and 6.6. Figures 
6.3(a)–(c) show the changes in qc after 3 days, 7 days, and 14 days of sealed curing, respectively. 
In the figures, qc is plotted against the number of days after the preparation of the sludge 
specimens. The figures indicate that the cone index qc of the PSAS treated sludge under sealed 
curing was much higher than that of the alkaline sludge, irrespective of the number of curing 
days. The reasons for this can be explained as follows:  

When clay alone was at liquid limit wL, the cone index was almost zero. Therefore, the 
strength of the alkaline sludge that developed after compaction was considered to be mainly 
the result of the bonding strength generated by the hydration of the cement. On the other hand, 
in addition to the effect of the cement hydration, the effects of water absorption and retention 
introduced by the PSAS are thought to have further contributed to the strength development of 
the PSAS-treated sludge. Kawai et al. (2018) conducted cone index tests on Ao clay treated 
only with a PSAS and demonstrated that qc increased with increases in APS and the sealed curing 
period. They also reported that a nonlinear correlation between liquidity index IL and qc was 
observed, and that the addition of the PSAS decreased IL and increased qc. In this study, the 
addition of both the PSAS and BFCB further strengthened this tendency in the PSAS treated 
sludge. Moreover, the PSAS treated sludge remained granular to some extent even after 
compaction, whereas the alkaline sludge became lumpy (agglomerated) when compacted. 
Hence, friction and interlocking among particles also contributed to the strength development 
of the PSAS treated sludge. Consequently, the strength of the PSAS treated sludge was much 
higher than that of the alkaline sludge.  
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2) Change in strength after accelerated carbonation 
 

As shown in Fig 6.3, accelerated carbonation significantly reduced the qc of the alkaline 
sludge. The reduction became more apparent as the sealed curing period increased. However, 
in the case of the PSAS treated sludge, there was almost no decrease in qc after carbonation. 
The reason for this difference is considered to be as follows. 

When cement and cement-based stabilizers are added to soil, the cement reacts with the 
water to produce calcium hydroxide crystals, Ca(OH)2 and calcium silicate hydrate (C-S-H) 
(Japan Cement Association, 2012; Kitazume & Terashi, 2013). The production of Ca(OH)2 and 
C-S-H improves the strength of the soil. A previous study showed that the interlocking 
mechanism between Ca(OH)2 and C-S-H generated from the hydration of cement is responsible 
for the bonding strength of cement-treated sludge (Duggal, 2009). Similarly, some strength 
development was observed in the alkaline sludge in this experiments, and the production of 
Ca(OH)2 and C-S-H is thought to have contributed to this result. Therefore, the decrease in the 
qc of the alkaline sludge observed after accelerated carbonation was considered to be due to the 
partial degradation of Ca(OH)2 and C-S-H induced by the carbonation. By applying accelerated 
carbonation, the reaction of Ca(OH)2 and C-S-H with CO2, as expressed by Eqs. (2.1) and (2.2), 
broke the interlocking mechanism between the former two, and consequently, weakened the 
bonding strength.  

Furthermore, a longer sealed curing period implies that more cement hydrates were 
formed. However, these hydrates became larger with carbonation, such that their qc decreased 
more significantly, as shown in Fig 6.3. Similar to the alkaline sludge, the cement hydrates of 
the PSAS treated sludge will be partially degraded by accelerated carbonation. However, 
because the porosity of the PSAS particles remained, most of the contribution of the water 
absorption and retention performance of the PSAS to the strength development of the PSAS 
treated sludge was preserved even after accelerated carbonation. In addition, the granulated 
particles of the PSAS treated sludge did not become lumpy; they retained their granular shape 
to some extent. Therefore, it is presumed that the friction and interlocking among particles did 
not decrease significantly. 

 
3) Strength development during air curing after accelerated carbonation  

 
In Fig 6.3, the qc of most of the specimens increased with an increase in the air-curing 

period. The increase in qc of the PSAS-treated sludge was remarkable compared to that of the 
untreated alkaline sludge. The reason for this could be the significant decrease in the saturation 
degree, Sr, of the PSAS-treated sludge as follows. 

Figures 6.4, 6.5, and 6.6 present the changes in water content w, dry density d, and 
degree of saturation, Sr, obtained from the cone index tests, respectively. As shown in Fig 6.4, 
w gradually decreased with an increase in the air-curing period for both the alkaline sludge and 
the PSAS-treated sludge. It is also observed in Fig 6.5 that the d of the alkaline sludge 
gradually increased as the air-curing period increased, whereas the change in the d of the 
PSAS-treated sludge was less significant. In the case of the PSAS-treated sludge, the 
compaction curve was relatively flat because of the PSD. Therefore, the change in d with 
changes in w is small. Thus, as shown in Fig 6.6, the Sr of the PSAS-treated sludge significantly 
decreased with air curing, whereas that of the alkaline sludge was less significant. The decrease 
in Sr can increase the suction, resulting in an increase in the qc of the treated sludge. 
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It is also observed in Fig 6.3 that under the air-curing conditions used in the experiments, 
the qc of the PSAS treated sludge specimens under accelerated carbonation developed relatively 
slowly compared to the specimens that did not undergo accelerated carbonation. Nishi et al. 
(2004) and Nakarai et al. (2015) argued that not only the cement hydrates, as presented in Eqs. 
(2.1) and (2.2), but also the unhydrated cement components of C3S and C2S, react with CO2, 
as follows: 

