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ABSTRACT 

Concrete has been the most important construction material for decades due to its good 

compressive strength, weathering resistance, excellent structural performance, and low 

costs. Rapid urbanization in recent years, particularly in developing countries (e.g. China) 

has increased the need to demolish old structures and replace them with new ones. The 

construction industry as a major consumer of natural resources and energy is thus eager 

to develop upcycling techniques for converting secondary resources derived from 

concrete waste into new and value-added products.  

This thesis is concerned with developing methods to improve the quality of both coarse 

and fine recycled concrete aggregates (RCAs) through accelerated carbonation. Being 

regarded as an efficient and economical approach to enhance the properties of RCAs, 

carbonation treatment of RCAs has been widely recognized and attracted a lot of research 

interests. However, the effect of carbonation is limited by the fast densification on the 

surface of RCA particles. Against this background, this thesis presents a systematic study 

on developing methods to enhance the effect of carbonation for both coarse and fine 

RCAs. 

Following a literature review that identifies the existing knowledge gaps and an 

introduction of the materials and methods, this thesis presents an experimental study on 
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a series of pretreatment methods employed on both laboratory prepared cement pastes 

and real RCA samples to enhance the accelerated carbonation process. This involved the 

use of a laboratory prepared saturated Ca(OH)2 solution and wastewater generated from 

ready-mixed concrete plants (WW). The hypothesis was that with the additional 

introduction of Ca2+ and OH- into RCAs by either soaking or spraying, the amount of 

carbonation products can be enriched. The physico-chemical and microstructural 

properties of the samples were investigated by using mercury intrusion porosimetry 

(MIP), thermal gravimetric analysis (TGA), X-ray diffraction (XRD) analysis, 

microhardness, scanning electron microscopy (SEM)-back scattered electron (BSE) 

imaging techniques. Moreover, the density and water absorption values of the samples 

were evaluated. The experimental results showed that the properties of both the cement 

paste and RCA samples were further improved with the use of the pretreatment method 

before carbonation. 

Having proven that the WW was effective in improving the carbonation, this thesis next 

presents a comparison study on four types of concrete which were separately prepared 

with natural aggregate, recycled concrete aggregate, carbonated recycled concrete 

aggregate, and wastewater pretreated and carbonated recycled concrete aggregate. A 

series of tests was performed to evaluate and compare the properties of the four types of 

aggregates and concrete: the density and water absorption of the aggregate; the 
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compressive strength, density, water absorption, sorptivity, and the Cl penetration 

resistance of the concrete specimens. Moreover, the observation of the interfacial 

transition zone (ITZ) was conducted using scanning electron microscopy (SEM)-back 

scattered electron (BSE) imaging techniques to calculate and compare the porosity at the 

microscopic level. The results showed that the WW spray was able to enhance the effect 

of carbonation on RCAs and therefore improve the properties of the produced new 

concrete. 

Sequentially, this thesis presents a novel two-step carbonation to upcycle the fine recycled 

concrete aggregate. Firstly, a technique was developed to convert recycled fine cement 

waste to a Ca-rich residue and a Si-rich gel by using a two-step carbonation process. The 

two-step process involves i) fine recycled cement powder reacting with a Na2CO3 solution 

to precipitate a calcium-rich residue and ii) after filtration, the filtrate containing Na2SiO3 

and NaOH was subjected to flow-through CO2 gas carbonation to obtain a suspension 

with a silica-rich gel and the Na2CO3 solution. The physical and chemical properties of 

the precipitated products from both steps were analyzed by a range of techniques, 

including particle size distribution, Fourier-transformed infrared spectroscopy (FTIR), X-

ray powder diffraction (XRD), X-ray fluorescence spectroscopy (XRF), 

Thermogravimetric analysis (TGA) and Nuclear Magnetic Resonance (NMR). The 

results indicated that the proposed technique was able to successfully convert recycled 

cement paste powder to two new value-added reaction products, containing calcite and 
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silica gel. 

Afterward, optimization of the above developed technique was carried out by 

systematically varying the carbonation parameters: i) Na2CO3 concentration, stir duration, 

and temperature of Step 1, and ii) CO2 flow-rate, CO2 concentration, and final pH of Step 

2. A thorough investigation of the chemical and physical properties of the products In 

consideration of efficiency, the results suggested the optimal experimental conditions 

were i) Step 1: a 5-10 wt% Na2CO3 solution, a stir duration of 5-7 hours under ambient 

temperature, ii) Step 2: a CO2 gas with a concentration of more than 50%, and the 

carbonation ends at a final pH≤9.8. The supernatant of Step 2 can be reused as the Na2CO3 

solution of Step 1 for another upcycling loop with a pH adjustment by NaOH. 

Finally, a fast (10 min) wet carbonation process was also tested for enhancing the quality 

of recycled fine aggregates for use as new aggregates for mortar production. A well-

hydrated cement paste particles (RCP) and a real fine RCAs were used. The test results 

of RCP revealed that i) the carbonation products were noticeably increased after a short 

period of wet carbonation; ii) the surface layer of the particles were densified; iii) the pore 

volume were reduced after wet carbonation, especially the pores less than 10 nm. The 

new mortar specimens prepared with the carbonated RCAs showed improved 

compressive strength and reduced drying shrinkage, indicating the wet carbonation 

method was effective for fast enhancement of the properties of fine RCAs. 
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The thesis concluded that the coarse, fine and powder fractions of the RCAs derived from 

C&D wastes can be effectively enhanced by different carbonation methods. The WW 

spray pretreatment improved the properties of coarse RCA by providing external Ca2+. 

The fast wet carbonation improved the carbonation efficiency for fine RCAs by 

transforming the gas-solid reaction to the liquid-solid reaction. And the two-step 

carbonation upcycled the fine powder fraction of RCA into two value-added products. 

Further studies are still needed to understand the carbonation mechanism and ways to 

upscale the proposed carbonation methods for industrial applications. 
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CHAPTER 1  

INTRODUCTION 

1.1 GENERAL 

Modern concrete, one of the pillar materials of modernization, has undergone an 

unprecedented development since the twenties centuries (Van Damme, 2018). Due to its 

high strength, excellent structural performance, weathering resistance, and low costs, the 

construction industry consumed concrete and mortar at a rate of twice as much as all other 

building materials combined (Geyer et al., 2017; Ramage et al., 2017; Scrivener et al., 

2018; U.S. Geological Survey (USGS), 2018; Van Damme, 2018; “World Steel 

Association (WSA), Steel statistical yearbooks,” 2016). Meanwhile, the generation of 

construction and demolition (C&D) waste has increased considerably and the cement 

industry contributes to about 8% of the global greenhouse gas emission (Yuan and Shen, 

2011; Habert et al., 2020). Figure 1.1 illustrates a general process of concrete waste 

generation from demolition to recycled concrete aggregate (RCAs). According to the 

particle size, the RCAs can be categorized into three major fractions: i) coarse RCA 

(CRCA, >5 mm), ii) fine RCA (FRCA, 0.15-5 mm), and iii) recycled fine powder (RFA, 

<0.15 mm). 
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Figure 1.1 A general illustration of the generation and management of the recycled concrete aggregate 

(RCAs)  

Metropolises such as Hong Kong are facing shortages of landfill space for waste disposal. 

The management strategy for construction waste in Hong Kong can be summarized as: 

avoid, minimize, recycle, treat, and dispose with the desirability decreasing in this order 

(Figure 1.2). According to the Hong Kong Environment Bureau, the objectives of 

construction waste management are i) to minimize waste generation, ii) to maximize reuse 

and recycling, and iii) to finally reduce the amount of waste disposal at landfills. However, 

despite the increasing recycling and reuse of RCAs, the overall construction waste (4081 

tons per day) still accounts for 25% of the total amount of waste disposal at lanfills (HK 

EPD, 2018; HK EPD, 2019). Therefore, advanced techniques for recycling and reuse of 
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RCAs are needed. 

 

Figure 1.2 Strategy of construction waste management 

Meanwhile, as the notion of sustainable urban development becomes an increasingly 

popular issue worldwide, the construction industry is also eager to explore alternatives to 

reduce both solid wastes and carbon emissions. Therefore, the utilization of RCAs in the 

construction industry is being pursued intensively (Tam et al., 2018; Xuan et al., 2012). 

But the incorporation of RCAs in concrete would result in a series of negative effects on 

the concrete properties due to its higher porosity and water absorption, and lower 

mechanical strength than natural aggregates (Shi et al., 2016; Tam et al., 2018).  

Thus, a number of methods were proposed by researchers to enhance the properties of 

RCAs (Dimitriou et al., 2018; Shi et al., 2016; Verian et al., 2018; Xuan et al., 2015). 

There are two major categories for enhancing CRCA and FRCA: i) removing and ii) 

strengthening the adhered old mortar/cement paste on the original aggregates. The 
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removal of the adhered old mortar can be achieved through mechanical grinding (Wang 

et al., 2019). Some other methods were also proposed to weaken the bond between the 

natural coarse aggregates and the adhered old mortar, including microwave heating, high-

temperature heating, and water soaking (Bru et al., 2014; Katz, 2004; Tateyashiki et al., 

2001). The succeeding grinding was able to remove the adhered old mortar more 

effectively. Another way to remove the adhered mortar from RCAs was acid dissolution, 

but the treatment would generate wastewater needing further treatment. Besides, all of 

the mentioned processes would produce a huge amount of fine powder which is an even 

more problematic waste to handle (Tam et al., 2007).  

Therefore, more attempts were made to strengthen the adhered mortar of RCAs. 

Considering the major difference between the properties of the RCAs and natural 

aggregates is its higher water absorption due to the porous adhered mortar, studies were 

conducted to reduce and minimize the presence of the cracks and pores of RCAs. Polymer 

emulsions were introduced as an effective treatment to lower the water absorption value 

of RCAs (Kou and Poon, 2010). To compensate for the negative effects caused by the use 

of organic water-repellant materials on the bonding strength between the new cement 

paste and the RCAs, applying a cementitious coating that contains fly ash or micro/nano-

SiO2 were also suggested (Kou and Poon, 2012; Singh et al., 2013). Even bio-technology 

can be used for the precipitation of calcium carbonate in the adhered mortar through a 

series of bio-chemical reactions between Ca2+ and bacteria to improve the properties of 
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RCAs (Grabiec et al., 2012).  

Among the various ways of enhancement of RCAs, accelerated carbonation was regarded 

as one of the most effective, practical, and environmental friendly approaches (Li et al., 

2017; Shi et al., 2016; Xuan et al., 2018; Zhu et al., 2018). Shi et al. (2016) stated that a 

solid volume increase of 11.5% and 23.1% in pure cement system was able to be achieved 

by the carbonation of calcium hydroxide and calcium silicate hydrate respectively, which 

would eventually densify the adhered old mortar and reduce the water absorption 

(Castellote et al., 2009; Groves et al., 1991; Papadakis et al., 1991). Previous research 

indicated that the porosity and water absorption value of the carbonated RCAs were still 

higher than the natural aggregates due to the limited carbonation level (Thiery et al., 2013). 

Hence there are potentials to enhance the carbonation through a treatment method 

involving adding calcium-rich solutions followed by accelerated carbonation (Pan et al., 

2017; Zhan et al., 2018).  

Moreover, FRCAs can only be used in low-graded applications. Furthermore, the reuse 

of the RFA from the crushing process of demolished concrete debris is even more 

challenging. Some previous research works have been done to enhance the properties of 

fine recycled concrete aggregates and for alternative reuse of concrete/cement fines. One 

of the main suggestions is to upcycle the cementitious powder as artificial cementitious 

materials (Lu et al., 2018; Shi et al., 2019; Zhu et al., 2018).  
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This thesis presents an in-depth study to enhance the existing accelerated carbonation 

method for coarse RCAs and explore an innovative upcycling method for fine/powder 

RCAs. 

1.2 RESEARCH OBJECTIVES AND SIGNIFICANCE 

1.2.1 Research objectives 

The specific objectives of the PhD study are thus to: 

1) A thorough understanding of accelerated carbonation of RCAs; 

2) Enhance the existing carbonation for CRCAs through a series of proper pretreatment 

methods using Ca-rich solutions; 

3) Utilize wet carbonation for FRCAs to improve the CO2 uptake and achieve a quick 

property enhancement, and replace river sand by carbonated FRCAs in mortar specimens; 

4) Invent a new approach to upcycle RFA and turn it into two value-added products by 

extracting Ca and Si separately through a two-step carbonation process; 

5) Conduct comparative studies for the above methods to evaluate their effectiveness, 

feasibility, and environmental impact. 

Figure 1.3 Further summarizes the research routes and objectives of the PhD study. 
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Figure 1.3 Research routes and objectives 

1.2.2 Research significance 

The construction industry, as one of the major consumers of natural resources and CO2 

emission sources, are always eager to develop novel techniques in order to convert 

secondary resources derived from the C&D wastes into high-value products. However, 

due to the shortage of practical and economically advanced techniques, C&D waste is 

limited to be upcycled. As the notion of sustainable urban development becomes 

increasingly popular worldwide and the depletion of natural resources, turning C&D 

wastes into high-value materials for construction industries or other applications is 

demanded. Most existing enhancement methods are only applicable to coarse RCAs. 

Meanwhile, the lack of treatments for fine/powder RCAs is a big challenge for recycling 

of C&D wastes.  
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1.3 RESEARCH METHODOLOGY 

The PhD research program includes the following parts: 

1) A series of pre-treatment methods were applied on CRCAs sourced from a local 

recycling plant followed by accelerated carbonation. Both mechanical and 

microscopic properties of the enhanced CRCAs were compared to the original; 

2) A series of concrete specimens were prepared with original CRCAs, carbonated 

CRCAs, carbonated CRCAs enhanced by pre-treatment methods, and natural 

aggregates (NA). The mechanical performances and microscopic properties of the 

natural aggregate concrete (NAC) and the recycled aggregate concrete (RAC) 

were analyzed and compared; 

3) A novel upcycling two-step method for recycled fine powder was developed. A 

series of trial tests were conducted to decompose hydrated cement paste and re-

collect as a Ca-rich residual and a Si-rich gel. Chemical analytical tools were 

applied to investigate the composition of the produced products; 

4) A series of optimization tests were conducted to make the proposed two-step 

methods practical. Detailed chemical analysis was performed to investigate the 

influence parameter of the two-step process and the form of the constituents of 

the products. 
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5) A series of wet carbonation tests were conducted on the FRCA ranging from 0.15-

5 mm. The characteristics of the FRCA and the performance of its mortar 

specimens were studied and analyzed.   

1.4 OUTLINE OF THE THESIS 

This thesis consists of nine chapters, details of which are summarized below.  

Chapter 1 presents research background, research objectives, research methodologies and 

outline of the thesis.  

Chapter 2 presents a literature review of topics related to the present study. The review 

includes existing studies on treatment of recycled aggregates, carbonation of RCAs, and 

pointed out the knowledge gap in further improving the carbonation efficiency and the 

limited upcycling of fine fractions of RCAs.  

Chapter 3 presents an overall experimental materials and methodology utilized in this 

thesis. The materials used includes designed RCAs, prepared cement paste, collected 

waste materials, and various of analytical grade chemicals. The carbonation method 

includes pressurized carbonation, flow-through carbonation and wet carbonation. The 

testing apparatus are also introduced. 

Chapter 4 first presents a series of treatment methods for CRCAs trying to enhance the 
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effect of the accelerated carbonation. An introduction of the program is given, followed 

by the experimental observations, results and discussions. The qualities of CRCAs 

improved by different methods are then compared with those of the original CRCAs and 

natural aggregates.  

Chapter 5 presents a series of concrete prepared by different types of aggregates, 

including natural aggregates, untreated CRCAs, and CRCAs improved by both 

carbonation and enhanced carbonation. The mechanical performance and microscopic 

properties are then compared and discussed. 

Chapter 6 proposes a treatment method for upcycling of the RFA using Na2CO3 solution 

with a two-step approach. Experiments are conducted firstly to explore the feasibility of 

the novel methods, followed by the analysis of the products. Evidence shows that the 

developed method is able to upcycle RFA into two new types of chemical products. 

Chapter 7 presents the optimization of the experimental process developed in Chapter 6. 

The properties of the raw material, reagent, reaction time and treatment durations are 

described in detail. The experimental results and discussion of the parameter analysis are 

next presented. The optimized approach for RFA upcycling are then recommended. 

Chapter 8 presents the study of applying a fast wet carbonation method on FRCA in order 

to enhance the carbonation efficiency for the FRCA. The effects of the fast wet 

carbonation on both particles and mortar specimens are described in detail. The 
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experimental findings and analysis are then presented. 

The thesis closes with Chapter 9, where the conclusions drawn from previous chapters 

are reviewed, and areas in need of further research highlighted. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter presents a review of existing studies on the topics related to recycling and 

reuse of RCAs and identifies the knowledge gap. The review includes the following topics: 

(1) treatment methods for enhancement of the RCAs; (2) carbonation/CO2 curing for 

RCAs and other cementitious waste materials; (3) limitations in carbonation efficiency 

and recycling the FRCA and RFA. 

2.2 TREATMENT METHODS FOR ENHANCEMENT OF 
RCA 

Due to the rapid urban development in the 20th and 21st centuries, the consumption of 

cement and concrete products has been growing unprecedentedly (Van Damme, 2018). 

As a result, the disposal of the generated C&D waste at public fill and landfills raised 

environmental concerns especially in major metropolitans like Hong Kong (Figure 2.1, 

HK EPD, 2019). Hong Kong generated about 50,000 tons of C&D waste per day in 2018. 

And in which the percentage of concrete waste was about 1% and 10%, respectively. 
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Figure 2.1 Monitoring of solid waste in Hong Kong by HK EPD (HK EPD, 2019): (a) disposal and reuse 
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of overall construction waste from 2014 to 2018, (b) overall construction waste received by treatment 

facilities from 2014 to 2018. 

Sustainable urban development is required to explore solutions to reduce C&D wastes by 

recycling and reuse. As the notion of sustainable urban development has gained 

increasing popularity worldwide, the interest of using RCAs in the construction industry 

is increasing (Tam et al., 2018; Xuan et al., 2012). But the incorporation of RCAs in 

concrete would result in negative effects on the concrete properties due to its higher 

porosity and water absorption, and lower mechanical strength than natural aggregates (Shi 

et al., 2016; Xuan et al., 2015). Therefore, many methods have been proposed to enhance 

the properties of RCAs (Dimitriou et al., 2018; Shi et al., 2016; Verian et al., 2018; Xuan 

et al., 2015). There are two major categories of RCAs enhancement methods: (i) removing 

and (ii) strengthening the old mortar/cement paste attached on the original aggregates. 

2.2.1 Removal of adhered mortar 

Mechanical grinding can be adopted to remove the adhered mortar from the original 

aggregate. Gjorv and Sakai (1999) present different types of mechanical separation of 

adhered mortar and natural aggregate. Traditionally, the separation is achieved by rolling 

vibration effects of a high speed rotating eccentric gear in a grinding mill (Shi et al., 2016). 

The removal efficiency can be further improved by improving the eccentric gear to a 

higher speed and therefore enhance the peeling-off effect of the mortars. Bru et al. (2014) 

report a selective heat grinding method (Figure 2.2). The study presents a method to 

weaken the adhered mortar by using microwave heating before impact crushing. The ITZs 
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between the adhered mortar and the virgin aggregate were effectively weakened and the 

quality of the RCA improved. Heat grinding is another solution reported by researchers 

(Tateyashiki et al., 2001). The RCA was heated at 300 oC to dehydrate the adhered mortar 

to make it more brittle before grinding. 

 

Figure 2.2 Experimental testing and product analysis protocols (Bru et al. 2014) 

Pre-soaking pretreatment methods before grinding are also proved to be effective. Katz 

(2004) utilizes an ultrasonic water cleaning to pre-soak and wash RCA repetitively and 

remove the weakened adhered mortar. The RCAs with improved quality are reported to 

increase the 28-day compressive strength of the recycled aggregate concrete by 7%. The 

acidic solution can be used to remove the adhered mortar of the RCAs (Tam et al., 2007). 

The study uses 0.1 mol/L acids, including hydrochloric acid (HCl), sulfuric acid (H2SO4), 
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and phosphoric acid (H3PO4), to soak RCA for 24h to remove the adhered mortar (Table 

2.1). HCl is proved to be the most effective and the properties of RCA improved after 

pre-soaking treatments.  

