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ABSTRACT 

Landfill disposal of waste wood formwork from construction sites presents significant 

environmental burden and economic wastage in Hong Kong. Upcycling the 

construction wood waste into value-added cement-bonded particleboards is a 

promising option, which capitalize the merits of wood and cement as individual 

components and address their respective shortcomings. However, several technical 

difficulties limits the commercial application, such as low wood-cement compatibility, 

degradation of wood particles, and low production efficiency.  

 

This study proposed new approaches to effectively produce well-compatible and high-

performance particleboards by improving cement hydration chemistry and 

microstructure characteristics. The results showed that at suitable mixture design 

(wood-to-cement mass ratio of 3:7), cement hydrates in the porous structure ensured 

acceptable dimensional stability (< 2% swelling) and flexural strength (9 MPa). The 

chloride incorporation accelerated precipitation of oxychloride while sulphate addition 

produced calcium sulphoaluminate for promoting early strength development. The use 

of 2% CaCl2 proved to be sufficient for improving the wood-cement compatibility. 

Besides, eco-friendly CO2 curing could accelerate cement reaction and enhance 

physical properties. The 24-h CO2 curing significantly facilitated cement hydration 

and accelerated Ca(OH)2 transformation into CaCO3, which contributed to strength 

development and carbon sequestration (as high as 9.2 wt%) in the particleboards. The 

results also illustrated the vital role of moisture content of particleboards in cement 

hydration and accelerated carbonation, for which the moisture content ranging from 

16.7% to 17.9% was considered optimal. Moreover, the addition of grid basalt fibre 
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(0.5% by wood volume) enhanced the flexural strength and fracture energy of the 

particleboards by 68% and 6.5 times, respectively. The particleboards also manifested 

outstanding structure-borne noise reduction (at 32-100 Hz) and low thermal 

conductivity (0.29 W m-1 K-1), suggesting potential application as acoustic and thermal 

insulating materials.  

 

This study also developed an innovative integrated technology by using magnesia 

cement and CO2 curing to transform contaminated wood waste into eco-friendly 

particleboards, which demonstrated excellent compatibility and value-added 

properties. An integration of 2-h CO2 curing facilitated carbonation at early stage and 

reduced the volume of mesopores and air pores, which contributed to strength 

development and carbon sequestration in the particleboards (8.78% by weight) helping 

to combat global warming. A subsequent 7-d air curing further enhanced the strength, 

because rehydrated formation filled in capillary pores. Moreover, fire resistance and 

thermal stability were improved by the chemistry of magnesia cement and accelerated 

carbonation. The carbonated particleboards retained high strength and stable 

dimension after 1-h heating up to 200 °C.  

 

Based on the above findings, potential use of magnesia-phosphate cement (MPC) was 

exploited for upcycling wood waste into rapid-shaping particleboards. The results 

showed that the magnesia-to-phosphate (M/P) ratio controlled the formation of 

magnesium potassium phosphate hexahydrate (MgKPO4·6H2O, MKP) for strength 

development. Low M/P ratios gave ill-formed MKP, while high M/P ratios produced 

unreacted magnesia. The optimal M/P ratio of 7 presented much shorter setting time 

and greater compatibility with wood waste than ordinary Portland cement. Wood waste 
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may provide a platform for cement hydration and porosity for harbouring crystalline 

MKP, as well as regulate water release to maintain moderate MPC reaction. We 

highlighted the importance of reaction sequence for promoting matrix homogeneity 

and MKP crystallinity. Since the MPC hydrates is unstable in water, alumina and red 

mud were used to improve water resistance of MPC particleboards. Addition of 

alumina or red mud (Mg/Al or Mg/Fe at optimal molar ratio of 10:1) facilitated 

formation of amorphous Mg-Al or Mg-Al-Fe phosphate gel, respectively, which 

enhanced compressive strength. Alumina improved short-term water resistance, 

whereas red mud provided better long-term water resistance. Red mud-MPC binder 

enhanced strength retention (by 22.8%) and reduced water absorption (by 26.4%) of 

particleboards after 72-h water immersion.  

 

In summary, technological innovation is crucial for delivering an eco-friendly solution 

to waste wood recycling for the construction industry. Before large-scale application, 

the functional properties of cement-bonded particleboards should be further validated, 

such as fire rating, flame spread, toxicant emission, acoustic reduction. The production 

technology should be optimized by using continuous production and flow-through 

CO2 curing. Technical-economic assessment and life cycle assessment of 

particleboards should be performed for future scale-up production.   
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CHAPTER 1. Introduction 

 

1.1  Background 

The construction industry is a booming industry in metropolitan cities and rapidly 

developing municipalities, which generate massive amounts of construction and 

demolition waste every year. For example, approximately 3,600 tonnes of construction 

waste were disposed of daily in Hong Kong, accounting for a quarter of landfilling as 

of 2013 (HK EPD, 2015). The most valuable materials, such as heavy metals, are 

effectively recycled, and the majority of inert wastes are diverted to public fill 

reception facilities for land reclamation purposes (Yu and Shui, 2014). However, the 

remaining non-inert wastes (approximately 20% of the total volume), such as wood 

used in formwork, which is the most dominant waste in public housing building sites 

in Hong Kong (Poon et al., 2004), require disposal at landfills. The wood formwork is 

reused on site, but at the end of its service life, it is contaminated with residual cement. 