3CaO.SiO2 + (3-x)CO2 + yH2O → (CaO)x.(SiO2)(H2O)y + (3-x)CO2.CaO            [6.1] 

2CaO.SiO2 + (2-x)CO2 + yH2O → (CaO)x.(SiO2)(H2O)y + (2-x)CO2.CaO            [6.2] 

The chemical compositions of PSAS are relatively similar to that of cement as shown in 
Table 3.1 with a large proportion of CaO. Therefore, the contribution to strength development 
from the liked-cement hydration of PSAS is expected similar to cement. Indeed, a formation 
of needle-like crystals (ettringite) was found in hydrated PSAS as shown in Fig 6.7. Nishi et al. 
(2004) demonstrated that the generated C-S-H gel has a lower Ca/Si molar ratio compared to 
that of a normal C-S-H gel. The decrease in the Ca/Si molar ratio in the C-S-H gel generated 
by accelerated carbonation could preserve the increase in strength of the sludge after 
accelerated carbonation. In particular, the contribution of C2S to the strength development is 
significant after a certain curing time as presented in Fig 6.8. However, the decomposition of 
C2S caused by accelerated carbonation, as presented in Eq. (6.2), inhibits further strength 
improvement thereafter. Hence, after accelerated carbonation under the air-curing conditions, 
the qc of the PSAS-treated sludge experiencing accelerated carbonation developed more slowly 
compared to the PSAS-treated sludge that did not experience accelerated carbonation. 

Figure 6.9 presents the ratios between the cone index, qc of sludge treated with and 
without CO2 curing for alkaline sludge and PSAS treated sludge. PSAS can preserved the 
strength even after accelerated carbonation. Meanwhile, the strength of alkaline sludge without 
PSAS was reduced significantly by accelerated carbonation, but it may recover for longer 
curing period. This might be induced by the delayed hydration because free water for the 
hydration could exist sufficiently in the sludge without PSAS, while free water could exist little 
in the sludge with PSAS. In general, a values were around 1 after 28 days of air curing which 
implies the difference between qc of sludge with and without AC was insignificant. 
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a) 3 days of sealed curing 

 

 
b) 7 days of sealed curing 

 

 
c) 14 days of sealed curing 

 

 
d) 3 days of sealed curing 

 

 
e) 7 days of sealed curing 

 

 
f) 14 days of sealed curing 

 
Figure 6.3. Cone index of specimens based on time elapsed after their preparation 
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a) 3 days of sealed curing 

 

 
b) 7 days of sealed curing 

 

 
c) 14 days of sealed curing 

 

 
d) 3 days of sealed curing 

 

 
e) 7 days of sealed curing 

 

 
f) 14 days of sealed curing 

Figure 6.4. Water content of cone index test specimens based on time elapsed after their 
preparation 
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a) 3 days of sealed curing 

 

 
b) 7 days of sealed curing 

 

 
c) 14 days of sealed curing of ACS 

 

 
d) 3 days of sealed curing 

  

 
e) 7 days of sealed curing 

 

 
f) 14 days of sealed curing of KCS 

Figure 6.5. Dry density of cone index test specimens based on time elapsed after their 
preparation  
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a) 3 days of sealed curing 

 

 
b) 7 days of sealed curing 

 

 
c) 14 days of sealed curing 

 

 
d) 3 days of sealed curing 

 

 
e) 7 days of sealed curing 

 

 
f) 14 days of sealed curing 

 
Figure 6.6. Saturation degree of cone index test specimens based on time elapsed after their 
preparation  
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Figure 6.7. Formation of needle-like crystals in PSAS 

 

Figure 6.8. Contribution of cement compounds on strength of cement (Duggal et al., 2009) 

 

 
(a) Ao clay sludge 

 
(b) Kasaoka clay sludge 

Figure 6.9. The strength development ratios of sludge treated with and without CO2 curing 
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6.4 Effect of crumbling and pre-air curing on strength development  

Material preparation and test procedures 

Preparation of sludge samples with w =  1.0wL, APS = 0, 20, and 40%

Addition of PSAS to clay
with APS=40%

Addition of BFCB with Acement = 3%

Addition of PSAS to clay
with APS=0, 20%

Addition of PSAS to clay
with APS=0, 20%

Accelerated carbonation tests for 7 hours

Crumbling

Sealed curing
for 7 days

Air curing for
1 day

Sealed curing for
7  days Crumbling

Sealed curing for
7 days

Immediately

Cone index test

Air curing for 0, 3, 7, 14, and 28 day

 