However, the solution treatment would generate a lot of wastewater needing further 

treatment. Also, all of the above removal methods would generate a huge amount of fine 

powder which is not desirable for a recycling process (Tam et al., 2007). 

Table 2.1 Properties of RCAs before and after pre-soaking (Tam et al., 2007) 

Properties of 

RCA 

Size of aggregate 

(mm) 

Before pre-

soaking 

treatment 

After pre-soaking treatments 

ReMortar  ReMortar  ReMortar  

Water 

absorption 

(%) 

20 1.6500 1.4500 1.4800 1.5300 

10 2.6300 2.3100 2.3700 2.4100 

Chloride 

content (%) 

20 0.0016 0.0025 0.0001 0.0001 

10 0.0012 0.0056 0.0001 0.0001 

Sulphate 

content (%) 

20 0.0025 0.0076 0.1090 0.0110 

10 0.0025 0.0082 0.1040 0.0109 

Value of pH 20 10.4600 9.0700 8.9500 8.5500 

10 11.6300 9.3400 9.3500 9.3300 

2.2.2 Strengthening of adhered mortar 

Attempts were also made to strengthen the old mortar attached. As the major difference 

between the properties of the RCAs and natural aggregates is the high water absorption 

value due to the porous adhered mortar, efforts were made to reduce and minimize the 

presence of the cracks and pores of RCAs. 

Coating by Polymer emulsion 
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Due to the adhesive and quick solidification properties of the polymer emulsion, the water 

repellent polyvinyl alcohol (PVA) emulsion and silane-base polymers are used to reduce 

the water absorption of RCAs (Büttner and Raupach, 2008; Kim et al., 1999). Kou and 

Poon (2010) present an experimental study of RCA enhancement by applying PVA 

impregnation. The evaluation of the enhanced RCAs includes strength development and 

durability properties. The test results showed improvements in the physical and 

mechanical properties of RCAs after being treated by a PVA solution (Table 2.2). It is 

also reported that PVA impregnation also increases the bonding between the cement paste 

and the aggregate and reduces the w/c ratio in the ITZs (Mansur et al., 2007).  

Table 2.2 Physical properties of NA, RCA, and 10% PVA-treated RCA (Kou and Poon, 2010) 

Property Particle size 

(mm) 

Aggregate types 

NA RCA PVA (oven 

dry) 

PVA (air dry) 

Density (kg/m3) 20 2662 2423 2461 2473 

10 2583 2356 2372 2385 

Water absorption 

(%) 

20 0.68 6.23 2.39 1.62 

10 0.87 7.76 4.32 2.38 

10% fine value 

(kN) 

14 168 120 154 158 

Silicon-based and silane-based polymers are also reported as effective enhancement in 

improving the quality of RCA (Li et al., 2011; Zhu et al., 2013). It is also reported that 

the surface coating treatment performed better than the integral mixing for RCAs in 

reducing the water absorption value. Similar findings of RCA enhancement using 

polymers are also reported by Spaeth and Djerbi Tegguer (2013) and Tsujino et al. (2007). 
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To sum up, polymers can enhance the quality of RCA and improve the durability 

performance of RAC as well. However, the disadvantage of using polymers is their lack 

of contribution to the compressive strength of RAC due to the hindered cement hydration 

and weakened bonding strength between aggregates and cement matrix. 

Treatment by Pozzolan slurry 

Incorporating mineral admixtures is reported effective in mitigating the durability deficit 

of using RCAs (Kou and Poon, 2012). The study manages to minimize the negative 

effects of using RCA in concrete by incorporating 25-35% of fly ash. Previous research 

also reported positive findings of coating RCAs by pozzolanic material slurry especially 

those containing silica fume (Katz, 2004; Tam et al., 2005). Thanks to the pore-filling 

effect of silica fume on voids of the adhered mortar, the use of silica fume is reported to 

improve the microstructure of both the new and old ITZs in RAC. Tam et al. (2005) 

present a two-stage mixing approach (TSMA) to enhance RCA by generating a thin layer 

of cement slurry on the surface of the RCA particles and therefore improve the properties 

of the adhered mortar. The TSMA is also reported having positive effects on strengthening 

ITZs, RAC strength, and durability properties of the RAC. Researchers also pointed out 

that silica fume performed effectively in pozzolanic reaction and pore-filling effect due 

to the high specific surface area (Shannag, 2000; Tam and Tam, 2008).  
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Figure 2.3 Microstructure of RCAs after adopting NMA, TSMAS, TSMASC (Tam and Tam, 2008) 

Singh et al. (2013) summarize that the pozzolan slurry treatment depends on the particle 

size, the calcium hydroxide (CH) content in the adhered mortar, the alkalinity of the pore 

solution, the reactivity of the pozzolanic materials, and therefore nano materials can be 

very efficient thanks to the small particle size and high reactivity. 

Biodeposition 

Biodeposition for adhered mortar utilizes a calcium carbonate precipitated by bacteria. 

Grabiec et al. (2012) adopt a bacteria called S. pasteurii to treat RCA through 

biodeposition. The bacteria cell can attract Ca2+ and produce calcium carbonate with the 

CO3
2- originated from urea hydrolysis. According to the study, the biodeposition can 

reduce the water absorption of the RCA, especially finer RCA from concrete with inferior 

quality.  

Sodium silicate solution 



PhD thesis: Upcycling Waste Concrete Aggregates by Accelerated Carbonation 

51 

Because the sodium silicate can react with CH to form calcium silicate hydrate (CSH) gel, 

researchers reported successful attempts of RCA enhancement through soaking in the 

sodium silicate solution (Chen et al., 2006; Shayan and Xu, 2003). The results suggested 

that a 1h soaking for RCA using a 5% sodium silicate solution. The studies also pointed 

out the risk of alkali-silica reaction when using sodium silicate solution as a treatment 

method. 

However, all the mentioned strengthening methods involved the preparation and use of 

specific materials. Moreover, some of the materials require special treatment after the 

mortar strengthening due to its potential environmental impact. Hence, the above mortar 

enhancement measures were not widely used because of the disadvantages in industrial 

feasibility and environmental friendliness.  

2.3 CARBONATION TREATMENT OF RCA 

Among the various ways of enhancement of RCAs, accelerated carbonation was regarded 

as one of the most effective and environmental friendly approaches by previous studies 

owing to its practicability and greenhouse gas emission reduction (Jang et al., 2016; Li et 

al., 2017; Shi et al., 2016; Xuan et al., 2017; Zhan et al., 2018; Zhu et al., 2018). Shi et. 

al. (2016) stated that the carbonation of calcium hydroxide and calcium silicate hydrate 

was able to achieve a solid volume increase of 11.5% and 23.1% in pure cement system, 

respectively, which would eventually help densify the old mortar and reduce the water 

absorption (Castellote et al., 2009; Groves et al., 1991; Papadakis et al., 1991; Shi et al., 
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2016). 

2.3.1 Carbonation mechanism 

Gaseous CO2 is able to enter the pores of adhered mortar and react with the main cement 

hydration products to form solid carbonation products (Castellote et al., 2009; Papadakis 

et al., 1991; Thiery et al., 2013): 

𝐶𝑎(𝑂𝐻) + 𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 𝐻 𝑂           eq (2.1) 

𝐶 − 𝑆 − 𝐻 + 𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 𝑆𝑖𝑂 ∙ 𝑛𝐻 𝑂         eq (2.2) 

𝐴𝐹𝑚 𝐴𝐹𝑡⁄ + 𝐶𝑂 → 3𝐶𝑎𝐶𝑂 + 𝐴𝑙 𝑂 ∙ 𝑥𝐻 𝑂 + 3𝐶𝑎𝑆𝑂 ∙ 2𝐻 𝑂 + 𝑛𝐻 𝑂   eq (2.3) 

Shi et al. (2016) state that the carbonation of CH and CSH would result in a solid volume 

increase of 11.5% and 23.1% respectively. Hence, carbonation of RCA can reduce the 

porosity of the adhered mortar and therefore enhance the quality of RCA. Because 

carbonation utilizes CO2, it reduces the emission of greenhouse gas as well and is 

therefore regarded as one of the most economical and environmentally friendly 

approaches to enhance RCAs. 

Many studies have been conducted to investigate the carbonation of RCAs. Thiery et al. 

(2007) state that the CO2 reacts with liquid CH more easily and forms solid calcium 

carbonate to fill the pores and voids of the cement paste. Meanwhile, it is also found that 

the CH in hydrated cement paste cannot be carbonated completely and there is an 
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appreciable amount of CH remaining after carbonation (Groves et al., 1991; Thiery et al., 

2007). Because calcium carbonate generated during carbonation would form a coating on 

crystalline calcium hydroxide and hinder the further dissolution of CH and the 

carbonation process. CSH can also be carbonated by the reaction between the CO3
2- in 

pores and the decalcified Ca2+ in the interlayer (Borges et al., 2010; Chen et al., 2006). 

The decalcification of CSH would result in the form of Si-OH groups and silica gel. Other 

cement hydration products of ettringite (AFt) and monosulfate hydrates (AFm) can also 

react with CO2 (Papadakis et al., 1991). 

Due to the presence of different hydration products, the kinetics of carbonation is also 

investigated by researchers (Chen et al., 2006; Groves et al., 1991; Thiery et al., 2007). 

At first, researchers reckoned that the CO2 reacts with CH more rapidly than CSH due to 

the lower required partial pressure (Slegers and Rouxhet, 1976). Meanwhile, the rate of 

CH carbonation decreases with the formed calcium carbonate increases (Borges et al., 

2010). Thiery et al. (2013) further investigated the chemical mechanism of a heap of RCA 

being carbonated under lab conditions and presents the study of carbonation kinetics. The 

study reveals that the CO2 concentration, CO2 diffusion coefficient through a bed of 

granular particles, and the particle size of the aggregate are the major factors affecting the 

CO2 absorption of RCA. An analytical model is also proposed based on these parameters. 

According to this study, the RCA particles subjected to carbonation consist of fully 

reacted area, partially reacted area, and non-reacted area, indicating that RCAs are not 
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fully carbonated and still have the potential to be enhanced (Figure 2.4). 

 

Figure 2.4 Carbonation profiles of CaCO3 and CO2 within a cement paste particle. (a) General case with 

the existence of a partial-carbonated layer; (b) Case with a strong time scale separation between CO2 

diffusion and chemical reactions of carbonation (Thiery et al., 2013) 

2.3.2 Carbonation techniques 

As previous research proved carbonation was able to effectively strengthen the adhered 

mortar of RCA as well as reducing the carbon footprint, many studies utilized carbonation 

to enhance cementitious materials including RCA. 

Pressurized carbonation 
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The pressurized carbonation (Figure 2.5) enhanced the carbonation effects due to the 

increased CO2 partial pressure (Bertos et al., 2004; Hyvert et al., 2010). Therefore, 

pressurized carbonation was commonly utilized to treat recycled cementitious wastes in 

previous studies (Ben Ghacham et al., 2017; Bertos et al., 2004; Hyvert et al., 2010; Liang 

et al., 2020; Zhu et al., 2018).  

 

Figure 2.5 An example of pressurized carbonation setup (Zhan et al., 2014) 

Zhan et al. (2014) enhanced RCAs by pressurized carbonation under 10 kPa at room 

temperature. The carbonated RCAs were improved by increased solid volume and 

reduced water absorption value. This study also analyzed the effects of different 

carbonation conditions and revealed that 1) RCAs with high water absorption values 

showed high mass gain due to open porosity; 2) the CO2 uptake of small RCAs is higher 

than that of large RCAs in 1h due to a larger specific surface area; 3) the improvement 

brought by carbonation reduced as the reaction time increased, and 4) the optimal relative 
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humidity (RH) for carbonation was around 50%. 

Kou et al. (2014) presented an experimental investigation on behaviors of concrete 

prepared with both carbonated and untreated recycled mortar aggregate (RMA) The study 

firstly compared carbonated RMA to untreated RMA and found that the density and 10% 

fine value of the carbonated RMA was higher while the water absorption of the 

carbonated RMA was lower. Secondly, the study revealed that the concrete prepared with 

carbonated RMA showed better mechanical properties, higher resistance to chloride ion 

penetration, and reduced drying shrinkage. 

Zhan et al. (2018) and Pan et al. (2017) further enhanced the effect of carbonation by 

applying pre-soaking procedures with CH rich solutions. Zhan et al. (2018) also applied 

cyclically performed procedures to improve the effectiveness of carbonation. The study 

reported a density increase of 5.7% after 3 cycles, the compressive and flexural strength 

were enhanced by 22.8% and 42.4% respectively, and a porosity reduction of 33% with a 

higher microhardness value. Pan et al. (2017) reported reduced powder content, crush 

value, and water-demand ratio as well as an increased compressive-strength ratio. The 

study also investigated the mortar prepared by both pristine and carbonated recycled fine 

aggregates and revealed that the mortar with treated recycled fine aggregates  exhibited 

better flowability, 26% higher compressive strength, and a reduced porosity.  
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Flow-through carbonation 

Flow-through carbonation (Figure 2.6) was usually adopted for research purpose in 

previous studies (Fang et al., 2017; Guo et al., 2018; Kashef-Haghighi and Ghoshal, 2010; 

Wang et al., 2020; Zhan et al., 2015; Zhang et al., 2017).  

 

Figure 2.6 illustration of flow-through carbonation setup 

Kashef-Haghighi and Ghoshal (2010) assessed the CO2 uptake by concrete in a flow-

through reactor. This study reported that the carbonation efficiencies of 16-20% obtained 

in the flow-through reaction was comparable to those attained in the CO2 pressurized 

chamber. Meanwhile, significantly less energy was required in a flow-through reactor 

than a pressurized CO2 chamber.  

Zhan et al. (2015) cured concrete blocks in a CO2 flow-through reactor for 2 hours and 

reported a higher compressive strength than those cured by conventional method for 1 

day. This study also reported a 24-hour CO2 uptake of 7.57% and marginal effect of flow 

rate varying from 0.5 L/min to 4 L/min.  
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Fang et al. (2017) established an empirical model for CO2 uptake by RCAs and pointed 

out that the factors including CO2 concentration, CO2 flow rate, carbonation duration, 

particle size could affect the CO2 uptake during a flow-through carbonation procedures. 

Even though flow-through carbonation is less energy-intensive comparing with 

pressurized carbonation, it is still lacks of application due to the lower carbonation 

efficiency resulted from a lower CO2 partial pressure. 

Wet carbonation 

Recently, some studies explored the utilization of wet carbonation methods on cement-

related materials. Zajac et al. (2020b, 2020a) introduced and analyzed an enforced wet 

carbonation method for cement paste by using gaseous CO2 and NaOH solution (Figure 

2.7). The study presented an approach of carbonating well hydrated and ground cement 

paste in an aqueous solution. Experimental results revealed that portlandite initially reacts 

with the dissolved CO2 and other hydrates progressively decalcify upon its depletion. The 

study reported that the major constituents of the products were calcite and alumina-silica 

gel.  
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Figure 2.7 Sketch of the experimental setup for wet carbonation (Zajac et al., 2020b) 

Liu et al. (2020) presented a new wet carbonation method for enhancing RCA (Figure 

2.8). The wet carbonation soaked RCA in water and injected industrial grade CO2 

(>99.9%) to carbonate the particles for different durations. The study utilized artificial 

RCA derived from prepared cement mortar and cement paste in order to eliminate the 

effect of varying composition of the real RCA from the concrete demolishing plant. The 

cement mortar and cement paste were crushed into 5-10 mm and 0.6-1.18 mm RCA 

respectively. The study reported an optimal wet carbonation duration of 10 mins for 

enhancing the RCA properties and improved interface between carbonated RCA and the 

new cement paste. 
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Figure 2.8 Schematic illustration of the wet carbonation equipment (Liu et al., 2020) 

Previous study revealed that the wet carbonation approaches showed advantages in 

reaction efficiency, decalcification, and reusable products. Therefore, the wet carbonation 

method shows great potential to be applied to treat FRCA and RFA. 

All the carbonation techniques were set up to accelerate the rate of carbonation compared 

to ambient conditions: the pressurized carbonation increased the carbonation efficiency 

dramatically owing to the high partial pressure of the CO2 gas; the flow-through 

carbonation possessed the advantage of practicality; and, the wet carbonation improved 

the CO2 uptake by fine particles. However, each of the carbonation techniques has its 

shortcomings: the pressurized carbonation required special vessels; the flow-through 

carbonation was relatively lower carbonation efficiency due to a lower CO2 partial 

pressure compared to pressurized conditions; and, the wet carbonation requires more 
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steps before reuse. 

2.4 LIMITATIONS IN CARBONATION EFFICIENCY AND 
RECYCLING OF FRCA & RFA  

2.4.1 Further enhancement of carbonation 

Previous studies reported that the porosity and water absorption values of RCAs were still 

higher than natural aggregates even after the carbonation treatment, because the 

carbonation degree and depth of the adhered mortar/cement paste on RCAs were still 

limited (Pan et al., 2017; Xuan et al., 2017). Hence, there are interests to explore alternate 

means of carbonation to further improve the properties of RCAs. Recently, attempts had 

been made to use CH or limewater to pre-soak the RCAs before the carbonation process 

and the studies reported positive outcomes marked by a reduction in the porosity and 

water absorption of RCAs (Pan et al., 2017; Xuan et al., 2017; Zhan et al., 2018). The 

enhancement was achieved through increasing the CH in the pore network as a reactant 

for carbonation. However, it would be impractical to carry out limewater soaking of a 

large amount of RCAs at an industrial scale. Therefore, spraying of CH or other calcium-

rich solutions onto the RCAs is more practical if it can achieve similar enhancement 

effects. Wastewater from a local ready-mix concrete batching plant was obtained and used 

as a type of calcium-rich solution. Instead of treatment and disposal, the wastewater 

generated during the waste concrete reclaiming process was recycled and reused to 

enhance the properties of RCAs in this study. 
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Figure 2.9 Illustration of the cyclic soaking and carbonation process (Zhan et al., 2018) 

2.4.2 Recycling and reuse of FRCA & RFA  

Until now, various techniques for recycling and reusing concrete waste have been 

proposed and conducted (Behera et al., 2014a; Tam and Tam, 2006; Verian et al., 2018; 

Xiao, 2018; Xuan et al., 2012, 2015; Zhan et al., 2013, Zega and Di Maio, 2011, Cuenca-

Moyano et al., 2014, Anastasiou et al., 2014, Corinaldesi and Moriconi, 2009). The 

traditional recycling method of demolished concrete waste is based on sorting, crushing, 

and screening. As such, most studies have focused on using crushed concrete fractions to 

replace natural aggregates, but the replacement rates of natural aggregates by RCAs are 

controlled in the relevant specifications (Achtemichuk et al., 2009; Lee et al., 2013; Li et 
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al., 2018; Poon and Chan, 2006; Safiuddin et al., 2013; Zhan et al., 2013, Sim and Park, 

2011). This is because RCA contains 25%–60% residual mortar (by volume) depending 

on their size, and the smaller particles tend to have a higher content of residual mortar 

(Behera et al., 2014b; Zhan et al., 2014), which contribute to inferior qualities such as 

having higher water absorption and low mechanical properties. Data shows that recycled 

fine aggregate (<1.18 mm) accounts for more than one quarter of the generated RCA, and 

a significant fraction of recycled fine concrete aggregate is of very small particle size 

(<150 micron), which is the most detrimental part of RCA, limiting its reuse (Khatib, 

2005). Therefore, the potential reuse of recycled fine aggregate, and in particular the 

recycled fine powder, is very limited. 

Shi et al. (2019) turn recycled fine powders into artificial aggregates by employing a 

granulation technology and carbonation. This study utilizes a series of systematic 

experimental trials to conduct a granulation to produce concrete waste powder (CWP). 