Moreover, timber boards are usually accompanied with preservative chemicals, such 

as chromated copper arsenate (CCA), to protect the wood from insects, fungi, and 

bacteria attacks (Helsen and Van den Bulck, 2005; Summoogum et al., 2011), where 

CCA accounts for two-thirds of the volume of the preservative chemicals and poses a 

serious long-term risk of potential leaching and environmental contamination (Saxe et 

al., 2007; Tsang et al., 2013a; Tsang et al., 2013b). In recent years, landfill disposal is 

increasingly regarded as a non-sustainable management practice of waste wood 

formwork due to the limited landfill capacity, increased carbon footprint and potential 

leaching problem (Tsang et al., 2007; Liu et al., 2008; Kim and Song, 2014). Although 

waste combustion is a prevalent practice of energy recovery in Europe, contaminated 
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wood is considered unsuitable for combustion in view of its complicated pretreatment, 

as well as significant air pollution and ash treatment (Helsen and Van den Bulck, 2005; 

Pedersen and Ottosen, 2006). Because of the stubbornly high production cost and 

technical limitation, the large-scale commercial production of biofuel (bioethanol) 

from wood waste has still not been implemented (Mosier et al., 2005). Due to the lack 

of a robust recycling approach, less than 17 tonnes were recycled daily out of 394 

tonnes of construction wood waste disposal at landfills in Hong Kong (HK EPD, 2015), 

whereas timber recycling is estimated to have a potential value of approximately 130 

USD per tonne (Yuan et al., 2013). Therefore, developing innovative approaches for 

timber waste recycling presents environmental benefits and economic incentives.  

 

The lightweight, hard, and renewable characteristics of wood make it a favourable 

construction material, but it is vulnerable to weathering, fire, and microbial 

degradation. In contrast, cementitious materials present outstanding strength 

performance, structural durability, and fire resistance, but they compromise on heavy 

weight and low thermal/noise insulation. Producing cement-bonded particleboard 

from wood waste has recently been shown to be an appealing technology for waste 

recycling while exploiting their advantages of wood and cement and offsetting their 

drawbacks with minimal decontamination pretreatment (Bentchikou et al., 2012; 

Naghizadeh et al., 2012). However, the compatibility between wood and ordinary 

Portland cement still needs improvement, as the presence of low-molecular-weight 

carbohydrates and chemical additives of wood formwork would retard cement 

hydration and adversely influence the strength development of cement-bonded 

particleboards (Fan et al., 2012; Zhao et al., 2013). Moreover, the degradation and 

mineralization of wood particles in the high alkaline environment caused by cement 
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hydration significantly influences the durability and particleboards. Moreover, the 

fresh OPC-wood mixture should usually be confined in a mould for 8-24 h under 

pressure to maintain constant dimensions with suitable porosity (Wang et al., 2016a, 

b). Shortening the stiffening time from several hours to the order of minutes is 

necessary for industrialization of particleboard production. Therefore, further studies 

are needed to overcome these hurdles and upgrade the technical progresses to deepen 

our understanding of surface chemistry and microstructure characteristics in cement-

bonded particleboards system, as well as broaden the real-life application of value-

added particleboards. 

 

1.2  Research Objective and Scope 

This study aims to upcycle the waste formwork into value-added cement-bonded 

particleboards with outstanding functional properties and high production efficiency. 

The specific objectives of this study are listed as follows: 

 To assess the feasibility of various accelerators for improving the compatibility 

between wood and OPC.   

 To exploit the potential use of CO2 curing and fibre addition for improving the 

performance of OPC-based particleboards 

 To exploit a novel compound technology of green MOC and CO2 curing to 

produce well-compatible and low-carbon particleboards.  

 To upcycle wood waste into rapid-shaping particleboards by using MPC binder. 

 To improve the water resistance and compatibility of MPC particleboards via 

alumina and red mud incorporation.  

 To understand the reaction mechanisms of various cement-bonded 

particleboards by analysing the cement hydration and microstructure. 
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 To evaluate the functional properties and cost-benefit of cement-bonded 

particleboards. 

 

1.3  Thesis Organization  

This thesis contains eight chapters. The overarching flow chart (Table 1.1) illustrates 

the purpose-driven approaches of five interlinked parts (Chapter 3 to Chapter 7). 

Table 1. 1 Purpose-driven approaches for producing cement-bonded particleboards 

 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7 

 
OPC with 

accelerators 

OPC with 

CO2 curing 

MgO with 

CO2 curing 

MPC with 

air curing 

MPC with 

additives 

High 

compatibility 
√ √ √ √ √ 

Low wood 

degradation 
 √ √ √ √ 

Low carbon 

footprint 
  √  √ 

Short setting 

time 
   √ √ 

High water 

resistant 
√ √   √ 

 

Chapter 1 introduces the background and the structure of this thesis. The remaining 

chapters of this thesis are organized as follows: 

 

Chapter 2 reviews the current situation of wood waste management and highlights 

the superiority of recycling wood waste into cement-bonded particleboards. Moreover, 

it states the various drawbacks and limitations of particleboards during production and 

application and provides potential approaches to overcome these problems.   

 

Chapter 3 explores a practicable technology for recycling construction waste wood 

by OPC into cement-bonded particleboards. Proper accelerator type and dosage are 
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investigated to overcome low compatibility. The advantages of low density, low 

thermal conductivity, and reduction of impact noise are quantified and compared with 

criteria.  

 

Chapter 4 exploits the potential use of accelerated carbonation for CO2 sequestration, 

strength enhancement and contaminant immobilization in OPC-based particleboards 

as developed in Chapter 3. Moreover, it evaluates functions of different basalt fibres 

in strength reinforcement and fracture energy enhancement. 

 

Chapter 5 develops an innovative technology by using green magnesia cement and 

accelerated carbonation to transform wood waste into MOC-based particleboards. It 

also assesses the fire resistance of air-cured and carbonated MOC particleboards. 