Figure 6.10. Experimental flow chart of crumbling and pre-air curing prior to accelerated 
carbonation and cone index test 

As mentioned previously, the crumbling process significantly shortened the pH 
neutralization curing period. It means that alkaline construction sludge treated with a smaller 
amount of PSAS undergoing the crumbling prior to accelerated carbonation can produce a tN 
which is similar to that of a higher amount of PSAS-treated sludge. However, for the 
applications, the strength development of crumbled samples must be considered by comparing 
with that of non-crumbled samples having a higher APS.  

From the viewpoint that the strength development of PSAS treated sludge came from the 
granulation and the reduction of free water induced by the water absorption and retention of 
PSAS, an attempt to reduce the amount of PSAS while keeping its effects on accelerated 
carbonation as well as strength development was carried out. To do so, the ungranulated 
alkaline construction sludge treated with and without PSAS were selected with the APS = 0%, 
20%, and 40% to accelerate carbonation and conduct cone index test. As presented previously, 
PSAS shows its effectiveness in accelerating carbonation for the Kasaoka sludge having 
APS=40% when a smallest tN was obtained. By crumbling, tN of APS=20% sludge was 
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remarkably decreased from 82 hours to 4.2 hours which is slightly less than that of APS=40% 
sludge (i.e., 5.6 hours). Therefore, to comprehensively investigate the effectiveness of 
crumbling effect, this research focused on investigating strength development of APS=40% 
sludge and that of APS=20% undergone crumbling and pre-air curing. 

Sludges were prepared by mixing Kasaoka clay at liquid limit state, wL with 3% blast 
furnace cement type B to form alkaline sludge. Then PSAS was added with 2 different 
proportions to attain PSAS treated sludge with APS=20 and 40%. Before the accelerated 
carbonation, ungranulated sludges (i.e., the APS=0% and APS=20% sludge) were separated to 2 
categories. The first part was intentionally crumbled and then cured under atmospheric curing 
conditions for 24 hours which is called pre-air curing (PAC) to obtain granulated sludge having 
PSDs shown in Fig 4.3(b) prior to accelerated carbonation. Another part was also crumbled 
and immediately cured under CO2 curing. After accelerated carbonation, cone index test was 
conducted for all specimens. The detail of test procedure for investigating effect of crumbling 
and pre air curing of carbonated sludge on strength development is demonstrated in Fig 6.10. 

 

 

Figure 6.11. Cone index of crumbled and uncrumbled sludge sample 

Effect of crumbling and pre-air curing on strength development of carbonated sludge 

Figure 6.11 shows the cone index test of sludges undergone accelerated carbonation. It 
can be seen that crumbling and PAC significantly increased the strength of both APS=0% and 
APS=20% sludge. The initial qc of PAC sludge was remarkably higher than that of non-PAC 
sludge. This probably due to the water reduction caused by the evaporation during the pre-air 
curing. After the accelerated carbonation, the APS=0% sludge with PAC performed a higher 
strength development qc compared to that of without PAC. However, after accelerated 
carbonation, the strength development rate of crumbled and uncrumbled sludge was almost the 
same. The crumbling and pre-air curing raised the initial qc of the APS 0% sludge and hence 
induced the higher values of qc thereafter. This is because the granulation effect itself increase 
the friction and interlocking of particles. Nevertheless, the granulation facilitates the 
evaporation accelerating the water reduction and hence, the particle with less of water content 
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became stiffer. Therefore, the friction and interlocking together with the harder the particles 
became raised the improvement of strength. 

Similarly, the ungranulated APS=20% samples undergone crumbling and pre-air curing 
conditions improved its qc. Moreover, qc of APS=20% sludge with PAC developed rapidly after 
CO2 curing and tended to be equal to that of the APS 40% samples along with the air curing 
after accelerated carbonation. Thus, the crumbling and pre-air curing effects could reduce 
amount of PSAS while maintain the qc of CO2 treated sludge as well as the strength 
development after accelerated carbonation.  

Consequently, by crumbling and then pre-air curing, not only the amount of PSAS and 
tN were remarkably reduced, but qc was also enhanced significantly. The qc of the crumbled 
APS =20% could be induced from the pre-air curing process. This implies that less amount of 
PSAS together with crumbling effect and pre-air curing conditions could accelerate water 
reduction as shown in Fig 6.12, increase the stiffness of particles by water absorption and 
retention of PSAS as well as water evaporation under air curing conditions. That, in brief, the 
crumbling effect coming with the pre-air curing conditions could strengthen the stiffness of 
particles effectively which is the alternative method for increasing amount of PSAS. 