Afterward, the CWP was mixed with cement to make artificial aggregates and subjected 

to carbonation subsequently. The developed CWP aggregates are reported promising to 

replace natural aggregate in less value-added products like low-strength concrete, 

pavement blocks, and bricks.  
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Figure 2.10 (a) procedures for preparing artificial aggregates, (b) disc granulation (Shi et al., 2019) 

Lu et al. (2018) incorporate carbonated recycled cement paste powder with new cement 

to investigate the effects on cement hydration and microstructure development. The study 

reports that replacing cement with 10-20% carbonated recycled cement paste powder was 

able to increase the strength up to 90 days. But the strength started decreasing when the 

replacement ratio exceeded 30%. Due to the presence of calcite and silica gel in the 

carbonate cement paste powder, there is more CSH, calcium aluminate hemi-carbonate 

(CAHC), and calcium aluminate momo-carbonate (CAMC) formed during the new 

cement hydration process and lead to a lower porosity and a higher compressive strength. 
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Zhu et al. (2018) reuse recycled cement paste powder to make compacted blocks with 

pressurized CO2 curing. Carbonation is reported to benefit the compressive strength of 

the prepared blocks. Zhang et al. (2015) reported a fast carbonation of FRCA with a 

particle size range of 0.16–2.5 mm and found a compressive strength increase of the 

mortar prepared by the carbonated FRCA. Some studies have incorporated FRCA in new 

mortars to evaluate the effect of different treatments (Li et al., 2020, 2019). For FRCA 

reuse, some studies found that recycling up to 20% of carbonated FRCA to replace cement 

did not cause performance degradation of the new concrete specimens, and concrete waste 

powder might have certain residual rehydration behavior to help strength increase in the 

carbonated concrete blocks (Qin and Gao, 2019; Zhu et al., 2018). Payá et al. (2012) 

utilized carbonated cement paste with a NaOH/waterglass solution to prepare a type of 

geopolymer, which showed good mechanical stability and compressive strength. Lotfi et 

al., (2017) introduced a concrete to concrete recycling approach (C2CA process) by 

treating 2–4 mm fines using an advanced dry recovery (ADR) recycling technique, and 

replaced a portion of natural sand in the new RAC.  

Some studies attempted to incorporate recycled fines and powder fractions in concrete 

production. Duan et al. (2020) used recycled powder to replace up to 20% of the fine 

aggregate to produce self-compacting concrete (SCC). The study reported increased 

workability when replacing fine aggregate by recycled powder and deteriorated durability 

due to the higher porosity caused by the agglomeration of particles. Ding et al. (2020) and 
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Liu et al. (2020) utilized recycled sand to prepare concrete and mortar respectively. It was 

reported that the use of recycled sand for the 3D printed concrete had limited effects on 

compressive and flexural strength. Meanwhile, mortar specimens were reported to have 

an improved strength when prepared with the sand fraction of recycled aggregates which 

had comparable or higher shrinkage values depending on the source of the recycled 

aggregates. Xiao et al. (2018) carried out a comprehensive assessment of the mechanical 

properties and early-age cracking behavior of recycled powder concrete (RPC) and 

recommended a maximum replacement ratio of 15-30% of Portland cement by recycled 

powder. 

The current applications for FRCA and RFA are either limited by replacement ratio or 

utilized in low-graded products. It is necessary to explore new approaches for the 

recycling and reuse of FRCA and RFA. 

2.5 CONCLUDING REMARKS 

This chapter has provided a review of existing research on quality enhancement of RCAs. 

The adhered mortar of RCA leads to a series of deficits in porosity, density, water 

absorption and the mechanical performance of RAC. Removal or strengthening of the 

adhered mortar can improve the RCA properties. Carbonation is regarded as one of the 

most economical and environmental friendly approaches to enhance the quality of RCA. 

Nevertheless, the enhanced RCA only manage to replace a part of the natural aggregate 
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and used in less value-added products.  

Therefore, with the depletion of landfills and natural resources, it is a pressing need to 

further improve the carbonation efficiency for the recycled RCAs and utilize it in more 

value-added applications.  
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CHAPTER 3  

EXPERIMENTAL MATERIALS AND 

METHODOLOGY 

3.1 INTRODUCTION 

This chapter presents detailed information for all the materials used in this thesis. Both 

materials and experimental methodologies will be introduced sequentially.  

This study attempted to improve the carbonation efficiency for both coarse and fine RCAs 

through five phases of investigation. Phase I & II enhanced the carbonation for CRCAs 

and Phase III, IV, & V developed novel carbonation processes for FRCAs and RFA as 

illustrated in Figure 3.1.  
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Figure 3.1 Schematic of different research phases in the study 

For coarse RCAs (CRCA, >5 mm), pretreatment methods have been applied to enhance 

both pressurized carbonation and flow-through carbonation by introducing external Ca2+ 

rich sources to produce more carbonation products and therefore improve the effect of 

accelerated carbonation. 

For fine RCAs, two wet carbonation methods have been utilized to treat fine aggregates. 

For recycled fine powder (RFA, <150 μm), a two-step carbonation process has been 

developed and optimized to transform it into two value-added products. Meanwhile, a 

fast wet carbonation method has been applied to enhance 0.15-5 mm fine RCAs (FRCA). 

3.2 RAW MATERIALS 

3.2.1 Cement paste cubes and particles (Phase I) 

Cubic paste samples with a dimension of 20×20×20 mm were prepared with an ASTM 



PhD thesis: Upcycling Waste Concrete Aggregates by Accelerated Carbonation 

70 

 

Type I ordinary Portland cement (OPC, Table 3.1) at a water/cement ratio of 0.4. After 

curing in a water tank for 28 days at room temperature, the cubic samples were divided 

into two groups: half were reserved for further pretreatment and carbonation, and the 

other half were crushed and sieved into small particles within the size range of 2.36-5 

mm. Both the cubic and particle samples were stored in the sealed bags to avoid natural 

carbonation. 

Table 3.1 Chemical composition of OPC 

Oxides CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOIa 

wt% 63.48 20.29 5.66 3.57 2.26 0.14 0.32 2.13 2.03 

a The loss on ignition of OPC was measured according to BS EN 196-2. 

3.2.2 Cement paste powder (Phase III&IV) 

A well-hydrated cement paste was used as a simulated source of recycled fine aggregate, 

and it was prepared with an ASTM Type I Portland cement at a water/cement ratio of 0.4. 

The hardened cement paste was sealed in air-tight plastic bags for 2 years. The cement 

paste was then crushed and grinded by a ball mill into recycled cement powder (RCP). 

The particle size distribution of the RCP is shown in Figure 3.2, which was determined 

by using a laser particle sizer (Malvern Mastersizer 3000E). The Dv(50) and Dv(90) 

values are 16.6 μm and 65.2 μm, respectively. The study specifically focused on the 

cement paste only, which is the active component of the recycled fine. Further studies 

will be conducted with the inclusion of other materials in the recycled fine, in particular 
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sand/crushed rocks. 

 

Figure 3.2 Particle size distribution of RCP 

3.2.3 Recycled fine cement paste (Phase V) 

For assessing the effect of carbonation on the properties of the FRCA, a pure cement paste 

(CP) was used to simulate the FRCA as it’s the primary active component in the FRCA. 

The well-hydrated cement paste (as Section 3.2.2) was crushed and sieved into two 

particle size categories to produce the FRCA: 0.15-2.36 mm and 2.36-5 mm. The fine 

powdery fraction was removed. For the porosity and carbonation products tests, the 0.15-

2.36 mm CP was further divided into three size ranges: 0.15-0.6 mm, 0.6-1.18 mm, 1.18-

2.36 mm.  

3.2.4 CRCA (Phase I&II) 

The coarse RCAs were originated from a batch of concrete designed explicitly for 

producing RCAs for lab analysis and casted by a local concrete plant with a known mix 

proportion (Xuan et al., 2017). The grade 50 concrete was designed with an effective 
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water/cement ratio of 0.55, a cement content of 460 kg/m3, river sand, natural aggregate 

(granites) with particle sizes of 5-10 mm and 10-20 mm, and a Dmax of 20 mm. After 6 

months of ambient air curing, the original concrete was crushed to produce the RCAs and 

the RCAs were further stored in the laboratory for over 2 years before use. The cement 

contents of the 5-10 mm and 2.36-5 mm RCAs were 18.0 wt% and 22.1 wt%, respectively, 

measured by dissolving with 10% hydrochloric acid (Fang et al., 2017). 

3.2.5 FRCA (Phase V) 

For preparing the mortar specimens, a real FRCA with a size range of 0.15-5 mm was 

used and it was derived from a batch of designed concrete which was cast by a local 

concrete plant with a known mix proportion (Xuan et al., 2017). The concrete was crushed 

and processed to different size ranges. The cement paste content of the FRCA with a size 

range of 0.15-2.36 mm and 2.36-5 mm was 29.3% and 26.0% respectively. The FRCA 

was used to partially or fully replace river sand in the cement mortar after subjecting to 

wet carbonation. The particle grading of FRCA was prepared according to that of the river 

sand (Figure 3.3). 
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Figure 3.3 Grading of the river sand 

3.2.6 Wastewater from concrete batching plant (Phase I&II) 

Wastewater (WW) generated from a local concrete batching plant (Figure 3.4), was 

collected for pretreating the RCAs to enhance their quality with accelerated carbonation. 

The pH values and ion concentrations of the two solutions were determined by a pH meter 

(PHS-3C) and a flame photometer (Cole-Parmer Model 360), respectively. The results 

are shown in Table 3.2. 

 

Figure 3.4 Generation of wastewater in a concrete batching plant (Xuan et al., 2016) 

 

Table 3.2 Chemical composition of WW 
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 Ca2+ (ppm) Na+ (ppm) K+ (ppm) pH value 

WW 453.0±7.0 95.8±0.5 117.5±1.0 12.4±0.1 

3.2.7 Anhydrous amorphous silica, commercial water glass, 
and aluminate silicate (Phase III&IV) 

In order to analyze the chemical structure of Si formed by the carbonation processes, three 

types of commercial Si products were chosen for comparison: i) a type of solid anhydrous 

amorphous silica for analytical use (Silicon (IV) oxide, amorphous fumed, S.A. 85-115 

m2/g), ii) a commercially sourced liquid water glass consisted of 28.3% SiO2, 8.6% Na2O, 

and 58.4% H2O, and iii) an AR grade sodium aluminate silicate (82.0% SiO2, 9.5% Al2O3, 

8% Na2O, based on calcined substance, CAS code: 12141-46-7). 

3.3 CARBONATION TREATMENT METHODS 

3.3.1 Pretreatment methods (Phase I&II) 

Two types of solutions were adopted for pretreatment in this study, including 1) saturated 

CH solution prepared in the laboratory; 2) wastewater (WW) collected from a local ready 

mix concrete plant. 

The methods of applying the two solutions onto the samples included soaking and 

spraying. All the CP and RCA samples were pre-conditioned in an environmental 

chamber for 24 hours with 50% RH at room temperature (25 oC) before and after the 

soaking or spraying. For the spraying set-up (Figure 3.5a), a sprayer was held above the 



Chapter 3: Experimental materials and methodology 

75 

samples. The particle samples were manually spread to form a single layer and turned 

gently after each spray to spread the solution evenly on their surfaces. For the cubic 

cement paste samples, they were sprayed equally at each surface (three times for each 

surface). For both types of samples, the amount of liquid sprayed on the samples was set 

as half of their respective water absorption values because it is the optimal amount 

according to the liquid uptake trial (Figure 3.6). The trial took the pre-conditioned 

samples and measured the mass increment of the samples under saturated-surface-dry 

condition 2 minutes after water spray.  

The soaking was conducted in a vacuum glass container (Figure 3.5b). The samples were 

first placed in the container and then the container was vacuumed to -0.6 bar before the 

inflow of CH solution. The vacuum state was maintained for another 5 mins after the 

liquid inflow. 

 

Figure 3.5 Spraying and soaking set-ups 
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Figure 3.6 Liquid uptake by the particles 

3.3.2 Pressurized carbonation (Phase I) 

After conditioned in the environmental chamber mentioned above, the untreated and 

treated samples were transferred into a sealed chamber. Firstly, the chamber was 

vacuumed to -0.5 bar, then CO2 gas with a concentration of 100% was injected into the 

chamber, until a pressure of +0.1 bar was achieved. The accelerated carbonation process 

lasted for 24 hours, while the RH in the chamber was regulated at 50±5% by using an 

over-saturated Mg(NO3)2 solution. 

3.3.3 Flow-through carbonation (Phase II) 

The RCA samples were pre-conditioned in a climate chamber with 50% RH at 25 oC for 

24 hours before testing. Half of the RCA samples were subjected to carbonation after the 

WW spraying, while the rest were subjected to carbonation after same amount of water 

spraying. The liquid was evenly sprayed onto the surface of RCA samples by a spraying 
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method (Figure 3.7a). The flow-through carbonation process was selected for this present 

study. There are two reasons for using flow-through carbonation instead of pressurized 

carbonation: 1) it is more practical for the industrial operation than pressurized 

carbonation which requires the use of sealed pressurized vessels; 2) the process can utilize 

dry CO2 to carry away the excess moisture in the RCA particles and therefore no pre-

conditioning is needed before carbonation. 

The WW pre-treated and untreated RCA samples were placed separately in different mesh 

containers followed by in the same tubular cabin (Figure 3.7b). A gaseous CO2 (>99.9%) 

cylinder was connected to the cabin with a flow speed regulator to provide CO2 gas at a 

controlled flow speed of 5 L/min for 24 hours (Figure 3.7b) (Fang et al., 2017). The 

carbonated RCA samples were noted as C-RCA (carbonated RCA) and WW-C-RCA 

(WW enhanced carbonated RCA). 

 

Figure 3.7 WW pre-treatment and carbonation 
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3.3.4 Two-step carbonation (Phase III&IV) 

 

Figure 3.8 Schematic of two-step carbonation process. Step 1: Carbonation of RCP to form Ca-rich residue; 

Step 2: Carbonation of filtrate to form Si-rich gel. 

Step 1: Liquid-solid carbonation to form Ca-rich residue  

The Na2CO3 solution was prepared by dissolving an AR grade Na2CO3 powder in distilled 

water. The concentration of Na2CO3 solution was set to be 0.5 mol/L. According to 

laboratory trials, 0.5 mol/L was able to provide sufficient Na2CO3 for the first-step 

chemical precipitation of calcite. A type of catalyst was added into the Na2CO3 solution, 

serving as a Ca2+chelating agent. 

In order to enhance thorough reactions, the liquid/RCP mass ratio of Step 1 was set to be 

100. The mixture of Na2CO3 solution and RCP was mixed by a magnetic stirrer for 24 
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hours. A standard filtration procedure was performed afterwards using a filter paper with 

a 2.5 μm pore size (Whatman Grade 42). The filtrate was removed and used in Step 2 of 

the process, and the residues on the filter paper were washed three times using deionized 

water. 

The first step is based on the carbonation reaction of cement hydration products with an 

externally added soluble CO3
2-, where it reacts with the dissolved Ca2+ from portlandite 

(CH) and calcium silicate hydrates (CSH) of the RFA to form calcium carbonate (CaCO3, 

Cc). The reaction products, as shown in eq (3.1-3.3) were Cc(s) precipitate, and NaOH, 

Na2SiO3, and NaAlO2 in solution. The Cc deposited was collected through a filtration 

procedure.  

𝐶𝑎(𝑂𝐻) + 𝑁𝑎 𝐶𝑂 ⎯ 𝐶𝑎𝐶𝑂 + 2𝑁𝑎𝑂𝐻          eq (3.1) 

𝐶 𝑆 𝐻 + 𝑥𝑁𝑎 𝐶𝑂 ⎯ 𝑥𝐶𝑎𝐶𝑂 + 𝑦𝑁𝑎 𝑆𝑖𝑂 + (2𝑥 − 2𝑦)𝑁𝑎𝑂𝐻 + ( )𝐻 𝑂  

                  eq (3.2) 

𝐴𝐹𝑚 𝐴𝐹𝑡⁄ + 𝑁𝑎 𝐶𝑂 ⎯ 𝑥𝐶𝑎𝐶𝑂 + 𝑦𝑁𝑎𝐴𝑙𝑂 + 𝑧𝑁𝑎 [𝐹𝑒(𝑂𝐻) ] + 𝑎𝑁𝑎𝑂𝐻 +

𝑏𝐶𝑎𝑆𝑂 ∙ 𝑛𝐻 𝑂 + 𝑐𝐻 𝑂              eq (3.3) 

Step 2: Gas-liquid carbonation to form Si-rich gel 

As the filtrate from Step 1 contains NaOH, Na2SiO3, and NaAlO2, the flow-through CO2 

carbonation process was employed to reduce the alkalinity for the precipitation of Si-rich 
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gel (eq 4–6). CO2 would also be absorbed by the remaining Na2CO3 (eq 7) during Step 2. 

The precipitated gel was collected through a centrifugation process. After the 

centrifugation, the supernatant containing the Na2CO3 solution can be reused for Step 1 

wet carbonation again after pH adjustment.  

2𝑁𝑎𝑂𝐻 + 𝐶𝑂 → 𝑁𝑎 𝐶𝑂 + 𝐻 𝑂            eq (3.4) 

𝑁𝑎 𝑆𝑖𝑂 + 𝐶𝑂 → 𝑁𝑎 𝐶𝑂 + 𝑆𝑖𝑂 ∙ 𝐻 𝑂           eq (3.5) 

2𝑁𝑎𝐴𝑙𝑂 + 𝐶𝑂 + 3𝐻 𝑂 → 𝑁𝑎 𝐶𝑂 + 𝐴𝑙 𝑂 ∙ 3𝐻 𝑂        eq (3.6) 

𝑁𝑎 𝐶𝑂 + 𝐶𝑂 + 𝐻 𝑂 ↔ 2𝑁𝑎𝐻𝐶𝑂             eq (3.7) 

3.3.5 Wet carbonation (Phase V) 

The setup of laboratory wet carbonation method is shown in Figure 3.9. The CO2 (>98% 

purity) gas was injected at a rate of 0.2 L/min/gFRCA for 10 mins as a previous study 

pointed out it as the optimal duration for wet carbonation (Liu et al., 2021). The magnetic 

stirring speed was set at 200 rpm. After wet carbonation, the FRCA was collected by a 

0.15 mm sieve. The carbonated RCP and FRCA were oven-dried at 105 °C for 24h before 

test. Moreover, the 2.36-5 mm FRCA were subjected to 2 min, 10 min, and 1h wet 

carbonation under the same condition for microscopic analysis, and 10 min pressurized 

carbonation (0.1 bar) and flow-through carbonation (same flow rate as wet carbonation) 



Chapter 3: Experimental materials and methodology 

81 

respectively to compare the CO2 uptake by three different carbonation methods. The 

methodologies used for the pressurized and flow-through gas-solid carbonation processes 

have been reported previously (Fang et al., 2021b, 2020b).  

 

Figure 3.9 Wet carbonation setup 

3.4 SPECIMEN PREPARATION 

3.4.1 Concrete (Phase II) 

New concrete specimens were prepared with an ASTM type I ordinary Portland cement 

(OPC, Table 3.1), four different types of 5-10 mm coarse aggregate (viz. NA, RCA, C-

RAC, WW-C-RCA), and river sand as the fine aggregate. An effective water/cement ratio 

of 0.6 was used. In total, 4 groups of concrete were prepared for comparison: natural 

aggregate concrete (NAC), recycled aggregate concrete (RAC), carbonated recycled 

aggregate concrete (C-RAC), and wastewater enhanced carbonated recycled aggregate 

concrete (WW-C-RAC) (Table 3.3). The amount of mixing water was adjusted according 
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to the moisture content and water adsorption of each type of aggregates. The effective 

water/cement ratio excluded the absorbed water by aggregates. The slump of all the 

batches of fresh concrete was controlled between 100-150 mm. 

After mixing, each type of fresh concrete was cast into 14 steel molds, including 9 cubes 

with 50×50×50 mm dimension, and 5 cylinders with Φ50×100 mm dimension. All the 

samples were demolded after 24 h and then subjected to water curing at a temperature of 

23 oC for 28 days. 

Table 3.3 Mix proportioning of concrete specimens 

Unit (kg/m3) OPC Water Sand 5-10 mm aggregate Effective 

w/c 

Adjusted 

water 

NAC 340 207 720 1020 0.6 2.3 

RAC 340 207 720 1020 0.6 12.8 

C-RAC 340 207 720 1020 0.6 12.0 

WW-C-RAC 340 207 720 1020 0.6 10.4 

 

3.4.2 Mortar (Phase V) 

To compare and evaluate the effects of replacing river sand with the raw FRCA and 

carbonated FRCA on the mechanical properties, mortar specimens were prepared to test 

for drying shrinkage (ASTM C1148-92a, 2014) and compressive strength (ASTM C349-

08, 2008). The cement to aggregate ratio and effective water to cement ratio of the mortar 

was 1:3 and 0.5 respectively. The water absorption values of the three types of aggregates 

and the mixture designs are listed in Figure 3.10 and Table 3.4 respectively. It should be 
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noted that water adjustments were done to take into account the water absorption values 

of the aggregates. For the rest mixtures, water was adjusted in order to reach the same 

flowability (ASTM C1437). 