 

Chapter 6 elucidates the roles of hydration chemistry of magnesia-phosphate cement 

for upcycling wood waste into rapid-shaping MPC-based particleboards. It highlights 

the importance of reaction sequence for promoting matrix homogeneity and final 

strength development. 

 

Chapter 7 presents a novel utilization of alumina and red mud to improve the water 

resistance of MPC-based particleboards as developed in Chapter 6. It emphasizes the 

relationship between hydration products and water resistance. 

 

Chapter 8 summarizes the thesis and draws conclusions from the research work. 

Recommendations for future investigation are provided and discussed. 
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CHAPTER 2. Literature Review 

 

2.1 Introduction 

Wood is a conventional construction material and flue resource. In the last several 

decades, wood consumption has gradually increased and will continue rising in the 

future due to the growth of population and upturn of living standards. Wood material 

utilization also generates a large volume of wood waste at the end of its service life. 

Wood wastes are generally from three major sources, namely, the construction and 

demolition (C&D) sectors, industrial and commercial sectors, and domestic sectors. 

 

2.1.1 Capacity and Characteristic of Wood Waste 

Wood waste is a historical and global solid waste. In the USA, an average of 143 

million tonnes of wood products has been generated every year during the last three 

decades (Howard, 2012). In 2010, approximately 70 million tonnes of wood waste 

were also produced in the USA. Among them, approximately 36.4 million tonnes of 

wood wastes were generated from the C&D sectors (Howard, 2012). The European 

Union generates approximately 50 million m3 of waste wood per year (Bergeron, 

2016). In Hong Kong, approximately 400 tonnes of municipal wood wastes and 360 

tonnes of C&D wood waste were disposed of at landfills per day (HK EPD, 2015). 

Due to the lack of robust recycling facilities, only approximately 0.04% of wood waste 

is recycled in Hong Kong (Yuan et al., 2013).  

 

Wood materials are usually treated with preservatives before application. Chromated 

copper arsenate (CCA) is the most widely used preservative, especially for Type C-
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CCA, which is composed of 19% CuO2, 50% CrO3 and 31% As2O5 (Dhillon et al., 

2017). More than 9 million m3 of CCA-treated wood waste were generated in the USA 

in 2015, and approximately 2.5 million m3 will be produced in Canada by 2020. The 

preservative treatment could effectively prevent microbial attack. However, the 

arsenic and hexavalent chromium from preservatives are highly toxic to humans and 

the environment. Thus, the management of preservative-treated woods poses serious 

environmental burdens and health risks.   

 

2.1.2 Available and Conventional Treatment Methods  

There are three major wood waste management options: landfilling, incinerating and 

recycling. Among them, landfilling is the most common end-result for wood waste. In 

Hong Kong, more than 700 tonnes of wood waste were disposed of daily at landfills. 

However, the currently operated strategic landfills will reach the end of their service 

lives by 2018, according to the Hong Kong Environmental Protection Department 

(HKEB, 2011). Thus, landfilling is an unsustainable option for wood waste treatment 

in Hong Kong. Apart from occupying land space, landfilling also causes other 

environmental issues. Because wood wastes contain hazardous preservatives, the 

concentration of contaminants leached from wood would generally exceed the 

hazardous waste guidelines (Townsend et al., 2004; Jambeck et al., 2007). Moreover, 

greenhouse gas (CH4) emissions during anaerobic digestion in landfills also cannot be 

neglected. 

  

Incineration of waste wood for energy is a dominant technology in some European 

countries and South Korea due to the scarcity of land space and demand for greener 

fuels. The wood waste can be used to produce wood pellets, which can be burned 

http://www.sciencedirect.com/science/article/pii/S0964830516304012#bib27
http://www.sciencedirect.com/science/article/pii/S0964830516304012#bib14
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directly as a renewable fuel. The trade of wood pellets as bioenergy has developed in 

recent years. From 2009 to 2015, wood pellets from the USA were exported to the UK, 

Belgium and Netherlands to generate electricity. The global trade of waste wood as 

bioenergy has doubled from 2012 to 2016 (Dale et al., 2017). Wood pellets are a 

renewable and green fuel, but there are some economic challenges, such as the cost of 

wood waste collection, classification, transportation, and grinding. Moreover, 

environmental pollution is another major issue. The combustion process will release 

CO2 gas, leading to serious climate change. For contaminated wood waste containing 

preservatives, resins, and paints, the incineration may cause air pollution (volatile 

arsenic) and ash disposal problems (Tissari et al., 2008; Chandrasekaran et al., 2012). 

To mitigate these emissions and potential pollution, stricter gas cleaning should be 

applied in combustion plants and ash stabilization processes before landfilling, which 

would increase the cost. Moreover, in some European countries, the authorized 

amount of toxic elements in wood pellets is limited by legislation before combustion 

(Huron et al., 2017). Thus, pretreatment of these elements may also cause technical 

problems for wood waste incineration. 

 

Recycling wood waste via plastic into wood-plastic composites (WPCs) has been 

investigated in various studies. WPCs are promising and sustainable green materials 

that contain plant fibres and thermoplastics (Ashori, 2008a; Wang et al., 2008), which 

obtain a higher strength-to-weight ratio than normal concrete and much higher 

strength and stiffness than pure plastics (Adhikary et al., 2009; Lei and Wu, 2010). 