 

Figure 6.12. Water content of crumbled and uncrumbled sludge sample based on time 
elapsed after their preparation  
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CHAPTER 7 

CO2 CAPTURE BY ACCELERATED CARBONATION OF 
ALKALINE CONSTRUCTION SLUDGE TREATED WITH 
PSAS 
 

7.1 Experimental methodology to measure the CO2 captured content 

Obviously, accelerated carbonation of alkaline construction sludge not only treat the pH 
of sludge but also consumes CO2. Hence, to comprehensively investigate the application of 
alkaline construction sludge treated with PSAS and accelerated carbonation, it is necessary to 
investigate CO2 capture and storage by using PSAS treated sludge as a feedstock. 
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Figure 7.1. Schematic illustration of experimental device to evaluate CaCO3 content 

There are several methods to evaluate the CO2 captured content in material such as 
ignition loss method, X-ray diffraction, CO2 capture columns, etc. In this study, the carbonate 
content evaluation based on a gas pressure method (Fukue et al., 1999) was chosen to conduct 
because it is relatively simple and quick that can be applied widely in field sites for estimating 
the CO2 captured ability of actual sludge.  

As described in Chapter 2, the accelerated carbonation of PSAS treated sludge is 
expected to form calcium carbonate, CaCO3 by the reaction of hydrated cement components 
with CO2 as presented in Eq (2.3) and Eq (2.4). Moreover, the un-hydrated cement components 
of C3S and C2S also can react with CO2 to form CaCO3 as presented in Eq (6.1) and Eq (6.2). 

Hence, the CO2 captured content by accelerating carbonation of PSAS treated sludge can 
be evaluated indirectly by estimating the amount of CaCO3 of the carbonated sludge. To do so, 
the gas pressure method was carried out as follows. First, 3g PSAS treated sludge undergone 
accelerated carbonation is poured to a small plastic tray having the diameter around 35 mm. 
Subsequently, the tray was carefully placed into a vessel containing 20 ml HCl and then tightly 
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covered by a lid to make an enclosed chamber. Note that there is a small hole with a rubber 
seal on the lid just enough to pass a thread. This thread connects to the bottom of the plastic 
tray as shown in Fig 7.1 to turn the tray upside down by pulling the thread outside of the 
chamber.  

 

Figure 7.2. Experimental device to evaluate CaCO3 content 

After pulling the thread, the overturned plastic tray poured the sample fall to and react 
with HCl solution in an enclosed chamber where the reaction of calcium carbonate (CaCO3) 
with hydrochloric acid (HCl) could be taken place to generate CO2 as follows: 

CaCO3 + 2HCL ➔ CaCl2 +H2O + CO2 ↑               [7.1] 

The gas pressure caused by the generation of CO2 in Eq (7.1) was measured by a sensor 
connected to a voltage indicator where the pressure value is indicated as shown in Fig 7.2. After 
the measurement, CO2 gas was release by open the exhaust valve. To determine the amount of 
CaCO3 of PSAS treated sludge based on the pressure measurement of CO2 gas, a calibration 
was previously conducted. Instead of PSAS treated sludge, different amounts of pure CaCO3 
were used to react with HCl. The CO2 gas pressure generated from the chemical reaction 
presented in Eq (7.1) were measured to make a calibration curve as shown in Fig 7.3. Using 
this calibration curve, the amount of CaCO3 of PSAS treated sludge can be determined based 
on the gas pressure of CO2 generated from the chemical reaction when soaring sludge into HCl 
solution.  

The amount of CO2 captured was estimated based on the amount of CaCO3. Because the 
molecular masses of CO2 and CaCO3 are 44 and 100, respectively, the amount of CO2 captured 
per 1 g of dry mass of each sludge specimen, denoted by mCO2 (1/gdry-sludge) can be estimated as 
follows: 

mCO2(1/gdry-sludge) = mCaCO3(1/gdry-sludge) × 44/100               [7.2] 

It has a possibility that the pressure in the chamber is not induced by only the generation 
of CO2 gas from the chemical reaction as presented in Eq. (7.1) but other gases or sludge had 
already a certain amount of CaCO3 before the accelerated carbonation. It means that the gas 
pressure measured as mentioned above does not indicate accurately the amount of CO2 
captured by accelerated carbonation. To evaluate the amount of CO2 captured by accelerating 
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the carbonation of sludge, the test was conducted before and after accelerated carbonation. The 
difference of pressure measured before and after accelerated carbonation is considered as the 
pressure induced by CO2 gas captured. The contribution of PSAS to capture and storage CO2, 
the carbonate captured test was conducted for both alkaline sludges treated with and without 
PSAS followed by the CO2 captured measurement. The difference between the two 
measurement is considered the CO2 captured content induced by PSAS. 