For each group of mortar mixture, three 25mm×25mm×280mm specimens and three 

40mm×40mm×40mm cubes for drying shrinkage test and compressive strength test were 

prepared respectively. All the samples were demolded after 24 h and then subjected to 

water curing at room temperature for 28 days. 

Table 3.4 Mixture design of mortar specimens (kg/m3) 

Replacemen

t ratio 

River 

sand 

Carbonated 

FRCA 

Raw 

FRCA 

Water  Cement Flowability 

0% 1800 0  300 600 

200±20 mm 

50% 900 900  300 600 

50% 900  900 300 600 

100% 0 1800  300 600 

100% 0  1800 300 600 

 

Figure 3.10 Water absorption values of the three types of aggregates 
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3.5 EXPERIMENTAL METHODS 

3.5.1 Characterization of RCAs 

CRCA 

The density and water absorption values of all types of aggregates were determined 

according to BS EN 1097-6. For the CP cubes, the water absorption values were 

determined according to BS EN 1097-6 as they were not applicable for a pyknometer (BS 

EN 1097-6, 2013). 

FRCA 

Before and after the carbonation treatment, the density and the water absorption values 

of the particle samples were determined by using a pyknometer method according to BS 

733-2.  

RFA 

The particle size distributions of RFA used and the precipitated solids from both Step 1 

and Step 2 were tested by using a laser particle sizer (Malvern Mastersizer 3000E).  

3.5.2 Porosity 

Mercury intrusion porosimetry (MIP) 

MIP (Micromeritics AutoPore IV 9500) was used for testing the porosity of CP particles. 
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The samples were pre-dried for 48 hours (-85 oC and vacuum of 0.133 mBar) using a 

freeze dryer (Labconco FreeZone 2.5Plus). 

Brunauer-Emmett-Teller (BET) 

The BET test was utilized to measure the porosity of three RFA size categories: 0.15-0.6 

mm, 0.6-1.18 mm, 1.18-2.36 mm by a Micromeritics RSAP 2020 plus BET apparatus. 

3.5.3 Thermal gravimetric analysis (TGA) 

TGA of the CP particles was performed in order to obtain the profiles of CH and calcium 

carbonate contents. The samples were dried at 60 oC for 24h, and ground to fine powders. 

The fractions passing through a 75 micron sieve were collected for TGA. A 10 mg of 

powder sample was heated from 50 to 1050 oC at a heating rate of 10 °C min-1 with an Ar 

stripping gas (Rigaku, Thermo plus EVO2). The mass loss between 375-450 oC (m375-

450) and 550-800 oC (m550-800) represents the decomposition of CH and Cc respectively 

(Alarcon-Ruiz et al., 2005). The content of CH and CC can be calculated based on the 

mass loss by the following equations: 

𝑚 = ( × ∆𝑚 )/𝑚 × 100%         eq (3.8) 

𝑚 = ( × ∆𝑚 )/𝑚 × 100%         eq (3.9) 

where, m1050 is the ignited mass at 1050 oC. 
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3.5.4 Microscopic analysis 

X-ray fluorescence (XRF) 

The solid samples used for microscopic analysis were dried powders (at 60 oC for 24h), 

grinded to pass through a 75 micron sieve. 

The XRF test was performed by using a Rigaku Supermini200 device to analyze the oxide 

compositions of both RCP and the precipitated solids. The mass balances of CaO and 

SiO2 were calculated based on the mass percentages measured by XRF.  

X-ray diffraction (XRD) analysis 

XRD was performed by a Rigaku Smart-Lab apparatus with Cu-Kα radiation (λ=1.54 Å) 

at 45 kV and 200 mA, to analyze the crystalline compositions with a focus on portlandite 

(CH) and calcium carbonates (Cc). The samples were dried at 60 oC for 24h and ground 

into fine powers passing through a 75 micron sieve, then were scanned over a range of 

10-60o, with a step size of 0.02o and a scanning speed of 5o per minute. 10% corundum 

(Al2O3) powder was incorporated into the samples in order to semi-quantitatively 

quantify the contents of CH and CC by using the reference intensity ratio (RIR) method 

according to eq (3.10) (Chung, 1974). 

            eq (3.10) cor

cor i,cor cor

1

1
i

i

I x
x

I k x
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Where, x is the mass fraction, I stands for the intensity of the most intense line, the value 

ki,cor is the RIR of phase i to corundum, and the subscripts i and cor represent phase i and 

the standard phase corundum, respectively. As the analysis only focused on CH and CC, 

the RIR method is more convenient than the Rietveld refinement. 

SEM-BSE and image analysis 

The samples were re-polished after the microhardness test for SEM-BSE analysis to 

obtain further evidence of porosity changes at the microscopic level using a Tescan VEGA 

3 apparatus. The image captured by the electron microscope was analyzed by a software 

“Image Pro Plus 6.0”. The porosity was calculated through selecting the dark areas of the 

image which were regarded as pores and compared with the total area (Abell et al., 1999). 

Fourier-transform infrared spectroscopy (FTIR) 

The FTIR analysis was conducted by a PerkinElmer UATR two. The scan started from 

4000 cm-1 to 400 cm-1 with a resolution of 2 cm-1.  

Nuclear Magnetic Resonance (NMR) 

Both solid and liquid samples were characterized by using a JEOL ECZ500R NMR 

spectrometer at a magnetic field strength of 11.6 Tesla. The powdered solid sample 

obtained above were analyzed by a JEOL HXM8S 8.0 mm at room temperature with a 

magic angle spinning probe. The 29Si spectra were obtained at 98.37MHz, at rotation spin 
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at 5 to 7.5 kHz. The 29Si MAS NMR experiment was performed at a 45o pulse of 5 s 

with a relaxation delay of 30 s and a total acquisition time of 2 to 3 hours. All spectra 

were externally referenced to the 29Si signal from 3-(Trimethylsilyl)-1-propanesulfonic 

acid sodium salt (DSS). The liquid samples (filtrate obtained after Step 1 and the 

commercially sourced water glass) were diluted in 99.9% D2O and analyzed with a JEOL 

RO5SS 5.0 mm at room temperature with a liquid probe. The 29Si spectra were obtained 

at 98.37MHz, with a 45o pulse of 5 s with a relaxation delay of 2 s. All spectra were 

externally referenced to the 29Si signal from tetramethylsilane (TMS). 

Microhardness 

The CP cubes were cut into halves (10 mm in thickness) and one half was firstly 

vacuumed and impregnated with an epoxy resin, and then polished according to the 

procedures described by (Zhan et al., 2018). After polishing, the microhardness of the 

cross-section of the CP cube was analyzed by using a microhardness device (HVX-

1000A). The locations for the indenter were selected from the edge to the center of the 

section (along with the direction of carbonation front) at 0.4 mm interval. At each depth, 

10 indentations were made at 0.1 mm intervals, as shown in Figure 3.11. In total, 250 

indentations were determined for each sample. 
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Figure 3.11 Indentation distribution of microhardness test 

3.5.5 Properties of concrete and mortar specimens 

Compressive strength 

Both 7-day and 28-day compressive strengths of the concrete were tested according to 

ASTM C109. Three identical cube specimens were used for obtaining the average of each 

strength test. A uniaxial compression device was used to apply the loading at a rate of 0.6 

kN per minute. The average compressive strength value of the three specimens was 

calculated and recorded. 

Density and water absorption 

The density and water absorption of concrete were measured after 28-day curing 

according to BS EN 1097-6. Three identical cube specimens were used for each test. The 

mass of the saturated surface dry (SSD) sample m1, apparent mass of the sample in water 

m2, and the mass of the oven-dried sample m3 were measured and recorded. The water 
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absorption and density were calculated using the following equations:  

𝑤% = × 100%             eq (3.11) 

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
( ) ( )

         eq (3.12) 

Where, w% and ρ is the water absorption and density value of the sample respectively, 

and ρw is the density of water.  

Sorptivity 

The rate of water absorption was examined according to ASTM C1585 with modification 

(ASTM C1585, 2012). This study used cylinders with the dimension of Φ50×100 mm 

instead of Φ100×50 mm in order to prevent water from filling up the specimens too 

quickly as RAC was designed with w/c of 0.6. All the cylinders were dried at 60 oC for 7 

days before testing. Three identical cylinder specimens of each type of concrete were 

prepared with sealed side surfaces and covered top ends using water-proof sealing 

materials and plastic sheet respectively. The cylinders were placed on the mesh support 

in the water tank with the exposed end immersed in water at a depth of 2 ± 1 mm. The 

incremental in sample mass caused by water absorption were measured at 5 min, 15 min, 

30 min, 1 h, 2 h, 24 h, and 72 h. The rate of water absorption is described as the slope of 

the line, which is the best fit to the value I (calculated by the following equation) against 
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the square root of time (s1/2): 

𝐼 =
×

                 eq (3.13) 

Where, I (mm) is the absorption, mt is the change in specimen mass (g), a is the exposed 

area of the specimen (mm2), and d is the density of the water in g/mm3. The initial 

absorption contains data from 0 to 2h and the secondary absorption contains data from 

24h to 72h according to ASTM C1585. 

Chloride ions penetration 

The measurement of the chloride ions penetration was conducted using a modified 

method based on ASTM C1543-10a. Two replicate cylinder specimens with the 

dimension of Φ50×100 mm were prepared for each type of concrete to conduct the test. 

The samples were conditioned in a climate chamber with 25 oC and 50% RH for 24 hours. 

Afterwards, instead of coring and powdering the sample from the specimens to profile 

the chloride penetration, this study adopted silver nitrate as an indicator to spray on the 

cross sections of the specimens (Breit and Schiessl 1998). Considering concrete cutting 

by the water-cooling system may remove the absorbed chloride, the cylinders were split 

by applying a loading at 0.6 kN per minute on the sides. The sections of the specimens 

were sprayed by a 0.1 mol/L AgNO3. 

Drying shrinkage 
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The drying shrinkage of the mortar specimens were tested according to ASTM C349 

(ASTM C349-08, 2008). 
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CHAPTER 4  

ENHANCING THE ACCELERATED 

CARBONATION OF RCA BY USING 

RECLAIMED WASTEWATER 

4.1 INTRODUCTION  

This chapter aims to improve the effect of pressurized carbonation by applying 

pretreatment methods. In this chapter, a series of pretreatment methods were employed 

on both laboratory prepared cement pastes and real RCA samples to enhance the 

accelerated carbonation process. This involved the use of a saturated Ca(OH)2 solution 

and wastewater generated from a ready-mixed concrete plant. The hypothesis was that 

with the additional introduction of Ca2+ and OH- into RCAs through either soaking or 

spraying, the carbonation products can be enriched. The physico-chemical and 

microstructural properties of the samples were investigated by using mercury intrusion 

porosimetry (MIP), thermal gravimetric analysis (TGA), X-ray diffraction (XRD) 

analysis, microhardness, scanning electron microscopy (SEM)-back scattered electron 

(BSE) imaging techniques. Moreover, the density and water absorption values of the 

samples were evaluated. The experimental results showed that the properties of both the 

cement paste and RCA samples were further improved with the use of the pretreatment 
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methods before carbonation. The schematic illustration of this chapter was shown in 

Figure 4.1. 

 

Figure 4.1 Schematic illustration of the content of chapter 4 

4.2 DENSITY AND WATER ABSORPTION OF CP 
PARTICLES 

The density and water absorption values of the CP particles before and after subjecting to 

different treatment methods and carbonation are shown in Table 4.1. Conventional 

carbonation (I-B) resulted in less changes in density and water absorption, possibly due 

to the natural carbonation already taken place under ambient conditions during storage. 

For the pretreatment methods, the CH soaking method (I-D) resulted in similar density 

and water absorption values to those after the CH spray treatment (I-C). The WW spray 

method (I-E) was equally effective in reducing the water absorption compared to the CH 

soaking and spray methods. But the use of the pretreatment methods (I-C, I-D, I-E) 
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significantly densified the CP particles and decreased the water absorption value when 

compared with those carbonated without any treatment (I-B). It is also note-worthy that 

the density as well as the water absorption values showed little difference when replacing 

CH (I-C) with WW (I-E) in the spray method. Therefore, the CH spray method was 

equally effective as the CH soaking method and the WW was an adequate pretreatment 

agent in comparison with the saturated CH solution when taking into account of the 

possibility of reusing the wastewater from concrete batching plants. 

Table 4.1 Density and water absorption values of different samples 

Sample  Treatment methods Density 

(kg/m3) 

Water 

absorption 

(%) 

CP particles I-A N/A 1609.6 ± 51 22.2 ± 0.3 

 I-B Pressured vessel carbonation for 24h 1631.6 ± 53 19.4 ± 0.2 

 I-C 1) Saturated CH spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

1736.8 ± 45 17.6 ± 0.8 

 I-D 1) Saturated CH soaking 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

1743.3 ± 48 17.2 ± 0.7 

 I-E 1) Wastewater spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

1824.7 ± 60 17.1 ± 0.9 

4.3 POROSITY PROFILES OF CP PARTICLES AND 
CUBES 

4.3.1 Porosities and pore size distributions of CP particles 

Figure 4.2(a) shows a notable reduction in the total porosity of the CP particles after the 

carbonation process with pretreatment. The volume of pores with diameters smaller than 

1000 nm were greatly decreased, meaning that the pores were sufficiently densified 
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through the pretreatment and carbonation processes. The enhancement effects introduced 

by the three pretreatment methods were comparable to each other. The pore size 

distributions displayed in Figure 4.2(b), suggest that the pores with the size ranging from 

10 to 1000 nm were significantly reduced after the pretreatment and carbonation. 

Meanwhile, all the three pretreatment methods enhanced the pore-filling effect of the 

carbonation products noticeably among the same pore size ranges. The CH soaking and 

WW spray methods had comparable effect while the CH spray showed a distinctive lower 

porosity, indicating that CH spray appeared to be the most effective in reducing the 

porosity particularly for the pores with size ranging from 10 to 1000 nm possibly by 

reason of the more Ca2+ infiltrated into the micro pores. 

 

Figure 4.2 (a) Cumulative porosity comparison; (b) Pore size distribution comparison 

4.3.2 Spatial distribution of pores in CP cubes 

The image analysis based on SEM-BSE results (Figure 4.3) was used to analyze the 

spatial distributions of pores in the CP cubes and the results are shown in Table 4.2. The 
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pores are assigned with red color using the image analysis software (Figure 4.4). The 

images of all the cube samples are shown in Figure 4.5. The reduction of porosity caused 

by the different pretreatment methods and carbonation were observed mainly at the 

surface layer of the cubic CP samples. CH soaking resulted in the lowest porosity which 

was about half of that of the original non-carbonated CP. The CH and WW spray resulted 

in similar values, suggesting that the two methods had a comparable effect in reducing 

the porosity. Comparing with the porosity of the conventionally carbonated CP, the three 

pretreatment methods resulted in much lower porosity at the surface layer of the CP cubes. 

At a depth of around 3.5 mm, the porosity values of the samples with CH soaking, CH 

spray, and WW spray were higher than that in the surface but comparable to each other, 

which indicated a diminishing enhancement effect of the treatment/carbonation process 

with depth. There was no noticeable difference in porosity at the center of the cubes 

between the original CP and the carbonated CPs. Therefore, the pretreatment methods 

only effectively reduced the porosity at the surface layer of the carbonated CP cubes. The 

CH soaking method led to the most densified surface and the densification of the 

microstructure gradually diminished with increasing depth. 
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Figure 4.3 An example of (a) SEM-BSE image and (b) image analysis at the surface layer of the CP cube 

sample pretreated by CH soaking 

 

Figure 4.4 Distribution of pores assigned with red color based on SEM-BSE image of the cube sample 

subjected to WW spray and carbonation. 
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Figure 4.5 Distribution of pores assigned with red color based on SEM-BSE images 

Table 4.2 Porosities at different locations of CP cubes measured by BSE image analysis 

 Surface layer 3.5 mm depth Center 

Original CP 14.1±1.3% 14.6±0.6% 18.2±0.2% 

Conventional Carbonation 11.8±1.5% 11.8±2.0% 16.4±0.6% 

CH soaking 7.5±1.2% 13.2±1.3% 19.3±2.8% 

CH spray 9.7±0.8% 12.6±1.5% 16.8±1.0% 

WW spray 9.4±0.7% 12.3±0.2% 19.6±4.3% 
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4.4 RESULTS OF TGA 

The results of TGA are presented in Figure 4.6. Both TG (a) and DTG (b) curves implied 

discernable increments in the calcium carbonates content introduced by all the treatment 

methods. The data listed in Table 4.3 shows that the content of CC in the treated samples 

were significantly increased compared with the untreated sample. CH soaking, CH spray 

and WW spray methods resulted in similar contents of both CH and CC, suggesting a 

similar efficiency in the carbonation process. Meanwhile, the samples prepared with the 

pretreatment methods showed lower contents of CH and higher contents of CC comparing 

with the conventional carbonation sample, indicating the carbonation efficiency had been 

notably improved. The CH sprayed samples had the lowest CH content which hinted a 

better carbonation effectiveness among the three pretreatment methods. WW spray can 

be equally effective as the test results were about the same as those of the CH spray. The 

spray methods appeared to be slightly more effective in CO2 uptake than the soaking 

method. 

 

Figure 4.6 TGA results: (a) TG and (b) DTG 
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Table 4.3 CH and CC contents relative to anhydrous mass of cement determined by TGA 

 CH wt% CC wt% 

Original CP 24.2 10.7 

Conventional Carbonation 12.3 51.9 

CH soaking 12.0 50.5 

CH spray 11.1 52.1 

WW spray 11.5 52.6 

4.5 POLYMORPHS OF CaCO3 IN CARBONATED 
SAMPLES BY XRD ANALYSIS 

As the TGA results suggested a similar carbonation effectiveness among the three 

pretreatment methods, the samples subjected to the conventional carbonation (I-B) and 

the WW spray pretreatment (I-E) were selected for QXRD analysis to investigate the 

polymorphs of CC formed after carbonation. The XRD patterns of the samples are 

displayed in Figure 4.7. Apart from the internal standard phase (corundum), the most 

notable diffraction peaks are originated from the CH and CC. After the CP sample was 

subjected to WW spray and carbonation, the peak intensity of calcite increased. 

Furthermore, it is evident that vaterite and aragonite were also found probably due to 

carbonation of C-S-H which had been reported in previous studies (Auroy et al., 2018; 

Shah et al., 2018). No notable difference in peak intensities of vaterite was observed 

between the WW spray and the conventional carbonation samples. 

Furthermore, by using the RIR method, the semi-quantifications of the polymorphous 

calcium carbonates were determined, and the results are shown in Table 4.4. After the 

conventional carbonation treatment, the contents of both aragonite and vaterite were 

higher than that of calcite, meaning that a substantial amount of C-S-H was carbonated. 
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Pretreatment with WW spraying resulted in a higher content of calcite and vaterite and a 

lower content of aragonite compared to the conventional carbonation. This might be due 

to the existence of metal ions in the WW. 

 

Figure 4.7 Comparison of the XRD intensity of the major components in CP samples: S= corundum, P= 

portlandite, C=calcite, A=aragonite, V=vaterite 

Table 4.4 Content of calcium carbonate with the different polymorphs in the carbonated CP particles 
determined by semi-quantitative XRD 

 CC wt% Total 

CaCO3 a Calcite Aragonite Vaterite 

Conventional 

Carbonation 

9.0 13.1 9.2 31.3 

WW spray 14.1 11.4 10.4 35.9 

a calcium carbonate here represents the crystalline phase. 
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4.6 MICROHARDNESS ANALYSIS OF CP CUBES 

Judging from the average microhardness values along the cube section (Fig 11), all the 

carbonated CP cube samples showed generally higher microhardness values than the 

original CP cube sample. At the depth of 0-2 mm, the microhardness of all the pretreated 

samples were higher than that of untreated carbonated samples. At 2-4 mm depth, the 

enhancement introduced by pretreatment methods decreased to a similar level to that of 

the conventional carbonation. From the depth of 4 mm to the center, the microhardness 

values of all the samples were fairly constant, suggesting that all the pretreatment methods 

with carbonation were no longer able to affect the mechanical properties of the inner part 

of the samples. Nevertheless, densification at the surface has significant effect on the 

durability properties of recycled aggregate concrete (Xuan et al., 2017).  