Moreover, WPCs present a light weight and superior acoustic insulation, and their cost 

is less than that of pure plastic products (Ashori, 2008b). Thus, WPCs are widely 

applied in construction-related fields, such as decks and other exterior structures (e.g., 

http://www.sciencedirect.com/science/article/pii/S0959652615017357#bib56
http://www.sciencedirect.com/science/article/pii/S0959652615017357#bib7
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wet walls, mouldings, window frames, playgrounds) (El-Haggar and Kamel, 2011). 

However, the commercially available WPCs are usually made of virgin plant fibres 

and plastic (Kamdem et al., 2004; Adhikary et al., 2009). The impurities present in 

recycled waste materials may cause a reduction of physical and static mechanical 

properties and degradation of dimensional stability (Adhikary et al., 2009). Moreover, 

the durability is another major concern. WPCs might be susceptible to biological 

attack, ultraviolet light exposure and fire hazard under indoor or outdoor conditions.  

 

Furthermore, wood waste is one of most promising feedstocks for biofuel production. 

Biofuels are produced from biomass by complex thermo-chemical processes (Balat, 

2011), while bioethanol is the most common biofuel, which is usually applied in the 

transportation sector. Because of the high price of petroleum, limited resource of fossil 

fuels, high levels of pollution, and greenhouse gas emissions, producing biofuels from 

wood waste has become a competitive option. However, the production cost of 

bioethanol from biomass is too high at present, which hinders the practical extending 

application (Mosier et al., 2005). As the recalcitrance of lignocellulose makes it 

difficult to converse into glucose, the pretreatment of biomass is needed, but the 

pretreatment is usually the most expensive process in the bioethanol production 

(Eggeman and Elander, 2005). For contaminated wood waste, the hazardous elements 

may significantly interfere with the enzymes’ reactivity and final bioethanol yields. In 

addition, for technical feasibility of biofuel production, some difficulties should be 

addressed, such as feedstock classification, hydrolysis technology, conversion 

configuration, and the fermentation process. Therefore, the large-scale commercial 

production of biofuel (bioethanol) from wood waste has still not been implemented. 
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2.1.3 Value-added Cement-bonded Particleboards 

Recycling wood waste into cement-bonded particleboards is a competitive option. 

Cement-bonded particleboard is a novel composite made of wood flour and cement. 

In the particleboard system, the cement hydrates provide the basic bonding strength, 

whereas wood particles reinforce the mechanical strengths. The combination of 

cement and wood presents prominent advantages, such as excellent strength 

performance, structural durability, light weight, thermal/noise insulation and fire 

resistance (Ashori et al. 2012; Bentchikou et al. 2012). Unlike with landfilling and 

incinerating, the carbon sources in wood can be continuously kept inside 

particleboards for a long period of time (Ashori et al. 2012). Because of the relatively 

high compatibility of cement, the complex pretreatment of wood waste is not required, 

which can result in significant cost savings (Ashori et al. 2011b). Because a mountain 

of wood waste exists globally, this technology can be extensively applied throughout 

the world.  

 

Due to the above functional properties, cement-bonded particleboards have wide 

applications, such as fire-resistant panels, noise barriers, ceilings, partition walls, roofs, 

floors, balconies, plinths, facades, and so on (Karade, 2010). There are also various 

potential end-users, including schools, libraries, auditoriums, cinemas, mezzanines, 

hospitals, industrial facilities, modular structures, universities, assisted living facilities, 

multi-story residences, dormitories, airports, hotels. 

 

2.2 Wood Waste for Particleboards 

A large volume of timber waste is produced from construction and demolition sites, 

such as waste wood formwork and timber from demolished old buildings, bridges and 
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railways. Moreover, commercial and industrial waste constitute a large proportion, for 

instance, waste medium-density fibreboards (MDF), the packaging wood waste 

logistic industry, and furniture waste from domestic sources. These wood wastes are 

usually pre-treated with preservatives, which are toxic and not easily biodegradable. 

Therefore, they cannot be disposed of at landfills and incinerated directly. Recycling 

these construction, commercial and industrial wastes into cement-bonded 

particleboards has been widely researched.  

 

2.2.1 Waste Wood Formwork 

Wood, as a natural composite of cellulose fibres, presents high strength and great 

toughness, which has been attractive for construction and building materials (e.g., 

pillars, beams, walls, and scaffolds). Nowadays, it is mainly used as the formwork for 

concrete moulding in construction sites instead of building structures due to the rapid 

development of cement and concrete. As a result, many tonnes of wood formwork are 

generated by the end of the construction period. Waste formwork is usually subject to 

landfill disposal due to the lack of robust recycling approaches. For instance, in Hong 

Kong (as a representative metropolis with abundant construction activities), wood 

waste accounted for approximately 30-40% of the daily construction waste (3,491 

tonnes) disposed of at landfills in 2015 (HK EPD, 2015). The used formwork is usually 

treated with preservative chemicals, such as chromated copper arsenate, for durability 

enhancement (Summoogum et al., 2011). Direct disposal of the metal-containing 

wood waste would lead to serious long-term environmental risks (Tsang et al., 2013a; 

Tsang et al., 2013b). Furthermore, the wood formwork is usually contaminated with 

residual cement, which limits the potential reuse approaches. Hence, there is an urgent 
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need to develop an innovative recycling technology for the contaminated formwork 

wood waste.   

 

In previous studies, the waste formwork (masson pine wood) was successfully 

recycled into cement-bonded particleboards (Wang et al., 2016a; Wang et al., 2016b). 