 

Figure 7.3. CaCO3 evaluated calibration curve 

7.2 Investigation of factors influencing CO2 captured content 

Material preparation  

To investigate the application of using PSAS treated sludge as a feedstock to capture and 
storage CO2, alkaline sludge was produced by mixing Ao clay with an amount of 3% in weight 
of blast furnace cement type B. Next, PSAS treated sludge was simulated by adding PSAS to 
the alkaline sludge with a ratio of 20% in weight of dry Ao clay followed by sealed curing. 
Note that the proportion of PSAS to Ao clay, APS=20% was chosen because the APS=20% case 
performed the minimum of tN for Ao clay sludge as shown in Fig 3.11(a). In this study, three 
factors influencing CO2 capture of PSAS treated sludge were aimed to investigate which are 
CO2 concentration in the chamber, dry density, and particle size of sludge samples. 

In the preparation, all sludge samples were intentionally adjusted their water to attain the 
water content of sludge after sealed curing, wmud≈30% prior to accelerated carbonation. This is 
because 1) the liquid to solid (L/S) ratio around 0.3 was reported as the optimum ratio 
influencing accelerated carbonation, and 2) as shown in Fig 4.10, min of tN was generally 
obtained for all of particle sizes ranging from 0.85 mm to 9.5 mm at wmud≈30%. In addition, tN 
of all sludges having particle sizes ranging from 0.85 mm to 9.5 mm are almost equal which 
implies that it could be more easily controlled the quality of pH neutralization when wmud is 
around 30%. Depending on the investigation purposes of factors influencing the CO2 capture, 
the material preparation as well as experimental conditions were separately set up as shown in 
Table 7.1. Sludge samples were poured gently into plastic cups and then placed into incubator 
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for accelerated carbonation. The temperature and humidity inside the incubator were set up at 
25ºC and more than 90%, respectively. 

 
Table 7.1. Mixture conditions to investigate factors affecting CO2 captured test 

Factors affect 
CO2 capture wi 

Ac 

(%) 
APS 

(%) wmud (%) 
d 

(g/cm3) 
Particle size 

D (mm) 
Concentration 

(%) 

CO2 
concentration 

1.0wL 

3 

0, 20 30.1~32.0 0.73~0.76 

D<9.5 

1.3, 2.5, 5, 
and 10 

Dry density 
20 

31.6 0.74 

10 

30.9 0.93 

30.7 1.16 

Particle size  
0.9wL 30 0.82 0.85≤D<2.0, 

2.0≤D<4.75, 
4.75≤D<9.5 0.76wL 0 30 0.84 

 

Effect of CO2 concentration degree on CO2 capture 

  
Figure 7.4. Effect of CO2 concentration on pH neutralization 

  
Figure 7.5. Effect of CO2 concentration on CO2 capture 
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The carbon dioxide concentration was found to affect the time that it took for the solution 
pH to stabilize. Effect of CO2 concentration on CO2 captured content of PSAS treated sludge 
was investigated by a conducting accelerated carbonation under four different CO2 
concentration (i.e., CO2 concentration of 10, 5, 2.5, and 1.3%). After the preparation, sludges 
were cured under sealed curing conditions for 5 days, then particle sizes of sludge larger than 
9.5 mm were removed. The APS=20% sludge samples were then cured under CO2 curing and 
taken out after arbitrary curing periods up to nearly 150 hours. 

Figure 7.4 and 7.5 shows the effects of CO2 concentration on pH neutralization and CO2 
captured content, respectively. For the CO2 concentration equal or less than 10%, the results 
shows that CO2 concentration significantly affect the pH neutralization, especially at the initial 
stage of curing periods (the first 24 hours). The higher CO2 concentration produces the smaller 
tN, and vice versa. It can be said that the CO2 concentration is proportional to the pH 
neutralization rate of APS=20% sludge. After a long CO2 curing period, the pHs tended to be 
gathering and fell to a certain value regardless the CO2 concentration.  

Logically, the pH neutralization rate has the relationship with the CO2 capture. Indeed, 
the sludge undergone the highest CO2 concentration, CCO2=10% captured a largest amount of 
CO2 as shown in Fig 7.5. The amount of CO2 captured contents of lower CO2 concentration 
degrees were much less than that of the CCO2=10% case. In addition, the difference of CO2 
captured content was negligible for sludge undergone other lower CO2 concentration degrees 
(i.e., CO2 concentration of 5, 2.5, 1.3%). However, even the difference of CO2 captured content 
was quite large at the initial stage of CO2 curing, the final CO2 captured content after a long 
CO2 curing period seems to be gathering regardless CO2 concentration degrees.  