Comparing with the results of MIP and TG, the reduced porosity and increased content 

of CC in cement paste have positive effect on the microhardness values. Among the three 

pretreatment methods, the CH soaking appeared to densify the surface of the cube sample 

most effectively. The enhancement caused by the CH and WW spray methods were 

comparable but slightly lower than that of CH soaking. The findings also suggested that 

the regular shape of cubes with much larger size might have influence in surface 

densification effects of the CP. 
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Figure 4.8 Average microhardness distribution along the section of CP cube samples 

4.7 VALIDATION USING RCAS 

In order to verify the effectiveness of the pretreatment methods, the RCAs were used and 

subjected to CH and WW spray pretreatment methods followed by accelerated 

carbonation process. Considering the density of RCAs can be affected by many factors 

including mortar contents and the degree of natural carbonation, only the water absorption 

test was conducted. After then the water absorption values of treated RCAs were 

determined, and the results are shown in Table 4.5. As the RCAs with particle size of 

2.36-5 mm contained more old cement paste than the 5-10 mm RCAs, the water 

absorption of the former decreased more than the later. On the contrary, the conventional 

carbonation only resulted in a slight reduction in water absorption of RCAs. The possible 

reason was that the RCAs had been exposed to the ambient condition for 2 years, and thus 

a dense carbonated surface might have been formed due to the natural carbonation, then 
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prevented the conventional carbonation from further densification of the RCAs.  

Nevertheless, the accelerated carbonation still effectively enhanced the properties of the 

RCAs through introducing CH and WW spray as pretreatment methods. Meanwhile, the 

reduction of water absorption was closely related to the original cement paste contents of 

the RCAs (Fang et al., 2017). 

Table 4.5 Water absorption values of RCAs 

Size range  Pretreatment methods Water absorption (%) 

5-10 mm II-A N/A 5.6 ± 0.3 

 II-B Pressured vessel carbonation for 24h 5.3 ± 0.2 

 II-C 1) Saturated CH spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

5.1 ± 0.3 

 II-D 1) Wastewater spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

5.0 ± 0.1 

2.36-5 mm III-A N/A 11.7 ± 0.5 

 III-B Pressured vessel carbonation for 24h 10.9 ± 0.3 

 III-C 1) Saturated CH spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

8.9 ± 0.1 

 III-D 1) Wastewater spray 

2) 50% RH chamber for 24h 

3) Pressured vessel carbonation for 24h 

8.6 ± 0.3 

 

Table 4.6 shows a comparison of the reductions in water absorption values of RCAs by 

using different treatment methods adopted by previous investigations and the current 

study. The effect of the WW spray method is comparable to those of pre-soaking mortar 

removal, biodeposition, phosphate solution immersion and microbial carbonate 
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precipitation, but appears to be less effective than the PVA impregnation method. 

However, all the methods proposed by the previous studies had to be carried out with the 

use of certain aggressive acidic or chemical reagents, which are not required by the WW 

spraying procedures. Thus, WW spray method provided an environmental and cost 

effective way for properties enhancement of RCAs. 

Table 4.6 Comparison of the treatment effects on RCAs between previous research and current study 

Method RCA type 
Water absorption (%) 

Source(s) 
Original After treatment Reduction (%) 

Pre-soaking to remove 

mortar  

20 mm 1.65 1.45/1.48/1.53 12.1/10.3/7.3 (Tam et al., 

2007) 10 mm 2.63 2.31/2.37/2.41 12.2/9.9/8.4 

PVA impregnation 
20 mm 6.23 2.39 62.1 (Kou and Poon, 

2010) 10 mm 7.76 4.32 44.3 

Biodeposition 

6/8 mm w/c=0.45 5.5 4.7 14.5 

(Grabiec et al., 

2012) 

12/16 mm 

w/c=0.45 
3.6 3.1 13.9 

6/8 mm w/c=0.70 5.2 4.1 21.2 

12/16 mm 

w/c=0.70 
3.7 3.2 13.5 

<5 mm 6.2 4.7 23.0 
(Wu et al., 

2018) 
5-10 mm 9.0 7.8 13.0 

10-20 mm 6.8 6.2 10.0 

Phosphate solution 

immersion 
5-25 mm 

6.67 5.68-5.46 14.8-18.1 
(Wang et al., 

2019) 
6.81 5.78-5.72 15.1-16.0 

6.83 5.74-5.59 16.0-18.2 

Microbial carbonate 

precipitation 

10-20 mm static 7.1/7.2/7.3 7.1/6.1/6.5 2.0/18.1/13.5 
(Zeng et al., 

2019) 
10-20 mm 

rotation 
7.8/8.7/7.4 7.8/7.6/6.6 0/13.7/12.2 

WW spray followed by 

carbonation 

5-10 mm 5.6 5.0 10.7 
Current study 

2.36-5 mm 11.7 8.6 26.5 
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4.8 SUMMARY 

In order to utilize a simple pretreatment method to enhance the properties of RCAs by 

accelerated carbonation, a series of tests were conducted to investigate the effects of the 

different pretreatment methods on carbonation by evaluating the physico-chemical and 

microstructural properties of the carbonated RCAs. The RCAs used in this study was 

from a designed concrete with known mixture and the age of more than 2 years. The 

follow conclusions can be drawn: 

 The pretreatment methods of CH soaking, CH spray and WW spray of the CP and 

RCA particles were all capable of increasing the effectiveness of the accelerated 

carbonation in the same duration by densifying the specimens and therefore 

reducing the water absorption values thanks to the externally enriched CH for the 

enhancement of carbonation of both CP and RCAs. 

 In consideration of waste reuse, wastewater sourced from the concrete batching 

plants was selected to replace CH solutions to pretreat RCAs by spraying because 

of the high CH content. As the enhancement effects of using these two solutions 

on the carbonation of CP and RCAs were very similar, using the wasterwater as 

an alternative pretreatment agent is more environmental friendly. 

 Microscopic study revealed that the pretreatment methods with CH and WW 

solutions seemed barely to change the total content of the formed calcium 
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carbonates which was in accordance with the experimental results; while 

incorporating the WW spraying method facilitated the formation of crystalline 

phase of calcium carbonates which might be due to the existence of metal ions. 

Further work will be carried out to investigate the reason.  

 The enhanced carbonation by pretreatment was most effective in reducing the 

porosity and increasing the microhardness at 0-2 mm depth from the surface of 

the samples because (i) the carbonation usually takes place at the surface of both 

CP and RCA, (ii) the smooth surface of the cubic sample was negative for 

moisture retention.  
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CHAPTER 5  

RECYCLED AGGREGATE CONCRETE 

USING WASTEWATER ENHANCED 

CRCA 

5.1 INTRODUCTION 

The previous chapter proved that utilizing wastewater (WW) sourced from concrete 

batching plants as the Ca2+ rich solution for pretreatment effectively improved the 

properties of both cement paste and RCA samples. This chapter utilized WW spraying 

treatment combined with a flow-through carbonation method in order to enhance the 

quality of RCA as well as recycled aggregate concrete (RAC). The density and water 

absorption of (i) natural aggregate (NA), (ii) RCA, (iii) carbonated RCA(C-RCA), and 

(iv) wastewater pretreated and carbonated RCA (WW-C-RCA) were compared. The 

density, water absorption, sorptivity, compressive strength, chloride penetration of the 

concrete prepared with these four types of aggregate were analyzed and compared. The 

results showed that (1) pretreating RCA by the Ca2+ rich WW could further enhance the 

effects of the flow-through carbonation for RCA; (2) the improvement in RCA quality 

resulted in a better RAC performance; and (3) the microscopic analysis revealed the 

enhancement of RCA was attributed to a reduced porosity and an increased microhardness 
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value of the adhered mortar of WW-C-RCA. This study demonstrated a feasible approach 

to combine three waste resources (RCA, WW, and waste CO2) to produce green concrete. 

The schematic illustration of this chapter was shown in Figure 5.1. 

 

Figure 5.1 Schematic illustration of chapter 5 

5.2 CHARACTERISTICS OF CRCA TREATED BY FLOW-
THROUGH AND PRESSURIZED CARBONATION 

The density and water absorption of the different types of aggregates used in concrete are 

listed in Table 5.1. The lowest density and the highest water absorption value were found 

in raw RCA. Both C-RCA and WW-C-RCA showed higher density values after 

carbonation than that of the untreated RCA. Moreover, the water absorption of WW-C-

RCA was slightly lower than that of the C-RCA. Previous research pointed out that 

although carbonation of RCA was able to decrease the porosity of the adhered mortar 

through the microstructural densification, the carbonation efficiency was still limited due 

to the rapidly densified surface impeding the further CO2 penetration (Papadakis et al., 

1991; Thiery et al., 2013, 2007). On the other hand, the WW pre-treatment before 

carbonation was able to further enhance the carbonation of RCA and this is mainly due 
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to the foreign Ca2+ in the pore solution and the extra carbonation products formed (Shi et 

al., 2016; Verian et al., 2018). When compared to the pressurized carbonation (Fang et al., 

2020), the effect of the current flow-through carbonation of the WW-treated RCA on the 

water absorption and density was comparable. This finding suggested that the 

effectiveness of the pressurized and flow-through carbonation was similar for the WW 

sprayed RCA. 

Table 5.1 Characteristics of four types of aggregate and comparison with the effect of the pressurized 
carbonation 

Carbonation 

method 
Aggregate type 

Apparent 

density (kg/m3) 

Water 

absorption (%) 

 
Natural aggregate (NA) 2613±5 1.1±0.03 

Recycled concrete aggregate (RCA) 1925±11 6.2±0.02 

flow-through 

CO2 gas 

(>99.99%) 

Carbonated recycled concrete aggregate (C-

RCA) 
2044±48 5.8±0.03 

WW enhanced carbonated recycled concrete 

aggregate (WW-C-RCA) 
2282±32 5.0±0.02 

Pressurized 

vessel [24] 

Carbonated RCA 2206±15 5.3±0.02 

Carbonated RCA with CH spray  2344±20 5.1±0.04 

Carbonated RCA with WW spray  2357±18 5.0±0.05 

 

5.3 MECHANICAL AND DURABILITY PROPERTIES OF 
RAC PREPARED WITH THE TREATED CRCA 

5.3.1 Compressive strength 

Figure 5.2 shows the comparison of the compressive strengths of four types of concrete. 

NAC had the highest 7-day and 28-day compressive strength, while RAC had the lowest. 

WW-C-RAC had higher compressive strength than that of C-RAC at both 7 days and 28 

days. This finding indicated that replacing 100% NA with raw RCA would result in a 
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significant reduction in the compressive strength, but the WW enhanced carbonation of 

RCA might compensate for the strength loss of RAC. In this case, the 7-day and 28-day 

strength of RAC was 82.0% and 88.6% of the strength of NAC respectively, while the 

28-day strength of NAC and WW-C-RAC were comparable to each other. Previous 

studies pointed out that the presence of calcium carbonate on the surface of the carbonated 

RCA would enhance the hydration of the new cement at the interface (Matschei et al., 

2007). 

 

Figure 5.2 Compressive strength of the prepared RAC at different curing periods 

5.3.2 Cl ions penetration 

Figure 5.3 presents the comparison of a) the Cl penetration depth of the four types of 

concrete indicated by spraying AgNO3 on the fracture section; and b) the depth of 
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penetration measured from the surface. NAC showed the best resistance to the Cl 

penetration, while RAC was the most vulnerable to chloride attack. The result showed 

that the C-RAC had an improved Cl penetration resistance comparing with RAC and WW 

pretreatment of RCA further enhanced the Cl resistance of RAC. 

 

Figure 5.3 Effect of Cl penetration using AgNO3 as an indicator 

5.4 DENSITY, WATER ABSORPTION AND SORPTIVITY 
OF RAC 

Figure 5.4 shows the comparisons of the density and water absorption of the 4 types of 

concrete. The water absorption of the concrete (red dash line) increased significantly from 

NAC to RAC. C-RAC and WW-C-RAC showed lower water absorption values 

comparing with RAC, indicating that both the carbonation and WW pretreatment helped 

to reduce the water absorption. 
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The density results showed that replacing NA with RCA resulted in a significant reduction 

in concrete density (black solid line). The density values of C-RAC and WW-C-RAC had 

an increasing trend, suggesting that carbonation of RCA contributed to the enhancement 

of RAC density and it can be further improved by using the WW pretreatment. 

Nevertheless, the WW-C-RAC was unable to compensate the negative effects of 

replacing NA with RCA on the density and water absorption of their concrete products. 

The reason would be that even though the porous adhered mortar can be enhanced by the 

WW pretreatment and carbonation, it was still unable to be fully carbonated (Thiery et 

al., 2013). Therefore, the inferior old mortar affected the RAC performance of density 

and water absorption. 

 

Figure 5.4 Density and water absorption values of each type of concrete 

The comparison of sorptivities of different types of concrete is shown in Figure 5.5 and 
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Table 5.2. For the initial stage within the first 2 hours, NAC showed the lowest sorptivity, 

while the concrete incorporating RCA had higher sorptivity regardless of the pretreatment 

method used. For the secondary absorption rate after 2 hours, NAC was still the lowest 

and WW-C-RAC had a lower value than that of the other two types of RAC. The results 

of the sorptivity test revealed that the use of RCA led to a significant increase in the 

absorption rate at both the initial and secondary stages. The porous nature of RCA 

appeared to result in a concrete prone to absorb water more quickly. Carbonation of RCA 

showed limited effects on the sorptivity of RAC as both the initial and secondary 

absorption rates of RAC and C-RAC as shown in Figure 5 were similar to each other. 

Meanwhile, the WW pretreatment of RCA seems to have a better effect on reducing the 

water absorption rate of RAC. Even though the WW-C-RAC still absorbed much more 

water than that of NAC during the same period, the amount of the absorbed water was 

much less than that of RAC and C-RAC. The results suggested that spraying WW onto 

the surface of RCA before carbonation likely facilitated the densification of the RCA and 

thereby reduced the water absorption rate. 
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Figure 5.5 Water absorption I against the square root of time for each type of concrete 

Table 5.2 Initial and secondary absorption rate of each type of concrete 

Absorption rate ( /mm s ) 
NAC RAC C-RAC WW-C-RAC 

Initial  0.028 0.034 0.034 0.030 

Secondary 0.007 0.016 0.015 0.013 

5.5 MICROSCOPIC ANALYSIS OF RAC 

5.5.1 Porosity comparison of adhered mortar in four types of 
concrete 

Figure 5.6 shows SEM-BSE images of different types of RACs for porosity analysis. In 

the image analysis, the dark pixels detected by the software were regarded as pores or 

cracks. The adhered mortar of RCA was selected as an AOI in each type of RAC and the 

porosity values are shown in Figure 5.7. The porosity of the adhered mortar of RAC was 

higher than that of C-RAC and WW-C-RAC. And the porosity of the adhered mortar of 

WW-C-RAC was lower than that of C-RAC. Because RAC only contained the raw RCA, 
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whose porosity of 11.8% was the highest. Meanwhile, C-RAC and WW-C-RAC 

contained the carbonated RCA and therefore showed lower porosities of 7.2% and 5.1%, 

respectively. The results agreed with the findings of a previous study in which the 

accelerated carbonation was able to produce solid carbonation products and fill the pore 

areas of the adhered mortar for the reduction in porosity (Thiery et al., 2013). The 

comparison between C-RAC and WW-C-RAC provided evidence that the porosity of the 

adhered mortar of the RCA can be further reduced by WW enhanced carbonation. This 

finding indicated that the spray of WW effectively increased the carbonation products and 

benefited the pore-filling effect for the adhered mortar of RCA and therefore improved 

the property of RAC. 

 

Figure 5.6 Selection and calculation of porosity by image analysis 
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Figure 5.7 Calculated porosity of concrete containing RCA 

5.5.2 Microhardness of ITZs between old and new mortars 

The average microhardness values of both the adhered mortar and fresh mortar in the 

vicinity of their interface in the three types of RACs are shown in Figure 5.8. The 

difference in microhardness of fresh mortar in new concrete might be minor regardless of 

the RCA types and distance from the interface, while the adhered old mortar was 

significantly enhanced after carbonation. The highest microhardness values were found 

in the adhered mortar in WW-C-RAC while the lowest was recorded in the RAC. 

Microhardness values of the adhered mortar and fresh mortar were almost the same in the 

untreated RAC, which was most likely due to their similar compositions and 

microstructure. In C-RAC, the adhered mortar was much harder than that of the fresh 

mortar due to the densified microstructure caused by the accelerated carbonation 

procedures. The adhered mortar in WW-C-RAC showed the highest microhardness value 
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among the three types of RAC, suggesting that the WW pre-treatment significantly 

enhanced the densification effect of carbonation on the adhered mortar of RCA resulted 

in a better RAC. 

 

Figure 5.8 Microhardness of new and old mortar at ITZs 

5.6 BENEFITS OF APPLICATION OF WW ENHANCED 
FLOW-THROUGH CARBONATION 

Table 5.3 shows the comparison of the compressive strength of RAC prepared with RCA 

enhanced by different treatment methods adopted by previous research and the current 

study. The effect of WW spray with flow-through carbonation on compensating strength 

reduction of RAC is better than those of partial mortar removal, PVA-impregnation, 

ultrasonic cleaning, silica fume impregnation, and conventional pressurized CO2 curing. 

Furthermore, all the previous methods involved the use of chemical reagents or energy-

consuming treatments, which are not required by the current study. Furthermore, the use 
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of the method developed by the current study improved the Cl ion penetration resistance, 

water absorption, sorptivity by 18.2%, 12.0%, 18.8% respectively, which are comparable 

to those of the previous studies ( Dimitriou et al., 2018; Thomas et al., 2013; Xuan et al., 

2017; Kou and Poon 2012). Thus, WW spray with flow-through carbonation provided an 

environmental and cost-effective way for properties enhancement of both RCA and RAC. 

Table 5.3 Comparison of the compressive strength of RAC prepared by treated RCA 

Treatment RCA type 
28-day compressive strength of RAC (MPa) 

Source(s) 
Control (NA) Treated RCA Reduction (%) 

Partial mortar 

removal 
>4 mm 72.1 62.2 13.7 % 

Dimitriou et 

al. (2018) 

[3] 

PVA-

impregnation 

20 mm 

10 mm 
57.5 52.5/50.0 8.7/13.0 % 

Kou and 

Poon 

(2010)[46] 

Ultrasonic 

cleaning 9.5-19 mm 

2.36-9.5 mm 
52.5/66.8 

41.2/40.8 21.5/38.9 % 
Katz (2004) 

[47] Silica fume 

impregnation 
49.3/51.3 6.1/23.2 % 

Pressurized CO2 

curing 

10-20 mm 

5-10 mm 
62.5 59.0/60.5 5.6/3.2% 

Kou et al. 

(2014) [22] 

WW treatment 

with flow-

through 

carbonation 

5-10 mm 31.9 32.3 +1.3 % 
Current 

study 

 

The schematic diagram in Figure 5.9 illustrates the mechanism and advantages of WW 

enhanced flow-through carbonation: (a) the WW spraying introduced foreign soluble 
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Ca2+ into the porous adhered mortar of RCA particles and improving the effectiveness of 

carbonation by recycling WW; (b) the flow-through CO2 gas carbonated RCA particles 

and carried away the moisture at the same time without using a climate chamber or a 

pressurized vessel; and (c) the RCA with the adhered mortar densified by WW enhanced 

flow-through carbonation process showed comparable properties with that of pressurized 

carbonation. This study attempted to i) combine three industrial wastes of WW, CO2 gas, 

and RCA to produce a green concrete; and ii) evaluate the feasibility of utilizing flow-

through carbonation to enhance the properties of RCA. The findings highlighted the 

environmental benefit of turning three types of waste materials into a new concrete. 

Previous studies have already demonstrated the environmental benefit by LCA (Hossain 

et al., 2016a; Hossain et al., 2016b). 

 

Figure 5.9 Schematic of WW enhanced flow-through carbonation: (a) WW spray; (b) flow-through 

carbonation; and (c) densified RCA. 