To overcome the low cement-wood compatibility, accelerator incorporation and CO2 

curing were adopted (Wang et al., 2017a). The addition of 2% CaCl2 effectively 

improved the wood-cement compatibility. Moreover, 24-h CO2 curing significantly 

boosted cement hydration by generating sufficient amorphous cement hydrate and 

accelerated Ca(OH)2 transformation into CaCO3. A subsequent 7-d air curing further 

facilitated cement rehydration and densified micropore structure, especially capillary 

pores. At the optimal wood-to-OPC ratio of 3:7, the particleboards presented excellent 

mechanical strength and dimensional stability, which fulfilled the international 

standards (ISO 8335, 1987). Moreover, the particleboards have various value-added 

properties, such as good insulation of structure-borne noise, low thermal conductivity, 

and light weight, which enable broad applications of the particleboards. Therefore, 

this technology enabled production of value-added MPC particleboards from waste 

formworks.  

 

2.2.2 Construction and Demolition Wood Wastes 

Timber is a traditional and widely used contraction material. From building or 

structure demolition, a mass of timber waste is generated. Most of the used wood is 

also treated with preservatives before application. The low biodegradation of timber 

wood causes difficulty in landfill disposal. Alternately, if the waste wood is 

incinerated as fuel, the treatment of fly ash and air pollution residue is a large challenge. 
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Thus, recycling the construction demolition waste into cement-based particleboards is 

a promising alternative. In Japan, granulated wood waste was used to produce wood-

chip composites with a density between 920 and 1250 kg/m3 (Kasai et al., 1998). The 

composite showed comparable mechanical strength, such as 7 MPa in flexural strength 

and 8 MPa in compressive strength. Interestingly, the flexural strength-to-compressive 

strength ratio is approximately 0.88, which is much higher than that of normal concrete, 

implying the obvious reinforcing effect of wood incorporation. However, excessive 

wood content significantly influences the mechanical strength, although it can recycle 

more wood and produce lightweight products. At a density of 780 kg/m3, the flexural 

strength and compressive strength of particleboards are reduced to 2.1 MPa and 2.2 

MPa, respectively. Moreover, the used timber railway sleepers can also be used as 

filler in cement-bonded particleboards (Ashori et al., 2012). The railway sleepers are 

preserved by a specific pesticide with a pressure treatment to endow anti-bacterial 

properties. To improve the waste wood-cement compatibility, hot pressing and 

calcium chloride addition were employed. The results showed that 25 °C press and 7 

wt% calcium chloride were the optimal parameters for producing particleboards, 

which has wide application as a lightweight construction material.  

 

Furthermore, a pilot-scale research study on using construction timber waste (pine 

wood) to produce cement-bonded particleboards has been performed (Wolfe and 

Gjinolli, 1999). The used wood also was pre-treated with CCA, but they found that 

preservatives did not obviously influence the compatibility. Another research study 

showed that CCA-treated timber waste showed even better compatibility with OPC 

compared to untreated timber (Schmidt et al., 1994). It can be concluded that 

preservative-treated timber waste can be regarded as a valuable resource for producing 
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cement-bonded particleboards, while the contaminant leaching should be carefully 

evaluated. 

 

2.2.3 Packaging Wood Waste  

Packaging wood waste is one of the dominant wastes from logistics centres, such as 

ports, airports, industrial buildings, markets. The middle-density fibreboard (MDF) is 

usually used as packaging wood because it is cheap and lightweight. The MDF is made 

from wood particles, wood flours or other lignocellulosic materials and a resin (usually 

urea-formaldehyde and phenol-formaldehyde) under heat compression. In 2009, the 

global capacity of MDF was approximately 64.9 million m3, and the generation rate is 

still increasing. Compared to conventional wood materials, MDF has a relatively short 

service life. Thus, a large amount of MDF is incinerated or landfilled every year. Some 

researchers have used MDF waste to produce cement-bonded particleboards (Qi et al., 

2006). Because MDF usually contains relatively high concentrations of hemicellulose 

and other extractable organics, it would significantly interfere with cement hydration. 

Thus, CO2 injection was employed to accelerate the setting and hardening of 

composites. After approximately 5 min of CO2 injection, the strength of composites 

obtained was approximately 70% of the 28-d strength. They also found that 

particleboards with MDF particles presented better dimensional stability but lower 

mechanical strength compared to particleboards with virgin wood.  

 

In addition, some researchers (He et al., 2017a) used magnesium oxychloride cement 

to recycle waste packaging wood into particleboard. This cement could offer the 

advantageous properties of high early strength, high compatibility with impurities and 

high followability (Bentchikou et al., 2012). Thus, magnesium oxychloride cement-
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based particleboards might be produced by a rolling-type machine, which will 

significantly improve the production rate. However, its low water resistance limits its 

application. Pulverized fly ash and incinerated sewage sludge ash were incorporated 

to improve the water resistance (He et al., 2017b).  

 

2.2.4 Furniture Wood Waste  

Wood is also a conventional material for manufacturing furniture. Lots of wood waste 

is generated during the manufacturing and end of service life of furniture. Actually, 

various pieces of wood can be used to produce different functional furniture. However, 

this causes problems for furniture waste recycling. Moreover, furniture is usually 

printed and adhered with impurities. Hence, classification and pretreatment of 

furniture waste should be conducted before recycling into particleboards. Ashori 

(2011b) investigated the feasibility of recycling poplar waste into particleboards. The 

addition of 7% CaCl2 effectively improved the compatibility and benefited strength 

development. The flexural and impact strengths of particleboards increased with the 

increase of wood content until the loading ratio of 60%, indicating that the wood 

addition reinforced the toughness of composites. However, it also increased water 

absorption and reduced the internal bonding strength.  