 

Figure 7.6. Relationship between CO2 concentration and maximum CO2 capture 

Hence, the CO2 concentration of 10% remarkably showed the enhancement in capturing 
CO2 and pH neutralization, especially in shorten the CO2 curing period. Fig 7.6 presented the 
relationship between CO2 captured after an ultimate curing period, tU or after tN and CO2 
concentration. The maximum of CO2 captured by alkaline sludge was constant with the CO2 
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concentration whereas that of PSAS treated sludge was slightly increased. Fig 7.7 shows the 
relationship between tN and CO2 concentration. Obviously, CO2 captured at tN is less than at tU 
but an interesting point here is the difference in CO2 captured at tN and tU was negligible when 
the CO2 concentration is 10% for PSAS treated sludge. This means that the APS=20% and CO2 
concentration of 10% is not only the optimum conditions for accelerating the carbonation by 
producing a minimum tN as mentioned in chapter 3 but also for capturing CO2. Because PSAS 
is alkaline material so that APS=20% is probably just an enough proportion that does not 
strongly raise the pH while producing an appropriate porous microstructure that facilitate the 
carbonation reaction of PSAS treated sludge. 

 

Figure 7.7. Effect of CO2 concentration on tN 
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To investigate effect of dry density on CO2 capture, PSAS treated sludge with APS=20% 
were prepared. To achieve the different dry density values (i.e., d = 0.74, 0.93, and 1.16 g/cm3), 
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statically compressed to achieve a calculated weight prior to the accelerated carbonation. 
Similar to the investigation of effect of CO2 concentration on CO2 capture, the particle size 
here was also adjust to D<9.5 mm. Sludge samples were cured under CO2 concentration and 
temperature of 10% and more than 90%, respectively, then taken out after arbitrary curing 
periods. Figure 7.8 shows the relationship between dry density and CO2 captured content of 
sludge cured under CO2 curing condition for tU, and tN. Again, tU is the CO2 curing period to 
attain the constant CO2 captured content, and tN is the needed curing time to neutralize the pH 
of sludge to 8.6. The results in Fig 7.8 and 7.9 showed that the dry density strongly affected 
both pH neutralization and CO2 captured content of the APS=20% sludge samples.  

It can be seen from Fig 7.10 that the CO2 captured content at tU is higher than that at tN 
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significantly increased after tN.  And because tN of low dry density sludge is much shorter than 
that of the high dry density sludge as shown in Fig 7.11, the reduction of dry density is expected 
to neutralize pH to 8.6 as well as to obtain an amount of CO2 capture which is nearly equal to 
the maximum CO2 could be captured within a short curing period. 

 

Figure 7.8. Effect of dry density on pH neutralization 

 

Figure 7.9. Effect of density on CO2 capture 
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Figure 7.10. Relationship between dry density and CO2 captured content 

 

Figure 7.11. Relationship between dry density and tN 
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Effect of particle size and APS on CO2 capture 

To investigate effect of particle size and APS on CO2 capture, alkaline sludge (APS=0%) 
and PSAS treated sludge (APS=20%) were prepared. The water content of Ao clay was firstly 
adjusted to wi=0.76wL and 0.9wL to obtain alkaline sludge and PSAS treated sludge having 
water content, wmud around 30% thereafter, respectively. Sludge samples were then cured under 
sealed curing conditions for 7 days. After sealed curing, alkaline sludge was crumbled because 
it was not granulated. Then, the particle size of all sludges was separated into 3 ranges, 0.85 
mm ≤ D < 2 mm, 2 mm ≤ D < 4.75 mm, 4.75 mm ≤ D < 9.5 mm and placed in plastic cup for 
accelerating carbonation by a CO2 incubator. After accelerated carbonation, pH and CO2 
captured content of sludges were measured. The test procedures of CO2 captured test was 
presented in Fig 7.12. 

 

Preparation of clay with initial water content, wi

Addition of PSAS to Ao clay (wi =  0.76wL) with APS = 0%  and to
Ao clay (wi =  0.9wL) with APS = 20%

Crumbling

Separate sludge samples into 3 categories with different ranges of particle size

Accelerated carbonation tests

Water content measurement (wmud)

Addition of BFCB with ABFCB = 3%

pH and CO2 captured measurement

Sealed curing for 7 days
for sludge with APS=20%

Sealed curing for 7 days
for sludge with APS=0%

 

Figure 7.12. Experimental flow to investigate effect of particle size on CO2 capture 
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Figure 7.13. Effect of APS and particle size on pH neutralization 

  
Figure 7.14. Effect of APS and particle size on CO2 capture 

Before the accelerated carbonation, pH of alkaline sludge and PSAS treated sludge were 
measured at 11.8 and 12.1, respectively. As presented in Fig 7.13, both pH of alkaline sludge 
and PSAS treated sludge decrease along the CO2 curing period. However, only pH of PSAS 
treated sludge could be fallen to 8.6 whereas that of alkaline sludge maintain stably more than 
8.6 even after more than 200 hours of CO2 curing. This accords with the behavior of accelerated 
carbonation of alkaline sludge with wi=wL  as mentioned previously in chapter 3. Even being 
granulated, results showed that pH of alkaline sludge without PSAS could not be neutralized 
to 8.6. 