5.7 SUMMARY . 

In order to study the performance enhancement of the concrete prepared with the 
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wastewater-treated and carbonated RCA, a series of experimental investigations were 

conducted. Both mechanical and microscopic characteristics of the concrete incorporating 

of RCA treated differently were compared. The conclusions can be drawn as follows: 

 Wastewater sourced from concrete batching plants was able to facilitate the 

accelerated CO2 flow-through carbonation of RCA, evidenced by the increase of 

the density and the reduction of the water absorption value; 

 The concrete prepared with the wastewater-treated and carbonated RCA excelled 

the normal RAC in compressive strength, density, water absorption, sorptivity, 

and the resistance to Cl ions penetration; 

 The porosity of the adhered mortar on RCA was effectively reduced by the 

wastewater enhanced carbonation. Improvement on the interface between the 

carbonated adhered mortar and the fresh mortar contributed to the increase in 

microhardness of the WW-C-RAC; 

 The effectiveness of the flow-through carbonation with the WW pretreatment 

process can be equivalent to the pressurized carbonation while providing a less 

energy-intensive carbonation process with the recycling of three types of wastes 
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CHAPTER 6  

TWO-STEP CARBONATION PROCESS 

FOR RECYCLED FINE AGGREGATE 

6.1 INTRODUTION 

A novel upcycling technique to close the recycling loop of powdered RFA (RCP) is 

proposed in this study. A well-hydrated cement paste powder was used in this study to 

simulate powdered RFA. The concept is a two-step carbonation process, where calcium 

(Ca) and silicon (Si) can be separately extracted from the powdered RFA to produce new 

chemical products. 

6.2 PRINCIPLES OF TWO-STEP CHEMICAL 
PRECIPITATIONS  

Waste concrete/cement fines are mainly composed of cement hydration products, which 

are rich in Ca and Si. The developed process is to separately extract these two elements 

from the waste, and then recycle them as a calcium carbonate (Ca-rich) residue and a 

silica (Si-rich) gel, and reuse the two products for other applications. 

Step 1: Extraction of Ca2+ and carbonation to form Ca-rich residue 

The first step which is schematically illustrated in Figure 6.1, is based on the carbonation 
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behavior of the hydrated cement paste, where the reaction occurs between the dissolved 

Ca2+ from portlandite (CH) and calcium silicate hydrates (C-S-H) and an external added 

CO3
2- salt to form calcium carbonate (Cc) (Drouet et al., 2018; Papadakis et al., 1991). In 

this study, a Na2CO3 solution was used to provide the CO3
2-(eq 3.1-3.3). In order to 

achieve extraction of Ca from the recycled cement paste, a chelating chemical was used 

to accelerate the dissolution of Ca2+ from the fine RFA powder. The reaction products 

from this step would be precipitated Cc(s), NaOH and Na2SiO3 dissolved in the extractant 

[18]. Cc can be collected through a filtration procedure.  

 

Figure 6.1 Extraction of Ca2+ and carbonation to form calcite 

Step 2: Carbonation to form Si-rich gel 

The filtrate from Step 1 is expected to consist of NaOH and Na2SiO3. A flow-through 

CO2 carbonation process was then adopted to lower its alkalinity for silica precipitation 

(eq 3.4-3.7) [19]. The flow-through CO2 gas injection process is schematically shown in 
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Figure 6.2. The precipitated silica-rich gel was able to be collected through a 

centrifugation process. Meanwhile, the filtrate after the CO2 injection would be turned 

back to Na2CO3/NaHCO3 solution for reuse in Step 1. 

 

Figure 6.2 Carbonation to form a Si-rich gel 

Theoretically, the proposed two-step carbonation process is able to convert the cement 

hydration products into two new solid products, which are primarily composed of Ca and 

Si respectively, without consuming the reactant Na2CO3. The CO2 gas can be sourced 

from the flue gas of industrial processes.  

In order to demonstrate the above theoretical upcycling process of RFA, this chapter 

investigated the physical and chemical properties of both the RFA and the precipitated 

products by means of particle size analysis, Fourier-transformed infrared spectroscopy 

(FTIR), X-ray powder diffraction (XRD), X-ray fluorescence (XRF), thermogravimetric 

analysis (TGA), and nuclear magnetic resonance (NMR). Additionally, the mass balance 
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of CaO and SiO2 from the two chemical-precipitation steps was analyzed. 

6.3 PARTICLE SIZE DISTRIBUTIONS OF ORIGINAL 
RCP AND SOLID RESIDUES 

The particle size distributions of RCP, the collected Ca-rich residue from the first 

chemical-precipitation step and the collected Si-rich gel from the second chemical-

precipitation step are shown in Figure 6.3. The D(50) and D(90) of the Ca-rich residue 

was 12.5 μm and 74.6 μm, respectively; and the D(50) and D(90) of the Si-rich gel was 

30.0 μm and 80.7 μm, respectively. The particle size ranges of the residues were similar 

to that of the original RCP. For the Ca-rich residue from Step 1, more particles between 

1–10 μm were found. The particle size of the Si-rich residue from Step 2 was larger than 

that of the others. These findings imply that: i) the Step 1 reaction caused the formation 

of calcite with a small particle size in the range of 1–10 μm; and ii) the large particle size 

of the Si-rich gel could be due to the agglomeration effect. 

 

Figure 6.3 (a) Particle size distributions and (b) cumulative volumes of particle sizes 



PhD thesis: Upcycling Waste Concrete Aggregates by Accelerated Carbonation 

127 

6.4 MASS BALANCES OF CaO AND SiO2 IN TWO STEPS 

The mass balances of CaO and SiO2 in Step 1 and Step 2 were calculated based on the 

XRF (Table 6.1) and TGA results (Figure 6.4). According to the TGA results, the most 

significant mass loss of RCP occurred at around 450 oC, indicating the presence and 

decomposition of CH (Alarcon-Ruiz et al., 2005). For the Ca-rich residue from Step 1, 

there was a dramatic mass loss at 500-850 oC, suggesting the decomposition of carbonates 

as a main product in the residue (Alarcon-Ruiz et al., 2005). Meanwhile, the mass of the 

Si-rich gel from Step 2 had a major mass loss before 200 oC and remained stable after 450 

oC, indicating that it might be a type of hydrated silica-rich gel with chemically combined 

water. Because the XRF was unable to detect CO2 and H2O, the mass percentages of CaO 

and SiO2 are expressed based on the sample weight at 1050 oC from the TGA results. 

Table 6.1 XRF results comparison of RCP, Ca-rich residue, and Si-rich gel 

Component 
wt% (1050 oC dried mass) 

RCP Ca-rich residue Si-rich gel 

CaO 64.10 78.10 0.29 

SiO2 21.30 9.32 71.40 

Al2O3 5.63 3.76 10.10 

Fe2O3 3.22 2.74 6.36 

MgO 1.15 1.01 0.15 

K2O 0.56 0.11 0.17 

MnO 0.03 N/A 0.04 

SO3 3.54 0.68 0.12 

TiO2 0.23 0.36 0.07 

P2O5 0.15 0.15 0.05 

SrO 0.10 0.13 N/A 

Na2O N/A 3.58 11.30 
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Figure 6.4 Thermogravimetric curves 

Figure 6.5 lists the calculation process of the mass balances of CaO and SiO2 and Table 

6.2schematically illustrates the mass flow. It can be found that 1 gram of RCP can produce 

1.04 gram of the Ca-rich residue and 0.17 gram of the Si-rich gel from the two steps 

carbonation process. Initially, the content of CaO and SiO2 were set to 100%. The mass 

flows of CaO and SiO2 were calculated and summarized, showing that the Ca-rich residue 

from Step 1 contained 99.92% of CaO and 35.92% of SiO2 from RCP, while the Si-rich 

gel from Step 2 contained 0.08% of CaO and 58.90% of SiO2 from RCP.  
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Figure 6.5 Mass balance 

Table 6.2 Mass flow of CaO, SiO2, and Al2O3 

 CaO SiO2 Al2O3 

Original RCP 100% 100% 100% 

Residue of Step 1 99.92% 35.92% 54.78 

Residue of Step 2 0.08% 58.90% 31.52% 

 

After Step 1, most of the Ca was extracted to form calcite in the residue of Step 1. The 

mass loss of CO2 from the TGA results revealed that there was 71.02 wt% of calcite in 

the residue. On the other side, 58.90 wt% of silicon was extracted in the form of a type of 

Si-rich gel in Step 2, while only 5.18% remained in the final filtrate. These findings imply 
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that after Step 1, the Ca from CH and CSH can form calcite and almost be extracted. In 

addition, comparing the XRF and TGA results revealed that not all the CaO in the residue 

was in the form of calcite, suggesting the presence of residual CSH. The filtrate was 

acidified during Step 2 and the Si-rich gel was then precipitated. 

Moreover, the XRF results also showed the presence of aluminum (Al) and sodium (Na) 

in the Si-rich gel. Al might be precipitated in the gel with the reduction of alkalinity and 

the Na detected could be part of the gel structure. 

6.5 CHEMICAL PHASES IN SOLID RESIDUES OF THE 
TWO PRODUCTS 

Figure 6.7 shows the SEM images of (a) Ca-rich residue and (b) Si-rich gel. The Ca-rich 

residue mainly consisted of calcite, while the Si-rich gel was in the form of agglomerated 

spherical particles. The XRD patterns shown in Figure 6.7 reveals that the Ca-rich residue 

from Step 1 was mainly calcite (red-dash line), while there was no crystalline phase 

detected in the Si-rich gel from Step 2. Compared with the original RCP, no portlandite 

remained in the residue after Step 1. This indicates that the first chemical-precipitation 

step successfully turned the portlandite into calcite. Meanwhile, unhydrated C2S was 

detected in both RCP and the Ca-rich residue, suggesting that some unreacted cement 

materials remained in the RCP. 
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Figure 6.6 SEM image of (a) Ca-rich residue, and (b) Si-rich gel 

 

Figure 6.7 XRD results (P=portlandite, C=calcite, C2S= dicalcium silicate) 

Figure 6.8 further show the FTIR spectra of the solid residues and gel in the region of 

4000–400 cm-1 (Al-Oweini and El-Rassy, 2009; García Lodeiro et al., 2009; Vrancken et 
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al., 1992). The spectra of the Ca-rich residue confirm that the main constituent was calcite, 

as three vibration bands of CO3
2- were observed at 713 cm-1, 875 cm-1, and 1429 cm-1, 

respectively. The spectra of the Si-rich gel reveal that this was a type of amorphous silica 

(990 cm-1) with a certain degree of hydration (1644 cm-1 and 3370 cm-1) (1644 cm-1 and 

3370 cm-1) (Vrancken et al., 1992).  

 

Figure 6.8 FTIR spectra 

Figure 6.9 compares the NMR spectra of (a) liquid Na2SiO3 (a commercially sourced 

water glass) with the filtrate after Step 1; and (b) solid amorphous SiO2 with the dried Si-

rich gel obtained from Step 2, in order to identify the form of the Si phase in the gel. 

Comparing with the water glass, the spectra of the filtrate after Step 1 showed the same 

chemical shift location at ~110 ppm and with a lower intensity. On the other hand, the Si-
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rich gel of Step 2 showed a chemical shift with higher intensity at around ~100 ppm 

compared with the chemical shift of the amorphous silica spectra which located at around 

~110 ppm. Figure 6.9a confirms that the liquid filtrate was a form of sodium silicate 

solution, as its NMR pattern was very similar to that of a commercial water glass, albeit 

with some differences in intensities due to the different concentrations present. For the 

NMR pattern of the solid Si-rich gel(Figure 6.9b) was quite different from that of the 

anhydrous amorphous silica. This is likely because the Si-rich gel obtained from the 

carbonation process was partially hydrated, even after oven drying at 60 °C, as shown by 

the FTIR results. The chemical shift of NMR spectra of the Si-rich gel may vary from -

89 ppm to -109 ppm depending on the hydration degree of the silica gel (Sindorf and 

Maciel, 1983; Zhan et al., 2018). A recent study also suggested that a type of alumina-

silica gel was formed by wet carbonation of cement powder due to the presence of 

aluminum in the cement paste (Zajac et al., 2020). This is consistent with the XRF results 

of the present study which showed the presence of an appreciable concentration of 

aluminum in the Si-rich gel. Another study of our group (Shen et al. 2021) reported an 

increase in Q4 29Si after carbonation and two steps of NaOH treatment and HCl washing. 

Therefore, the presence of aluminum probably affected the chemical shift of 29Si in the 

gel after Step 2 and the mechanism shall be further investigated in the future study. Further 

studies are required to ascertain the form of the gel, and to develop methods to purify and 

upgrade the gel for industrial applications. 
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Figure 6.9 Comparison of 29Si NMR spectra between (a) water glass and the filtrate after Step 1; (b) the Si-

rich gel from Step 2 and an amorphous solid silica. 

6.6 SUPERNATANT AFTER STEP 2 AND ITS REUSE 

The liquid XRF results of the supernatant of Step 2 are listed in Table 6.3. The mass ratio 

of the oxide compositions indicated that the supernatant might be mainly composed of 

Na2CO3/NaHCO3 and other components were below 0.1wt%. The pH value of the 

original Na2CO3 was 11.7–12, while the supernatant after Step 2 had a pH value of around 

7.7, indicating the presence of NaHCO3 after extensive CO2 carbonation. 

Table 6.3 XRF result of the supernatant after Step 2 

Oxide compositions  XRF mass ratio 

Na2O 3.2000% 

K2O 0.0600% 

CaO 0.0084% 

Fe2O3 0.0118% 

H2O 96.700% 

 

The supernatant with Na2CO3/NaHCO3 can be recycled and reused for another two-step 

carbonation process after adjustment using NaOH. It is also worth noting that the addition 
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of a chelating agent was required when reusing the supernatant, suggesting that the 

chelating agent remained in the residue after Step 1. It was noticed that impurities such 

as potassium and sulphate ions had limited influence on the qualities of the two 

aforementioned products and the filtrate due to the very low concentration (<1% in the 

two products and <0.1% in the filtrate according to XRF). 

6.7 POTENTIAL ENVIRONMENTAL AND ECONOMIC 
IMPACTS  

The data sourced from a report of “Government's efforts in managing municipal solid 

waste” which issued every 5 years by the Hong Kong Government, suggested that the 

cost disposal of waste at landfills is HKD 200 per ton. According to another government 

report of “Monitoring of Solid Waste in Hong Kong 2018”, issued in November 2019, 

the annual generation of concrete waste was about 3.6 million tons. The RCA grading 

conducted in the laboratory previously suggested RCA contains a 1.5 wt% content of 

powder with particle size under 150 μm. Therefore, it is estimated that the annual 

generation of RCA powder is about 54,000 tons, and if this can be recycled, it would have 

an economic gain of HK$ 11 million (US$1.4M) as avoided landfill disposal cost.  

On the other hand, the price of industrial grade (Alibaba, 2020) Na2CO3 and Cc is about 

US$200 and US$ 500 per ton respectively. Assuming that the reaction facility is at a scale 

of 50,000 m3, the cost of the cyclically used Na2CO3 would be US$ 0.5 M per annum. 

The annual operating cost of the carbonation process is estimated to be US$2.0 M. The 
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54,000 tons of powder RCA (assuming 30% cement paste content) would generate about 

14,000 tons of Cc which value US$ 7 million. In addition, about 2,000 tons of Si-rich gel 

will also be produced with unknown potential values, and potential intangible benefit of 

carbon dioxide capture can also be realized. Therefore, this method would result in a 

substantial economic benefits.  

The current study reports on the technological side of the development of a novel two-

step carbonation process for recycling RCAs, particularly the recycled fines to calcite and 

silica gel. The economic and environmental impact of the process beyond the scope of 

this study will need to be further studied. Nevertheless, Table 6.4 presents a rough 

comparison and estimation of economic impacts.  

Table 6.4 Rough estimates of annual economic gains by the two-step carbonation process in Hong Kong 

Annual RCA powder generation : 54,000 ton 

Avoided disposal cost at landfills Two-step carbonation (estimation) 

Gains Cost Gains 

Avoided landfill disposal cost: 

US$1.4 M 

 Operating cost of 

treatment plant, 

US$ 2.0 M 

 Cyclically used 

Na2CO3: US$ 0.5M  

 14000 tons of Cc with 

market value of US$ 7 

M; 

 2,000 tons of Si-rich 

gel with further 

potential value,  

 Carbon dioxide 

capture.  

 

That said, a preliminary assessment found that as the Na2CO3 solution could be cyclically 
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used, there was no new waste generated by the process that needed further treatment or 

disposal. On the contrary, the technique helps reduce the carbon footprint by actively 

capturing CO2 and recycling the fine cement paste powder derived from concrete waste 

in order to make green materials for potential industrial applications. Matschei et al. (2007) 

presented the role of calcite in cement hydration and reported that calcite is able to benefit 

the hydration process. The Ca-rich residue after Step 1 mainly consisted of calcite and 

therefore may be used to replace limestone powder as an additive for OPC. Furthermore, 

the Si-rich gel can be used with NaOH to prepare a NaOH/Na2SiO3 solution similar to a 

commercial water glass. The process also avoids the need to use land to dispose of the 

waste. As such, the process likely has cost benefits and could contribute positively in 

addressing the environmental impact of disposing of C&D waste. A life cycle 

environmental and cost assessment will be conducted in our next phase of study to fully 

understand the benefits of this proposed process. 

6.8 SUMMARY  

In this chapter, a two-step carbonation process was proposed as a means of upcycling the 

fine powder derived from C&D waste without generating new waste or consuming much 

energy. The focus was on the feasibility of the set-up and characterization of the obtained 

products. A series of experimental studies provided solid evidence that calcium and 

silicon sourced from powdered recycled cement paste were able to be extracted separately 

through the proposed two-step carbonation process using the CO2 gas with a recyclable 
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Na2CO3 solution. No new waste was generated throughout the process. 

The major findings from the results of the experiments are as follows: 

 The particle size of the Ca-rich residue from Step 1 was slightly smaller than that 

of the original RCP, while the particle size of the Si-rich gel from Step 2 was much 

larger than that of the original RCP. 

 After Step 1, it was found that there was about 71 wt% of calcite in the Ca-rich 

residue and 99 wt% CaO was recovered in the precipitated residue. After Step 2, 

roughly 59 wt% of SiO2 can be precipitated as a type of alumina-silica gel. 

 The presence of calcite in the Ca-rich residue obtained from Step 1 as a major 

phase was confirmed by XRD, indicating the carbonation of CH and CSH using 

the Na2CO3 solution.  

 It was confirmed that the filtrate from Step 1 contained a form of sodium silicate. 

After Step 2, a type of alumina-silica gel was precipitated, as suggested by the 

XRF and NMR results. 

 In addition, the Na2CO3 solution can be recycled and reused after the two-step 

carbonation process. 

The experimental results also revealed promising potential applications. The Ca-rich 
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residue can be used as an active filler for OPC, while the Si-rich gel can be used to 

prepare an NaOH/Na2SiO3 solution similar to a commercial water glass. Future 

studies will focus on refinement of the process and exploration of applications for the 

two new products.  
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CHAPTER 7  

CHARACTERIZATION AND 

OPTIMIZATION OF THE TWO-STEP 

CARBONATION PROCESS 

7.1 INTRODUCTION 

The previous work was principally focused on reporting the development of the two-step 

carbonation process, but it did not include variations of the carbonation parameters. 

Therefore, the reaction conditions described therein were not economical or efficient. 

This chapter is a follow-on work that aims to determine the optimized carbonation 

conditions through a series of comparative tests on various parameters of reaction 

conditions relating to reaction duration, material usage, products mass, and composition. 

The following conditions (Table 7.1) based on our previous study (Chapter 6) were 

adopted as reference to assess the effectiveness of the various optimization parameters. 

The precipitation of silica gel in a silica-rich environment normally takes place in the pH 

range of 12-8.5 (García-Ruiz, 1998). In our previous experimental trials, the mass of the 

produced Si-rich gel at pH=9.8 (≈30 mins carbonation) was over 90% of that at pH=8.5 
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(> 3hrs carbonation). Therefore, in consideration of efficiency, the final pH was set at 9.8. 

The effect of final pH was further discussed in the following section. 