 

Moreover, waste rattan furniture can be recycled into particleboards (Olorunnisola and 

Adefisan, 2002). Water extraction pretreatment and CaCl2 addition were used to 

overcome the adverse effects and promote early strength development. However, these 

processes compromised the final mechanical strengths. Therefore, the types of waste 

furniture and treatment approaches should be carefully considered before 

manufacturing.  
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2.3  Major Difficulties of Cement-bonded Particleboards  

Cement-bonded particleboards are composed of wood and cement. Although they 

have prominent advantages, there are some technical difficulties during production 

and application, such as low compatibility between wood and cement, high water 

absorption and drying shrinkage, and degradation and mineralization of wood fibres. 

These problems would significantly deteriorate the mechanical properties, 

dimensional stability and durability during service life.     

 

2.3.1 Compatibility between Wood and Cement 

Mechanisms  

The low wood-cement compatibility could be contributed to by the extractable organic 

materials in the wood, including hemicellulose, sugar, starch, certain phenols, fatty 

acids, tannins, terpene, carbohydrate, and inorganic materials (Ashori et al., 2011a). 

These extractives hinder normal cement hydration, setting and hardening, and early 

strength development during particleboard production. The inhibiting effect has a 

positive relationship with the concertation of extractives, their molecular weight, and 

their solubility in the alkaline environment. Actually, even a low content of water-

soluble extractives could retard cement hydration of particleboards. Furthermore, the 

preservatives, paint and other impurities from waste wood also would interfere with 

cement hydration. 

 

The interfering mechanism can be explained as follows. The extractives in the cement 

matrix could adsorb the calcium (Ca2+) and other cations from the alkaline solution, 

which was detected by elemental analysis. Actually, this is a cation-exchange 
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phenomenon, where the H+ ions from the extractives replace the cations, such as Ca2+, 

K+, and Na+, from the cement hydrates. This phenomenon seriously disturbs the 

normal cement chemical system, since the sufficient Ca(OH)2 and alkaline 

environment is the precondition for cement hydration. Consequently, the formation of 

calcium silicate hydrates (C-S-H gel) from tricalcium silicate (C3S) hydration was 

prevented, and the setting time was significantly extended (Vo and Navard, 2016). 

Other researchers offered different opinions regarding the inhibitory mechanism 

(Ardanuy et al., 2015). The water-soluble extractives are similar to a surface-active 

agent. The extractives wrap the cement particles and form a membrane. The membrane 

subsequently interferes with the contact between water and cement particles. When 

the concentration of extractives is high, a wide range of membranes, such as 

lubricating oil, would totally sequester the cement particles with water. As a result, the 

cement hydration is significantly delayed, and the cement mixture cannot even harden.  

 

Moreover, the delay effects were also related to the chemical compositions of 

cementitious materials. The water-soluble extractives usually preferentially reacted 

with tetracalcium alumino ferrite (C4AF) and tricalcium aluminate (C3A) and then 

reacted with C3S. Hence, high content of C3A and C4AF would protect the C3S from 

the retarding effect. Moreover, the heat release from the C3A and C4AF would benefit 

the hydration of other components. Therefore, the cement composition selection is 

also very important for overcoming the low compatibility (Vo and Navard, 2016).  

 

Major inhibitory components  

The retardation effects of various wood species are different. Previous studies (Fan et 

al., 2012) have investigated the compatibility between 15 tropical wood species and 
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OPC by detecting the heat release, chemical formation, and microstructure of products. 

Among them, mouvingui presented a negligible delay effect with a compatibility 

factor of 96%, whereas moabi was totally incompatible with cement. Moreover, some 

researchers have stated that the Acacia mangium Willd showed a strong inhibitory 

effect on the cement hydration, and the major inhibiting component is teracacidin, 

which is a leucoanthocyanidin structure with a 7,8-dihydroxyl group (Jorge et al., 

2004). In the wood of sugi, the pinitol and sequirin-C are the major inhibitory 

components. In beech, the component of sucrose contributed to the retarding effects 

(Yasuda et al., 1992; Imai et al., 1995). 

 

Some researchers have used standard compounds to assess the retarding effects of 

different inhibitory components (Miller and Moslemi, 1991). They found that glucose 

presented the greatest adverse influence on the mechanical strength (40% reduction). 

Hemicellulose, acetic acid and tannin have moderate retarding effects and strength 

declination. However, the effects of lignin, cellulose, resin acid, fatty acid, terpene and 

sterol are not very distinctive. 

 

Actually, the classifications of inhibitory components are not absolute. Even the 

homologous series of water-soluble extractives showed different effects on the cement 

hydration. For example, most of the reducing sugars are serious cement hydration 

retarders, such as maltose, lactose, glucose, and cellobiose. The non-reducing five-

membered ring sugars are acute retarders to cement hydration, such as raffinose and 

sucrose, whereas the other non-reducing sugars have no obvious inhibiting effects, 

such as a-methyl glucoside and trehalose. Therefore, the interfering mechanism of 

different extractives should be systematically investigated.  
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2.3.2 Durability of Cement-bonded Particleboards 

Degradation of lignocellulosic materials  

Durability is one of the important parameters of construction and building materials, 

as it determines the service life. Thus, the long-term mechanical strength of 

particleboards should be considered. In the OPC system, the calcium hydroxide (C-H) 

was formed from cement hydration. Thus, the pH of cement-bonded particleboards is 

usually higher than 13. Wood is primarily composed of cellulose, hemicellulose, lignin, 

and other extractives and has a risk of dissolution and degradation in a highly alkaline 

environment (Aitch, 2008). The aqueous alkali could directly react with hemicellulose 

and extractives. The stable lignin can also dissolve into hot alkali, and it can be easily 

oxidized (Mehta and Monteiro, 2006). The heat release during cement hydration 

would promote the degradation process (Pacheco-Torgal and Jalali, 2011). Moreover, 

the aqueous alkali can degrade the cellulose to unstable materials with ageing, which 

can be soluble eventually (Jorge et al., 2004). A previous study showed that, after 60 

days of aqueous alkali immersion, the hemicellulose and lignin in different wood 

pieces caused degradation to different extents, resulting in the declination of 

mechanical strengths (Ramakrishna and Sundararajan, 2005).  