It is obvious that the higher APS causes the higher amount of CO2 captured content. By 
adding 20% PSAS by weight of Ao clay to alkaline sludge, the CO2 captured content was raised 
generally from 5 g to 25 g CO2 per 1 kg dry sample. This is because of the high proportion of 
CaO in the chemical compositions of PSAS (i.e., 63.89%) as presented in Table 3.1. It can be 
seen that the increase in CO2 captured content is proportional to the decrease in pH of both 
alkaline sludge and PSAS treated sludge. Similar to the quick falling of pH at initial accelerated 
carbonation, most of CO2 content is captured at the first 24 hours of accelerated carbonation. 
After that, although CO2 captured content still increased but with a negligible amount. 

Similar to CO2 concentration and dry density, particle size also affected both pH 
neutralization and CO2 captured content of sludges undergone accelerated carbonation, 
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especially at the initial CO2 curing period. Basically, the smaller particle size influenced the 
pH neutralization rate and CO2 capture, and vice versa for both alkaline sludge and PSAS 
treated sludge as shown in Fig 7.14.  

For summary, the first 24h of accelerated carbonation strongly affect the pH 
neutralization and CO2 capture whereas accelerated carbonation thereafter did not produce a 
significant difference. This was observed for all experimental cases when conducting 
experiment to investigate factors (i.e., CO2 concentration, dry density, and particle size and 
APS) influencing CO2 capture. 
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CHAPTER 8  

CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS 
 

8.1 Conclusions 

Construction sludge is frequently existing as liquid state after excavation that makes 
inconvenient to pile up on a standard dump truck. Thus, in Japan, the construction sludge is 
commonly treated immediately by mixing cement or other additives to harden the sludge prior 
to be disposed or recycled. This process raises the pH of construction sludge to around 11 that 
does not satisfy the environmental requirements in Japan which regulates 5.8 ≤ pH ≤ 8.6. The 
pH of alkaline sludge could be naturally neutralized in atmospheric conditions but very slowly 
because of the low CO2 concentration (0.03%). Therefore, this experimental study mainly aims 
to develop a method to accelerate the pH neutralization of alkaline construction sludge by 
curing the sludge under high concentration of CO2. The pH neutralization of alkaline sludge 
was accelerated by using an CO2 incubator. To improve the pH neutralization rate of alkaline 
construction sludge, paper sludge ash-based stabilizer (PSAS) was added to granulate and 
decrease the particle size of alkaline sludge. Then the crumbling process was produced to treat 
the alkaline sludge more effectively. Not only that, PSAS showed its effects on improving the 
strength as well as increasing the capability of CO2 capture and storage of alkaline construction 
sludge. The following conclusions are drawn from the research.  

a. Effect of PSAS on pH neutralization of alkaline construction sludge and pH rebound 

• PSAS showed its effectiveness in shortening the need curing time to neutralize the pH to 
8.6 which is called tN, especially for sludge having high water content. For instance, tN of 
alkaline construction sludge prepared from Ao clay (wi=1.0wL) was reduced from 95.2 
hours to 3 hours by adding 20% of PSAS to clay by weight. For alkaline sludge prepared 
from Kasaoka clay (wi=1.0wL), tN could not be obtained because after almost 400h of CO2 
curing, pH could not fall to 8.6. However, the addition of a weighted 40% PSAS to 
Kasaoka clay reduced the tN to 5.6 h. The APS=20% and 40% are also the PSAS proportion 
that produce the optimum tN for Ao clay sludge and Kasaoka clay sludge, respectively. 

• Alkaline sludge prepared from clay (wi=1.0wL) appears in lumpy sludge for both Ao clay 
and Kasaoka clay and tN was very high or could not be obtained for the ungranulated sludge. 
The addition of PSAS, APS significantly granulate the sludge and decrease the particle size. 
The higher APS is, the smaller particle size could be achieved that increase the surface area. 
However, there is a threshold of value that the particle size cannot be decreased by adding 
PSAS. The increase in APS just decreases the particle size to a certain value. Consequently, 
the change in the pH neutralization rate with the change in the particle size become less 
significant for the sludge with higher addition of PSAS. This is also probably due to the 
increase in the number of opened voids of the particles with the increase in the number of 
PSAS particles. 

• The optimum tN was obtained with a certain APS. Beyond this APS value, tN seems increase 
with the increase in APS because 1) PSAS itself is high alkaline material so that too much 
PSAS cannot further decrease the particle size but significantly increase the alkalinity, and 
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2) because the carbonation requires a certain amount of water surrounding particles, but 
the high APS strongly decreases the water of sludge that inhibit the carbonation. 