Table 7.1 Reference carbonation conditions for Step 1 and Step 2 based on previous study 

 Step 1 Step 2 

Na2CO3 Water RCP T t CCO2 VCO2 Final pH 

20g 380g 4g 25 oC 24h 100% 0.8 L/min ≤9.8 

 

7.1.1 OPTIMIZATION OF TWO-STEP CARBONATION 
PROCESS  

To valorize recycled concrete fine aggregates (RFA) to new products, the authors 

proposed a two-step carbonation process. Due to the high calcium (Ca) and silicon (Si) 

contents in hydrated cement pastes, this developed process aims to extract Ca and Si 

separately as calcium carbonate (calcite) and aluminum-silica gel.  

Table 7.2 lists the three experimental variables studied for optimizing Step 1: the reaction 

duration (t), the temperature (T), and the concentration of the Na2CO3 solution 

([Na2CO3]). The conditions for Step 2 were fixed as shown in Table 7.1. 
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Table 7.2 Variables considered in Step 1 using fixed conditions in Step 2 

  Step 1 

Parameter Na2CO3 Water RCP T t 

Reaction  

duration 
20g 380g 4g 25 oC 

1h 

3h 

5h 

7h 

24h 

Temperature 20g 380g 4g 
25 oC 

24h 
60 oC 

[Na2CO3]  

4g 396.0g (1%) 

4g 25 oC 24h 

12g 388.0g (3%) 

20g 380.0g (5%) 

40g 360.0g (10%) 

60g 340.0g (15%) 

80g 320.0g (20%) 

 

The conditions for Step 1 were fixed as shown in Table 7.1 at this stage of the optimization 

of Step 2 and Table 7.3 lists the variables considered in Step 2. 

Table 7.3 Experimental parameters of Step 2 

Parameter CCO2 tCO2 

CO2 injection 

time/final pH 
100% 

5 min 

10 min 

15 min 

20 min 

30 min 

CO2 concentration 

100% 

Until pH value=9.8 50% 

25% 

 

7.1.2 Utilization of the final supernatant after two steps 

In this study, the pH of the prepared Na2CO3 solution was 12. After the two-step 
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carbonation process, the final supernatant could be reused due to it contained a high 

content of HCO3
-/CO3

2- as shown in Figure 7.1. But pH adjustment was needed by using 

a 30% NaOH to raise the l pH back to 12. The resulted supernatant was reused to perform 

the same two-step carbonation process. 

 

Figure 7.1 Cyclic utilization of Na2CO3 solution 

7.2 PHYSICAL AND CHEMICAL ANALYSIS OF 
CARBONATION PRODUCTS 

7.2.1 Influence of particle size of RCP on the production of carbonation products  

Figure 7.2 shows the effect of the particle size of RCP on the mass of carbonation products 

formed after the two-step carbonation process. For the two bigger particle size RCP (2.36-

600 mm, 600-150 μm) the amounts of Ca-rich residue (Calcite) formed after Step 1 were 

similar. However, the mass of the formed Ca-rich residue obviously increased when the 

particle size of RCP was less than 150 μm. Meanwhile, the mass of the Si-rich gel formed 
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increased with the decrease of the RCP particle size. These are not difficult to explain as 

a smaller RCP particle size had more surface area and led to the formation of more calcite 

and gel at the same reaction time. 

 

Figure 7.2 Effect of particle size of RCP on production of carbonation products 

7.2.2 Particle size distribution of carbonation products  

Figure 7.3 compares the particle distributions of the two carbonation products formed 

from the two-step carbonation of the RCP <150 μm. The size of the Ca-rich residue was 

smaller than that of the Si-rich gel as it contained more particles at the particle size range 

of 0-5 μm and 5-10 μm. As a previous research indicated that the carbonation reaction 

was concentrated on the surface layers of the RCP particles, the increase in the amount of 

small particles in the Ca-rich residue was possibly caused by carbonation of RCP and the 

precipitation of smaller Cc(s) particles in the solution (Thiery et al., 2013). For the Si-
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rich gel, agglomeration effects might lead to an increase in its particle size. 

 

Figure 7.3 Particle size distributions of carbonation products 

7.2.3 XRF and XRD analysis 

Table 6.1lists the oxide compositions of the RCP and carbonation products. The three 

main components in the well-hydrated RCP were CaO, SiO2 and Al2O3. After the two-

step carbonation process, most of the CaO was detected in the Ca rich residue of Step 1 

and most of the SiO2 was detected in the gel of Step 2. But the Ca-rich residue also 

contained a small percentage of SiO2 and the Si-rich gel contained some Al2O3. These 

findings suggested that the majority of calcium ion released from the RCP reacted with 

CO3
2- and formed Cc which precipitated. The presence of SiO2 in the Ca-rich residue also 

indicated that there was unhydrated cement and/or non-carbonated C-S-H in the Ca-rich 

residue. On the other hand, the Si-rich gel contained only a small amount of CaO, 

indicating that Step 1 carbonation process was able to capture most of the calcium. 
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However, the SiO2 gel formed in Step 2 carbonation was not pure as it had combined with 

some Al and took up some sodium during the precipitation process (Zajac et al., 2020).  

Figure 7.4 further presents the XRD patterns indicating the crystalline phases present in 

the RCP and carbonation products. As there was no crystalline phase detected in the Si-

rich gel, the figure only showed the spectra of RCP and the Ca-rich residue. The 

crystalline phases detected in the RCP were mainly portlandite, dicalcium silicate (C2S) 

and externally added corundum. And the XRD pattern of the Ca-rich residue showed the 

presence of calcite and the externally added corundum. Previous research reported that 

amorphous Cc, vaterite and aragonite would progressively be transferred to calcite 

through a dissolution-reprecipitation process and only calcite was observed (Brečević and 

Nielsen, 1989; Morandeau et al., 2014). Regarding the high pH (12.95) environment after 

Step 1, calcite was possibly the only form of crystalline Cc present 

The quantified mass fractions of the crystalline phase determined by QXRD (RIR method) 

are listed in Table 7.4. The RCP contained 14.69% portlandite, 8.32% C2S, 3.72% calcite 

and 73.27% amorphous phase, while the Ca-rich residue contained 75.60% calcite, 0.92% 

C2S, and 23.48% amorphous phase. The QXRD results proved that there were unhydrated 

cement particles in both RCP and the Ca-rich residue. The significant reduction in C2S 

after Step 1 suggested the unhydrated cement was further reacted in Step 1 carbonation 

process. The presence of calcite in HCP indicated that the HCP was slightly carbonated 
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during sample preparation. After Step 1, the main carbonation product was calcite and the 

portlandite of HCP was fully carbonated. The remaining amorphous phase in the Ca-rich 

residue revealed that C-S-H was not fully carbonated after Step 1. 

 

Figure 7.4 XRD spectra of RCP and Ca-rich residue from Step 1 (P=portlandite C=calcite, C2S=dicalcium 

silicate, A=corundum) 
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Table 7.4 Mass fractions of the chemical components in RCP and Ca-rich residue determined by QXRD 

Compound name RCP Ca-rich residue 

Portlandite 14.69 wt% N/A 

Calcite 3.72 wt% 75.60 wt% 

C2S 8.32 wt% 0.92 wt% 

Amorphous phase 73.27 wt% 23.48 wt% 

 

7.2.4 SEM-EDS of carbonation products 

Figure 7.5 illustrates the morphologies of the Ca-rich residue (a & b) and the Si-rich gel 

(c & d). The images of the Ca-rich residue (Figure 7.5a & 6.7b) clearly indicated the 

presence of rhombohedron shape calcite crystals. Meanwhile, the images of the Si-rich 

gel (Figure 7.5c & 6.7d) showed that the particles had agglomerated. This finding further 

confirmed that calcite was the major constituent in the Ca-rich residue. The particles in 

the gel products are seemed to be nano size initially, but agglomeration seriously affected 

the final particle size as indicated in Figure 7.3. 

Table 7.5 shows the EDS results of the selected locations in Figure 7.5. Locations 1, 2, 

and 3, were selected from the Si-rich gel. The elements detected at Locations 1 and 2 

were O, Na, Al, and Si, while the elements detected at Location 3 were only O and Si. 

The mass ratio of the elements was similar at Locations 1 and 2. Meanwhile, Locations 4 

and 5 were selected from the Ca-rich residues, and the detected elements were O and Ca 

with a similar mass ratio.  
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The EDS results confirmed the XRF results that a major part of the gel products was silica 

while others combined with Al and Na. But the incorporation of Al and Na did not appear 

to change the morphology of the particles. And for the Ca-rich residue, calcite was the 

major products and evenly distributed. 

 

Figure 7.5 (a), (b) SEM images of the Ca-rich residue of Step 1; and (c) (d) Si-rich gel of Step 2 

Table 7.5 EDS results  

Location 1 2 3 4 5 

Eleme

nt 

Mass

 % 

Eleme

nt 

Mass

 % 

Eleme

nt 

Mass

 % 

Eleme

nt 

Mass

 % 

Eleme

nt 

Mass

 % 

O 58.90 O 61.84 O 74.41 O 73.00 O 70.41 

Na 12.36 Na 13.40 Si 25.59 Ca 27.00 Ca 29.59 

Al 9.32 Al 8.94       

Si 19.42 Si 15.82       
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7.2.5 NMR 

Figure 7.6 presents the comparisons of the 29Si NMR spectra of (i) the liquid filtrate 

obtained from Step 1 with the commercially sourced liquid Na2SiO3, and (ii) the dried 

solid gel obtained from Step 2, with a commercially sourced solid amorphous SiO2 and a 

sodium aluminate silicate.  

The filtrate obtained after Step 1 after showed a similar NMR spectrum with the 

commercial water glass, while the NMR pattern of the solid Si-rich gel from the Step 2 

was dissimilar to either the anhydrous amorphous silica or the sodium aluminum silicate. 

The NMR results indicated that the filtrate containing a form of liquid sodium silicate 

very similar to that of the commercial water glass. Due to the presence of Al and Na in 

the Si-rich gel, its structure was different from the chosen reference amorphous silica or 

sodium aluminum silicate. Recent studies also reported that the presence of aluminum 

would affect the chemical structure of amorphous silica and the gel would absorb sodium 

from solution (Sevelsted and Skibsted, 2015; Zajac et al., 2020). This NMR finding 

agreed with the EDS results, where the Si-rich gel product could be a type of alumina-

silica gel combined with some sodium. The deconvolution was carried out and suggesting 

a very low Q4 silica content at the peak around ~100 ppm. Therefore, the gel may contain 

Q4 silica but lack of strong evidence suggesting the presence of a significant amount of 

Q4 silica. 
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Figure 7.6 29Si NMR spectra of the filtrate from Step 1 and the Si-rich gel from Step 2, compared with 

reference materials (commercially sourced water glass, amorphous silica and sodium aluminum silicate) 

 

7.3 OPTIMIZATION OF EXPERIMENTAL CONDITIONS 
IN THE TWO-STEP CARBONATION  

7.3.1 Influence of reaction duration and temperature in Step 1 

Table 7.6 lists the mass of the carbonation products formed under different reaction 

durations in Step 1. Despite the increase of reaction duration, the amounts of Ca-rich 

residue formed were similar. However, the mass of the Si-rich gel formed obviously 

increased with the increasing reaction duration of Step 1. This finding suggests that a 

longer reaction time in Step 1 could contribute to the dissolution of Si of the RCP. 

Meanwhile, the XRF data showed that the elemental compositions of both the Ca-rich 

residue and the Si-rich gel were similar, despite having different reaction durations. As 

the increase of Ca-rich residue and Si-rich gel resulted from extending the reaction 
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duration from 7 hours to 24 hours, which were only 2.8% and 2.6% respectively, the 

contribution of lengthening the reaction duration after 7 hours was marginal. According 

to a previous study [26], carbonation would be inhibited as the particle surface was 

densified. Therefore, a reaction duration of 5–7 hours was recommended 

Table 7.7 lists the mass of carbonation products formed with the use of different 

temperatures during the carbonation processes. According to the XRF results, increasing 

the reaction temperature to 60 oC in Step 1 had a limited effect on the chemical 

compositions of both the Ca-rich residue and the Si-rich gel. According to a previous 

study [26], as the major factor associated with the reactivity was the specific surface area, 

increasing the temperature showed a limited effect on the products. Considering the 

negative effects of increasing the temperature to over 60 oC, such as rapid liquid 

evaporation and high energy consumption by heating, the ambient temperature condition 

was suggested.  

On the basis of these experimental results, the optimal conditions for Step 1 was suggested 

to be 5–7 hours reaction time at ambient temperature.  
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Table 7.6 Carbonation products produced using different reaction duration in Step 1 

Step 1 Duration  1h 3h 5h 7h 24h 

Residue of Step 1 

(per gram RCP) 

1.0028g 0.9877g 1.0034g 1.0127g 1.0413g 

wt% of CaO 81.4% 84.8% 85.8% 85.5% 84.1% 

wt% of SiO2 8.72% 7.90% 7.67 7.44% 8.14% 

Gel of Step 2 

(per gram RCP) 

0.0693g 0.0740g 0.0797g 0.1018g 0.1044g 

wt% of SiO2 56.8% 57.7% 54.7% 57.4% 58.7% 

Note: wt% means the mass ratio of the elements tested by XRF in the form of oxides. 

Table 7.7 Effect of reaction temperature of Step 1 

 Calcite-rich residue of step 1 Si-rich gel of step 2 

Temperature Ambient  60 oC Ambient  60 oC 

per gram RCP 1.0413g 1.0736g 0.1044g 0.0931 

wt% of CaO 84.1% 85.9% 0.149% 0.272% 

wt% of SiO2 8.14%% 6.80% 58.7% 61.7% 

 

7.3.2 Influence of concentration of Na2CO3 in Step 1 

As listed in Table 7.8, the mass of Si-rich gel and its chemical composition became stable 

when the concentration of [Na2CO3] was in the range of 5% to 10%. Further increasing 

the concentration of [Na2CO3] had a limited effect on either of the mass formed and 

chemical compositions of the two carbonation products. As per the mass development 

trend of the gel, it was noticed that increasing the concentration of Na2CO3 would 

significantly prolong the Step 2 carbonation duration in order to reduce the alkalinity of 

the filtrate to the target final pH of 9.8. Hence, the concentration of Na2CO3 was 

recommended at no higher than 10%. It should also be indicated that this study adopted 

5% as the lowest [Na2CO3] in order to provide sufficient carbonate (CO3
2-) for the 
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carbonation of C-S-H and to obtain high soluble Si for Step 2. 

Table 7.8 Mass of products produced using different Na2CO3 concentrations in Step 1 

[Na2CO3] wt% 1% 3% 5% 10% 15% 20% 

Ca-rich residue of 

Step 1 

(per gram RCP) 

1.0561 1.0451 1.0413g 1.0641g 1.0411g 1.0423g 

wt% of CaO 76.2% 81.8% 83.7% 82.2% 80.1% 80.4% 

wt% of SiO2 14.5% 10.3% 9.28% 9.54% 8.75% 8.38% 

Gel of Step 2 N/A 0.1021 0.1044g 0.1040g 0.0995g 0.0939g 

wt% of SiO2 N/A 57.0% 59.4% 58.5% 58.9% 59.8% 

 

7.3.3 Influence of CO2 concentration, CO2 flow rate and final 
pH in Step 2  

Table 7.9 lists the formation of Si-rich gel under different testing conditions of Step 2. 

Using CO2 gas with a higher concentration or a faster flow rate would lead to a quicker 

pH reduction. Despite different experimental conditions, the reduction in the pH value 

was quicker from 13 to 11 than that from 11 to 9.8 and the inflection point was between 

12 and 11 (Figure 7.7). During the test, the filtrate became turbid when pH was reduced 

to below 12. This observation implied that the Si-rich gel was precipitated due to the 

reaction between CO2 and Na2SiO3 and the alkalinity reduction of the filtrate. Moreover, 

the data also showed that the mass of the precipitated Si-rich gel increased as the pH 

reduced, while the content of the SiO2 in the gel also increased. The increased flow-rate 

of the CO2 gas accelerated the pH reduction rate and slightly increased the gel 
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precipitation.  

To sum up, the optimized experimental conditions in terms of Ca and Si productivity was 

summarized in Table 7.10. 

Table 7.9 Influence of experimental variables on the production of Si-rich gel in Step 2 

Variable  
Final 

pH 

Gel produced 

(per gram RCP) 

SiO2 in 

gel wt%  

TCO2 

CO2 (100%) 

injection 

time/final pH 

5 min 11.3 0.0702g 45.6% 

N/A 

10 min 10.8 0.0709g 45.4% 

15 min 10.1 0.0774g 56.2% 

20 min 10.1 0.0774g 56.8% 

30 min 9.8 0.0823g 59.1% 

5 h 7.6 0.0875g 61.3% 

CO2 

concentration 

100% 

9.8 

0.0823g 59.1% 30 mins 

50% 0.0810g 58.2% 81 mins 

25% 0.0762g 58.8% 147 mins 

 

Figure 7.7 Change of pH values with different CO2 concentration in Step 2. 
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Table 7.10 Optimized experimental conditions 

 Experimental conditions Products 

Step 1 Na2CO3 concentration Temperature Duration CaO wt% 

5-10% ambient 5-7 hours 85.8 wt% 

Step 2 CO2 concentration Final pH  SiO2 wt% 

>50% 9.8  59.1 wt% 

 

7.3.4 Theoretical estimation of CO2 uptake in Step 2 

Figure 7.8 presents the theoretical estimation of CO2 uptake by the carbonation process 

in Step 2. According to equation 1, carbonation of portlandite by Na2CO3 can produce 

NaOH, which would react with CO2 to be sequestrated in Step 2. The QXRD results 

indicated that the 14.69 wt% portlandite in RCP was fully carbonated as there was no 

portlandite detected in the Ca-rich residue after Step 1. Therefore, 0.004 mole NaOH was 

produced by 1g RCP, which would react with 0.002 mole CO2 according to equation 4. 

On the other hand, the Si-rich gel (0.1044g per gram RCP according to Table 7.6), 

contained 71.4 wt% of SiO2 and 10.1 wt% of Al2O3 according to XRF results. As XRF 

was unable to detect non-evaporable water and CO2, the calculation of XRF data was 

calibrated using the residual mass of Si-rich gel at 1050 oC, which was 81% of the oven-

dried mass. Hence, according to equation 5 & 6, the CO2 uptake was 0.001 mole and 

0.00008 mole, respectively. Thus, the estimated total CO2 uptake by the Step 2 was 

0.00308 mole (0.136g). 
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Figure 7.8 Theoretical estimation of CO2 uptake in Step 2 by 1g RCP 

7.3.5 Reuse of the Na2CO3 stock solution 

The supernatant after the Si-rich precipitation in Step 2 contained NaHCO3 and Na2CO3 

and it was expected to be reused for a new cycle of the two-step carbonation process. Due 

to its lower pH, pH adjustment by addition of NaOH to the initial pH level of the Na2CO3 

solution before Step 1 was necessary.  

7.4 ENVIRONMENTAL AND ECONOMIC BENEFIT 

The optimized two-step carbonation, which managed not only to recycle most of the Ca 

and Si from the RCP without generating new wastes but also absorb CO2 during the 

process, reduced the C&D waste disposal problem and carbon footprint by an 

environmentally friendly approach. Furthermore, the Ca-rich residue may be used to 

replace limestone powder used in cement production and the Si-rich gel may be used as 

an additive with pozzolanic activity. Thus, the two-step carbonation method shows great 
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potential benefits both environmentally and economically. 

7.5 SUMMARY  

This chapter presented the results of a study on the optimization of a two-step carbonation 

process for converting most Ca and Si (>95%) of hardened cement paste powder into a 

Ca-rich residue and a Si-rich gel. In Step 1, a Na2CO3 solution was used to react with 

RCP to precipitate most of the calcium as calcite in the Ca-rich residue. In Step 2, the 

filtrate from the Step 1 was carbonated using a CO2 gas to precipitate a Si-rich gel. 

Moreover, the supernatant after the two-step carbonation process can be recycled and 

reused after pH adjustment.  

A smaller RCP particle size led to a high precipitation of both the Ca-rich residue and the 

Si-rich gel. RCP with particle size smaller than 150 µm showed the highest reactivity and 

produced the most products. The Ca-rich residue obtained from Step 1 mainly contained 

calcite (> 75%), and no other crystalline phase of calcium was observed by XRD or SEM-

EDS. The Si-rich gel obtained from Step 2 contained agglomerated nano aluminosilica 

gel (>80%). There was a lack of evidence for the NMR results of Q4 silica, while the 

SEM-EDS observed silica gel particles without the presence of Al. 