 

Moreover, the mineralization of wood fibres by calcium and other cations in the 

cement matrix is another phenomenon of degradation (Sedan et al., 2007). The 

mechanism of mineralization is that the cations of hydration products, particularly for 

Ca2+, migrate to the fibre lumen, voids and walls, resulting in the embrittlement of 

cement-bonded particleboards (Ansell, 2011). During long-term ageing, a “pump-like” 

effect occurs as the consequent alkaline cement hydrates fill in the surface and lumen 
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of wood fibres (Figure 2.1). Mineralization and embrittlement occur easily in short 

fibres because, compared to long fibres, there are larger surface areas and a larger 

number of end points, which allows the penetration and precipitation of cement 

hydrates and subsequent mineralization.  

 

Furthermore, other researchers have showed that the mineralization is the chemical 

reaction between the alkaline solution and isosaccharinic acid of cellulose fibre. The 

cations of hydration products react with the acid, resulting in the fast precipitation of 

salt, which catalyses new reactions of isosaccharinic acid and the generation of more 

salts. As a result, the cellulose fibres will be more brittle with ageing (Pavasars et al., 

2003). 

 

 

Figure 2.1. SEM micrograph of cement hydration compounds in the lumen and surface of the 

fibres (Ardanuy et al., 2015). 
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Water absorption and thickness swelling 

Although cement-bonded particleboards presented superior dimensional stability 

during water immersion compared to the pure wood, plywood, and middle-density 

fibreboard, the water resistance is not desirable compared to normal concrete products. 

The high water absorption of cement-bonded particleboards is related to the highly 

hygroscopic property of wood. The lignocellulosic materials are usually composed of 

cellulose, hemicellulose and lignin. The former two are hydrophilic materials, whereas 

the lignin is a hydrophobic material. The contents of cellulose and hemicellulose in 

various plant parts are relatively high (Table 2.1). Thus, wood particles will attract 

water molecules, resulting in dimension swelling upon water immersion. The 

mechanical strengths will reduce with the increase of dimension.   

 

Table 2.1. Proportions of cellulose, lignin and hemicellulose in various plant parts (Sixta et 

al., 2004; Vo and Navard, 2016) 

 Cellulose (%) Lignin (%) Hemicelluloses (%) 

Coir (coconut fruit) 36-43 41-45 0.15-0.25 

Cotton (hair) 82.7-92 <2 2-5.7 

Flax (bast fibre) 60-81 2-3 14-18.6 

Hemp (bast fibre) 70-78 3.7-5 17.9-22 

Jute (bast fibre) 51-72 5-13 12-20.4 

Sisal (bast fibre) 43-88 4-12 10-13 

Wood (mean values) 45-50 20-35 15-30 

Wood cell fibres 

(dissolving pulp) 

94-99 <2 2-5 
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Drying shrinkage 

Moreover, drying shrinkage is a common issue of concrete products. Drying shrinkage 

is the self-contracting phenomenon of mature concrete due to the loss of free water in 

a dry environment, which leads to ease of cracking, internal warping, and external 

deflection under loading.  

 

In a cement-bonded particleboard system, this phenomenon is very vigorous. First, the 

cement to aggregate ratio is much higher (7:3) than the value of normal concrete (1:3). 

Drying shrinkage would easily occur for such a high content of cement. Moreover, 

with the addition of wood particles, drying shrinkage was much more serious due to 

the loss of capillary water from wood and the large volume of voids remaining inside.  

 

Apart from the above major issues, various other problems limited the broad 

application of cement-bonded particleboards, such as the variety of natural wood 

materials, the types and sizes of chopped wood particles, and the inhomogeneity of 

the mixture. Therefore, new technologies should be developed to address these 

problems.  

 

2.4 Possible Approaches for Addressing Problems 

There are two main approaches to overcome incompatibility and improve the 

durability of cement-bonded particleboards. The first approach is changing the internal 

mixture, including removing the water-soluble extractives, preventing the releasing of 

extractives, accelerating cement hydration, reducing the pH, protecting the wood 

particles, changing binders, adding water repellents. The other approach is improving 

the external curing conditions, such as stream curing, CO2 curing, elevating the 

http://www.engr.psu.edu/ce/courses/ce584/concrete/library/cracking/dryshrinkage/DRYSHRINKAGE%20MAIN-HTML/LINKS-HTML/Shrinkage%20Cracking.htm
http://www.engr.psu.edu/ce/courses/ce584/concrete/library/cracking/dryshrinkage/DRYSHRINKAGE%20MAIN-HTML/LINKS-HTML/Dry%20Shrinkage%20warping.htm
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temperature.  

 

2.4.1 Material Modification 

Washing 

Water washing is a simple but effective method to remove water-soluble extractives, 

which are major components contributing to the inhibitory effects. Researchers 

verified that cold water soaking could improve the compatibility with cement (Jorge 

et al., 2004; Fan et al., 2012). Moreover, hot water washing was more effective than 

cold water. The primary extractives and low-molar-mass hemicelluloses could be 

removed from wood pulp. For several tropical species of hardwood, cold water 

washing was enough. However, for highly inhibitory wood, hot water washing was 

needed, such as Western larch. Moreover, the Ca(OH)2-saturated solution and methyl 

alcohol (MeOH) solution showed better effects on the compatibility improvement. The 

compatibility factors (i.e., treatment efficacy) of different washing methods are 

illustrated in Table 2.2. 