• After the accelerated carbonation, pH rebounded with an increase of around 1.0 then 
gradually decreased to a certain value. The ultimate pH values were higher than the 
initially treated ones. The magnitude of pH rebound is inversely proportional to the CO2 
curing period. Hence, it is necessary to neutralize pH to a certain level lower than 8.6 to 
make sure pH rebounds to a value less than 8.6. 

b. Effect of crumbling and pre-air curing 

• To decrease the particle size while avoiding the increase in pH caused by a large amount 
of PSAS, crumbling was considered. Crumbling was applied to PSAS treated sludge with 
small APS to investigate the effects of crumbling on accelerated carbonation. The crumbling 
followed by pre-air curing prior to accelerated carbonation significantly reduced tN of the 
alkaline sludge treated with small amount of PSAS because of the reduction of particle 
size and water content. 

• Even being crumbled, tN of the alkaline sludge (APS=0%) prepared from Kasaoka clay 
could not be obtained. This is probably due to the imporous surface and the lack of porosity 
of the particle of alkaline sludge. 

• Based on the experiment results, the production flow of the pH neutralized recycled sludge 
is suggested. The flow suggested introduces, in addition to the conventional processes of 
PSAS addition and mixing, two processes, those are curing and crumbling of the treated 
sludge before the treated sludges are exposed to a concentrated CO2 gas. The granulation 
via crumbling differs from granulation generated immediately after the addition of PSAS. 
The granulation via crumbling takes the effects of change in properties of the sludge over 
time as a result of the hydration reaction of stabilizers into the granulation. 

c. Mechanism for contribution of PSAS and crumbling 

• The crumbling and the granulation by PSAS decreased the particle size, increased the 
surface area that influence the accelerated carbonation of PSAS treated sludge. 

• The SEM images revealed that PSAS has the surface morphology of porous microstructure 
with many complex irregularities and voids. By mixing with PSAS, the surface of the 
APS=10% sludge particles became more porous with the increase in intra open voids. The 
addition of PSAS not only effectively absorbs the water and adjusts the water content of 
sludge to an appropriate content that facilitates the carbonation but also produces the intra 
open voids that are expected to influence the penetration of CO2 gas more deeply and 
widely into the particles. 

• PSAS showed its effectiveness in accelerating the carbonation of sludge by producing intra 
open voids that allows the penetration of CO2 gas. For the small particle size sludge, the 
effect of intra open voids induced by PSAS was not significant because of the short 
distance from the surface to the core of particle. In this case, the low APS could also produce 
a short tN. But for large particle size, the low APS sludge spent long curing periods to 
neutralize pH to 8.6 and produced long tN. Therefore, crumbling is expected to decrease 
the particle size of low the APS sludge that influences the pH neutralization.  
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d. Strength development of accelerated carbonate construction sludge 

• Strength of sludge was evaluated by conducting a series of cone index test. PSAS could 
significantly increase the strength of the sludge and preserve it even after accelerated 
carbonation. These were attributed to the followings; 1) most of the strength is contributed 
by the water absorption and retention performance of PSAS, and 2) the granulation by 
PSAS produces friction among particles. Meanwhile, the strength of alkaline sludge 
without PSAS was reduced by accelerated carbonation. This was because cement hydrates 
which alone can contribute the development of the strength, degraded by the carbonation, 
resulting in the reduction of the bonding strength of the alkaline sludge. 

• The crumbling followed by the pre-air curing could further enhance the strength of low 
APS sludges because this induces the water reduction due to the evaporation. The 
granulation by crumbling increased the friction between particles, the water reduction by 
pre-air curing increased the stiffness of particles and hence improved the strength of 
sludges. 

e. CO2 capture by accelerated carbonation of alkaline construction sludge treated with 
PSAS 

• CO2 was successfully captured by using PSAS treated sludge as a feedstock under CO2 
curing.  

• The high CO2 concentration, low dry density, and small particle size of PSAS treated 
sludge are the factors influencing the CO2 captured content at the early stage of accelerated 
carbonation process. 

• The CO2 captured content significantly increased with the curing periods at the early stage 
of CO2 curing but then became negligible after tN. This implies that tN could be considered 
an economical curing period to capture CO2.  

8.2 Recommendations for further study 

To comprehensively investigate the application of alkaline construction sludge treated 
by PSAS and CO2 curing, together with monitoring the development of strength (qc), 
investigation on sludge bearing cyclic loading under the changing of wet and dry curing 
conditions should be considered. 

In practice, CO2 gas is injected from the bottom to the top of the underground pit storing 
the sludge. Thus, it should be conducted the experiments of pH neutralization by CO2 column 
test to simulate accurately the real conditions of pH treatment. 

 CO2 captured content of PSAS treated sludge was evaluated by the gas pressure method. 
The advantage of this method is simple and can be applied widely anywhere regardless of the 
conditions of equipment in laboratory. However, it should be compared the results of CO2 
capture obtained by the gas pressure method with other methods such as loss on ignition 
method or CO2 column test to have an accurate verification. 

Further investigation by mercury intrusion porosimetry should be considered to fulfill 
the understanding of effect of porosity and specific surface area on pH neutralization of PSAS 
treated sludge. 
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