In Step 1, the optimum reaction duration was between 5 to 7 hours and at an ambient 

temperature. The effects of either prolonging the reaction time or increasing the 
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temperature on the product was marginal. For Step 2, the concentration of Na2CO3 

solution was suggested to be in the range of 5% and 10% (mass/mass) in order to provide 

sufficient CO3
2- while not increasing the reaction duration excessively.  

The theoretical estimation of CO2 uptake by the carbonation process in Step 2 was 

0.00308 mole per gram RCP (0.136g CO2 per gram RCP) according to chemical 

equilibrium. As the supernatant after the two-step carbonation process can be recycled 

and reused after a pH adjustment process by NaOH, no extra waste would be generated 

throughout the process. 
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CHAPTER 8  

A FAST WET CARBONATION FOR 

FRCA PARTICLES FROM 0.15 - 5 MM 

8.1 INTRODUCTION 

A wet carbonation method has been developed and proved to be effective for property 

enhancement of the coarse fraction of RCA (CRCA). In order to investigate the feasibility 

and effectiveness of the wet carbonation for FRCA (0.15-5 mm), this chapter presents an 

experimental investigation by using both well-hydrated cement paste particles (CP) and 

real FRCA as shown in Figure 8.1 ..  

 

Figure 8.1 Schematic illustration of chapter 8 
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8.2 CHANGES IN CARBONATION PRODUCTS AFTER 
WET CARBONATION 

8.2.1 Comparison of carbonation effect in terms of TGA 

Figure 8.2 presents the comparison of the effect of wet carbonation on CP with different 

particle sizes with the original CP by TGA results. Figure 8.2(a) shows that the wet 

carbonated CP had a substantial increase in mass loss around 750 oC comparing to the 

original CP, indicating that the wet carbonation effectively increased the amount of 

carbonation products formed. Figure 8.2b shows the total mass loss of the wet carbonated 

CP was higher than that of the original CP. It is also noticeable that the effect of particle 

size on the carbonation products was limited as both DTG and TG data show marginal 

variation among the carbonated CP samples. This finding suggested that the 10-min 

carbonation was equally effective for CP ranging from 0.15-5mm. The reason is probably 

due to a short carbonation time of 10 min and the evenly distributed CO2 during the wet 

carbonation (Liu et al., 2021). 

 

Figure 8.2 The (a) DTG and (b) TG results of wet carbonation on CP with different size range 
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8.2.2 XRD results of wet carbonation 

Figure 8.3 shows the XRD patterns of the CP samples and Table 8.1 lists the QXRD data. 

All four types of CP showed similar XRD patterns. The crystalline phase of portlandite, 

externally added corundum, and calcite was detected from the original CP. Comparing 

with the original CP, an increase in the peak intensity of calcite was noticed from the 

carbonated CP. And after the wet carbonation, the presence of portlandite was still 

significant in all CP samples. The QXRD data further presents the mass fraction changes 

of the CH and CC in CP samples before and after carbonation. The wet carbonation 

increased the content of CC as the carbonation product which is believed to be able to fill 

the pores of CP and therefore improve its quality (Papadakis et al., 1992; Thiery et al., 

2013). Due to the short carbonation duration, the decrease of CH content was not 

significant. Nevertheless, the wet carbonation still effectively increased the amount of 

carbonation products formed in the CP. 
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Figure 8.3 The XRD patterns of CP: (a) 0.15-0.6 mm; (b) 0.6-1.18 mm; (c) 1.18-2.36 mm; (d) 2.36-5 mm. 

(P=portlandite C=calcite, L=dicalcium silicate, A=corundum) X-axis: CuKα, 2θ (degree). 
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Table 8.1 QXRD results of CP 

  CH wt% CC wt% 

0.15-0.6 mm Original 15.4 11.2 

Carbonated 14.9 14.7 

0.6-1.18 mm Original 15.4 10.3 

Carbonated 14.1 13.6 

1.18-2.36 mm Original 16.2 10.8 

Carbonated 14.4 13.6 

2.36-5 mm Original 15.0 13.6 

Carbonated 14.1 16.2 

8.3 MICROSCOPIC ANALYSIS OF THE PARTICLES 

8.3.1 Effect of carbonation time 

Figure 8.4 shows the SEM images of the sections of the 2.36-5 mm CP particles. Judging 

from the image, the carbonation products (mainly calcite) increased at the edge of the CP 

particles as the wet carbonation time increased. After 2 min, there were hardly any 

carbonation products being noticed in SEM images. After 10 min, some carbonation 

products were noticed scattering across the section. After 1h, a lot of carbonation products 

were observed on the surface layers of the CP particle.  
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Figure 8.4 SEM image of of 2.36-5 mm particles subjected to wet carbonation: (a) 2 min, (b) 10 min, (c) 

1h. 

8.3.2 Changes in the pore volume of CP by wet carbonation 

Due to the small particle size, the pore volumes of CP with 0.15-0.6 mm, 0.6-1.18 mm, 

and 1.18-2.36 mm particle sizes were measured by BET and the results are shown in 

Figure 8.5 (a), (b), and (c). While the pore volume of CP with 2.36-5 mm particle size 

was measured by MIP (Figure 8.5d and Figure 8.6). Figure 8.5(a), (b), and (c) showed 

reduced pore volume distributions of CP after carbonation, especially for pores smaller 

than 10 nm. Meanwhile, the carbonation of 2.36-5 mm CP transformed large pores into 

smaller pores as shown in Figure 8.5(d). Also, Figure 8.6 reveals that the wet-carbonation 
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reduced the total porosity of the 2.36-5 mm CP. These results suggested that the wet 

carbonated generated nano-size carbonation products which significantly reduced the 

volume of gel pores of the CP. 

 

Figure 8.5 Pore volume distribution of CP: (a) 0.15-0.6 mm; (b) 0.6-1.18 mm; (c) 1.18-2.36 mm; (d) 2.36-

5 mm. 
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Figure 8.6 Cumulative porosity of 2.36-5 mm CP 

8.4 EFFECT ON MORTAR SPECIMENS 

8.4.1 Compressive strength  

The comparison of 28-day compressive strength and drying shrinkage of the mortar 

prepared with different types of fine aggregates (Section 3.4.2) are shown in Figure 8.7 

and Figure 8.8 respectively. For ease of description, raw FRCA and carbonated FRCA 

were annoted as FRCA and C-FRCA respectively.  

As Figure 8.7 shows, the 100% sand mortar mixture achieved the highest strength while 

the 100% FRCA mixture attained the lowest strength. The specimens prepared with 50% 

sand replaced by C-FRCA showed similar strength to the  100% sand mixture, but  

replacing 50% sand by FRCA resulted in a noticeable strength reduction. On the other 

hand, the specimens prepared with 100% C-FRCA showed a significant strength increase 

compared with those prepared with 100% FRCA, suggesting that wet carbonation was 

able to enhance the quality of FRCA and therefore improve the mechanical performance 
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of mortar specimens.  

 

Figure 8.7 Compressive strength values of mortar specimens 

8.4.2 Drying shrinkage 

As Figure 8.8 shows, the 100% sand specimens showed the lowest shrinkage values while 

the 100% FRCA specimens had the highest. The 100% C-FRCA specimens showed a 

lower shrinkage value than the 100% FRCA specimens, indicating the beneficial property 

improvement for FRCA after wet carbonation. There was no significant difference in 

shrinkage value between the specimens prepared with replacing 50% sand by C-FRCA 

or FRCA.  
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Figure 8.8 drying shrinkage of mortar specimens 

8.5 COMPARISON OF CO2 UPTAKE AND 
CARBONATION EFFECTIVENESS IN TERMS OF 
MORTAR SPECIMENS 

Figure 8.9 compares the CO2 uptake by three different carbonation methods after the first 

10 mins. The CO2 uptake was calculated by TGA results. The flow-through carbonation, 

pressurized carbonation, and wet carbonation resulted in a 10-min CO2 uptake of 0.1 wt%, 

0.16 wt%, and 1.1 wt% respectively. The reason is that the wet carbonation transformed 

a gas-solid reaction into a liquid-solid reaction and therefore enhanced the chemical 

reaction rate (Zajac et al., 2020; Liu et al., 2021; Papadakis et al., 1992; Zajac et al., 2020).  
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Figure 8.9 CO2 uptake comparison between three different carbonation methods 

The mortar specimens prepared by C-FRCA showed a 30.8% increase in compressive 

strength compared to FRCA specimens. It was due to the densified surface layer evenly 

formed during the wet carbonation which was beneficial for bonding with the new cement 

paste (Xiao et al., 2018; Zajac et al., 2020). As a result, replacing 50% sand with C-FRCA 

in the mixture design only led to a strength reduction of less than 2% of the mortar 

specimens. As Table 8.2 shows, the wet carbonation method was superior in enhancing 

the compressive strength of new concrete/mortar samples prepared with treated RCA than 

those reported in the selected previous studies. 

 

 



Chapter 8: A fast wet carbonation for FRCA particles from 0.15 - 5 mm 

171 

 

Table 8.2 Comparison of carbonation treatment in studies 

Source(s) Type of 

treatment 

Specime

n type 

Particle 

size of 

RCA 

Replaceme

nt ratio 

Strength 

comparing with 

control 

specimen 

Strength 

comparing to 

untreated RCA 

specimen 

Suggested 

replacemen

t ratio 

Zhang et 

al. (2015)  

CO2 chamber 

with +0.4 MPa 

for 4h 

Mortar 0.16-2.5 

mm 

100% -10% (G-RCA) 

-5% (C-RCA) 

+12% (G-

RCA) 

+6% (C-RCA) 

N/A 

Xuan et al. 

(2016)  

Pressurized 

carbonation 

with +0.1/5 bar 

for 24h 

Concrete 5-10 mm,  

10-20 mm 

100% -9.6%  +22.6% Up to 60% 

Tam et 

al.(2016)  

Carbonation 

chamber with 

varying 

pressure (0-150 

kPa) and time 

(0-90 mins) 

Concrete  10 mm 

20 mm 

30% 

100% 

+0.7% 

-14.8% 

-3.3% 

+6.5% 

30% 

Fang et 

al.(2021) 

Wastewater 

spray with 24h 

flow-through 

carbonation 

Concrete  5-10 mm 100% +1.3%  +14.1% N/A 

Current 

study 

10-min wet 

carbonation 

Mortar 0.15-5 mm 50% 

100% 

-1.9% 

-12.6% 

+12.3% 

+32.6% 

50% 

 

8.6 SUMMARY  

This chapter presented the experimental research results of applying the wet carbonation 

method to improve the quality of FRCA with particle size ranging from 0.15-5 mm. The 

CP and the FRCA were soaked in water and subjected to wet carbonation. The properties 

of both FRCA and its mortar specimens were analyzed and compared and the following 
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conclusions can be drawn: 

 The wet carbonation was able to increase the content of Cc while there was still 

an appreciable amount of CH remaining in the CP. The QXRD data shows the 

incremental values of Cc content for CP with the particle size of 0.15-0.6 mm, 

0.6-1.18 mm, 1.18-2.36 mm, and 2.36-5 mm were 3.5 wt%, 3.3 wt%, 2.8 wt%, 

and 2.6 wt%, respectively; 

 The pore volume of the CP was reduced by the wet carbonation. For three CP 

categories with size ranging from 0.15-0.6 mm, 0.6-1.18 mm, 1.18-2.36 mm, the 

wet carbonation mainly reduced pores smaller than 10 nm. While for 2.36-5 mm 

CP, the pore volume reduction was less effective due to smaller total specific 

surface area. 

 The 10 min wet carbonation resulted in a dense surface according to SEM-BSE. 

The carbonation duration shorter than 10 min resulted in a porous surface and a 

longer duration might lead to porosity increase at the particle surface. 

The application of wet carbonation on FRCA resulted in noticeable enhancements in the 

mechanical performance of its mortar specimens. Replacing 50% river sand by 

carbonated FRCA would not result in significant property deterioration. 
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CHAPTER 9  

CONCLUSIONS 

9.1 INTRODUCTION 

Carbonation is regarded as one of the most effective, economic and environmental 

friendly approaches to enhance RCAs and therefore attracts research and practical 

interests. The carbonation process can not only improve the quality of RCAs, but also 

reduce the carbon footprint and greenhouse gas emission. However, carbonation 

efficiency can be further improved as the carbonated coarse RCAs is still inferior than 

that of the original natural aggregate and the reuse of carbonated RCAs is either limited 

by replacement ratio or in less value-added products. 

In this thesis, the main objective is to improve the carbonation efficiency for coarse RCAs, 

fine RCAs, and recycled fine powder. For coarse RCAs, the experimental program was 

focused on strengthening the adhered mortar more effectively through enhancing 

carbonation process using Ca-rich pretreatment agents. For fine RCAs, the study 

facilitated a fast wet carbonation method and replace river sand with fine RCAs in mortar 

specimens. For recycled fine powder, the study explored the feasibility of extracting 

calcium and silicon separately by a two-step wet carbonation. The quality of the enhanced 

coarse and fine RCAs was compared with other types of RCAs improved by various 
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means of treatment methods and the products derived from the recycled fine powder were 

thoroughly analyzed. 

9.2 ENHANCEMENT OF CARBONATION EFFICIENCY 
BY PRETREATMENT 

In order to utilize a simple pretreatment method to enhance the properties of CRCAs by 

accelerated carbonation, a series of tests were conducted to investigate the effects of the 

different pretreatment methods on carbonation by evaluating the physico-chemical and 

microstructural properties of the carbonated CRCAs. Subsequently, a series of 

experiments and investigations were conducted to study the performance enhancement of 

the concrete prepared by CRCA enhanced by carbonation with wastewater pretreatment. 

Both mechanical and microscopic characteristics of the concrete incorporating CRCAs 

with different treatment methods were compared. 

Based on the research on CRCA, the following conclusions can be drawn: 

1) The pretreatment methods of CH soaking, CH spray and WW spray of the CP and 

CRCA particles were all capable of increasing the effectiveness of the accelerated 

carbonation in the same duration by densifying the specimens and therefore 

reducing the water absorption values due to the externally enriched CH; 

2) In consideration of waste reuse, wastewater sourced from the concrete batching 
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plants was selected to replace CH solutions to pretreat CRCAs by spraying 

because of itshigh CH content. As the enhancement effects of using these two 

solutions on the carbonation of CP and CRCAs were very similar, using the 

wasterwater as an alternative pretreatment agent is more environmental friendly; 

3) Microscopic study revealed that the pretreatment methods with CH and WW 

solutions seemed barely to change the total content of the formed calcium 

carbonates which was in accordance with the experimental results; while 

incorporating the WW spraying method facilitated the formation of crystalline 

phase of calcium carbonates which might be due to the existence of metal ions. 

Further work will be carried out to investigate the reason; 

4) The enhanced carbonation by pretreatment was most effective in reducing the 

porosity and increasing the microhardness at 0-2 mm depth from the surface of 

the samples because (i) the carbonation usually takes place at the surface of both 

CP and CRCA, (ii) the smooth surface of the cubic sample was negative for 

moisture retention; 

5) Wastewater sourced from the concrete batching plant was able to enhance effects 

of the accelerated CO2 flow-through carbonation of CRCAs by increasing the 

density and reducing the water absorption value; 

6) The concrete prepared with WW enhanced CRCAs exceled the normal RAC in 



Chapter 9: Conclusions 

176 

 

compressive strength, density, water absorption, sorptivity and the resistance to 

Cl penetration; 

7) The porosity of the adhered mortar on CRCAs was effectively reduced by WW 

enhanced carbonation. Increase in carbonation products also contributed to the 

increase in microhardness values of the WW-C-RAC. 

9.3 WET CARBONATION OF FRCA 

A wet carbonation method was adopted to treat fine RCA (0.15-5 mm). The experimental 

data showed promising practicality of using this method to enhance the quality of the 

FRCA as the porosity was reduced and the carbonation products were increased. The 

mortar specimens prepared with the wet carbonated FRCA to replace river sand also 

showed performance enhancement. 

Base on the research on FRCA, the following conclusions can be drawn: 

1) The carbonation was able to increase the content of Cc while there was still an 

appreciable amount of CH remaining in the FRCA. The QXRD data shows the 

incremental values of Cc content for FRCA with particle size of 0.15-0.6 mm, 0.6-

1.18 mm, 1.18-2.36 mm, and 2.36-5 mm were 3.5 wt%, 3.3 wt%, 2.8 wt%, and 

2.6 wt%, respectively; 
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2) The pore volume of the FRCA was reduced by the wet carbonation. For three 

FRCA categories with size ranging from 0.15-0.6 mm, 0.6-1.18 mm, 1.18-2.36 

mm, the wet carbonation mainly reduced pores smaller than 10 nm. While for 

2.36-5 mm FRCA, the pore volume was reduced more evenly due to the larger 

pore diameter. 

3) The application of wet carbonation on FRCA resulted in noticeable enhancement 

in the mechanical performance of its mortar specimens. Replacing 50% river sand 

by carbonated FRCA would not result in significant property deterioration. 

9.4 UPCYCLING OF RFA BY A TWO-STEP 
CARBONATION METHOD 

A two-step carbonation process was developed in order to upcycle the recycled fine 

powder (<0.15 mm). A series of experimental studies provided solid evidences that 

calcium and silicon sourced from powdered recycled cement paste were able to be 

extracted separately. The particle size of the Ca-rich residue from Step 1 was slightly 

smaller than that of the original RCP, while the particle size of the Si-rich gel from Step 

2 was much larger than that of the original RCP.  

Based on the research on RFA, the following conclusions can be drawn: 

1) After Step 1, it was found that there was about 71 wt% of calcite in the Ca-rich 

residue and 99 wt% CaO was recovered in the precipitated residue. After Step 2, 
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about 59 wt% of SiO2 can be precipitated as a type of alumina-silica gel; 

2) The presence of calcite in the Ca-rich residue obtained from Step 1 was a major 

phase was confirmed by XRD and FTIR results, indicating the decalcification of 

CH and CSH using Na2CO3 solution; 

3) It was confirmed that the filtrate from Step 1 contained a form of sodium silicate. 

After Step 2, a type of alumina-silica gel was precipitated as suggested by the 

XRF and NMR results; 

4) A smaller particle size of the RCP led to a higher precipitation of both the Ca-rich 

residue and Si-rich gel. The Ca-rich residue mainly contains calcite and the gel 

contains agglomerated nano-particles formed by the elements of silicon, 

aluminum and oxygen; 

5) In the Step 1, the optimal reaction time of Na2CO3 and RCP is between 5 to 7 

hours under ambient temperature. In consideration of the efficiency of the 

subsequent Step 2, the concentration of the Na2CO3 is suggested no more than 10 

wt%;  

6) In the Step 2, the carbonated filtrate with the final pH of 9.8 is able to precipitate 

most of the gel. In consideration of the efficiency, the CO2 flow-rate and 



PhD thesis: Upcycling Waste Concrete Aggregates by Accelerated Carbonation 

179 

concentration are suggested to be not lower than 0.8 L/min and 50% respectively; 

7) The supernatant after Step 2 can be reused after a pH adjustment by NaOH which 

would led to an increase of the Na2CO3 concentration at the same time. Therefore, 

a dilution for the Na2CO3 is suggested after 5 times of reuse. 

9.5 FUTURE RESEARCH 

In order to minimize the effects of impurities, a two-step carbonation method developed 

in this thesis utilized well-hydrated cement paste powder to imitate the practical RFA. 

Therefore, it is required to extend the practice of the two-step carbonation on different 

types of recycled fine wastes, especially those derived from the construction and 

demolition works.  

Experimental results of this thesis have shown the potential of the two-step carbonation 

process in transforming recycled fine wastes into new value-added products. Further 

investigation using RFA from designed mortar/concrete should be conducted to study the 

effect of the two-step carbonation on RFA containing river sand and natural aggregates. 

Afterwards, RFA from various sources would be adopted to evaluate the feasibility of the 

two-step carbonation process.  

Moreover, the possible reuse of the products of the two-step carbonation should also be 

studied. This thesis has revealed that the products were a Ca-rich residue and a Si-rich 

gel, showing potential of being reused as new value-added products. Therefore, future 
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studies should explore the possible applications of the products. The products would be 

refined and treated to meet the requirements of different applications. For example, the 

Ca-rich residue is promising to be used as a filler for cement and the Si-rich gel can be 

used to replace the nano-silica for cement industry. 
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