 

Table 2.2. Compatibility factors (%) of various wood species after various solutions washing 

(Fan et al., 2012) 

Tropical 

wood 

Washing methods 

Nile H2O CaCl2 MeOH Ca(OH)2 

Bete 21 32 30 34 43 

Doussie 10 8 8 16 8 

Eyong 64 73 74 78 73 

Iroko 22 52 36 58 66 

Moabi 17 92 91 98 95 

Movingui 77 90 83 83 89 

Nkanang 85 98 95 86 95 

Padouk 68 75 79 93 86 
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Sapele 79 86 82 93 92 

Tali 50 77 86 87 88 

Average 49 68 66 72 74 

 

Moreover, wet and dry water washing cycles could be employed to remove the soluble 

extractives. After treatment (12 h of 20 °C water immersion and 4 h of 60 °C oven 

drying), the mechanical strength and dimensional stability were improved. Compared 

to the continuous water immersion, after intermittent water washing, the wood fibres 

showed higher bond strength and compressive strength (Gunasekaran et al., 2012). 

 

Coating or impregnation 

The major purposes of coating or impregnation are prevention of the leaching of water-

soluble extractives and/or protection of the wood fibre from degradation and 

mineralization of wood fibres. Some water repellents can be applied for coating and 

impregnation, such as isocyanate resin, epoxy, polyethylene, latex, linseed oil, paraffin 

wax, linseed oil, polyethylene glycol, bitumen rosin, and polyurethane, which 

effectively improve the water-proofing and minimized the shrinkage of wood fibres 

(Coatanlem et al., 2006).  

 

Alternately, some inorganic materials coating could overcome the inhibitory effects. 

Pre-spraying cement, lime and other Ca-rich binders on the wood particle could 

significantly reduce consumption of Ca2+ during cement hydration. As a result, the 

drying shrinkage, wood-cement bonding, setting and hardening, and mechanical 

strength of particleboards were remarkably improved (Bederina et al., 2009). 

Moreover, the impregnation of 100-g/L sodium silicate solution into wood particles 

improved the cement-wood interface, reduced embrittlement and enhanced flexural 
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strength (Coatanlem et al., 2006). The incorporation of silica fume could promote the 

cement hydration, reduce porosity in particleboards, and increase bond strength 

(Alengaram et al., 2011). 

 

Chemical treatment 

Chemical treatments are widely used in the material modification. During chemical 

treatment, some harmful materials can be selectively removed, while the useful 

materials can be retained. The alkali treatment was adopted to remove the 

hemicellulose as a major retarder in wood composition, which overcame the low 

compatibility, although a high concentration of alkali could destroy the tensile strength 

of wood fibres (Gu, 2009). The oil and waxes from some biomass could be cleaned by 

an NaCl and Na2CO3 solution, promoting homogeneous mixing (Algin and Turgut, 

2008). 

 

In addition, the chemical treatment could improve chemical bonding between the 

wood and cement matrix up to some desirable extent. Tianium alkoxide can be used 

as a coupling agent to modify the surface of pine fibres, which enhances the pull-out 

resistance of fibres from the matrix (Schmidt et al., 1994). Interestingly, some 

preservatives could also improve the compatibility, such as copper chromium arsenate 

(CCA) and chromic acid. This led to the bonding strength of the matrix being 

obviously increased and the flexural strength of the particleboards reinforced (Schmidt 

et al., 1994; Jorge et al., 2004).  

 

Physical treatment  

Some physical treatments could also be adopted to accelerate hydration and improve 
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mechanical properties of particleboards. Wood can be kept in ventilated dry open 

storage. Sunshine and heating accelerate the oxidation of tannin. Some water-soluble 

extractives can be oxidized into insoluble materials. After approximately 6 months of 

storage, the inhibiting materials can be effectively reduced (Bederina et al., 2009). 

Moreover, thermal treatment can quickly improve the mechanical properties of 

particleboards (Ghavami, 2005). After elevating the temperature exposure (from 20 to 

200 °C), the adhesion strength and thickness swelling significantly improved. The 

thermal treatment with compression presented promising effects on the stiffness and 

elasticity modulus enhancement of wood fibres, resulting in high mechanical strengths 

of particleboards (Snoeck and De Belie, 2012).  

 

2.4.2 Matrix Modification 

Accelerator addition 

Accelerator addition is a simple and low-cost approach to improve the wood-cement 

compatibility and enhance mechanical strengths. There are different types of inorganic 

and organic accelerators. Among them, CaCl2, SnCl2, FeCl3, MgCl2, CaSO4, AlCl3 and 

Al2(SO4)3 are the most commonly used. The dissolution of chloride salts can generate 

chloride ions, which not only react with tricalcium aluminate of cement to form 

insoluble calcium chloroaluminate hydrate but also accelerate the precipitation and 

development of insoluble iron oxychloride by reacting with calcium hydroxides 

(Peterson and Juenger, 2006; Nasvik, 2007; Makaratat et al., 2011). These chemical 

reactions were promoted by the exothermic cement hydration. Meanwhile, 

precipitation of calcium chloroaluminate hydrate and oxychloride accelerated the 

formation of cement paste structure for the development of early strength. Alternately, 

sulphate salts, such as (Al2(SO4)3), reacted with hydrated calcium aluminate to 
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produce substantial amounts of crystalline calcium sulphoaluminate (a major 

ettringite). This transformation promoted crystallization and growth of coexisting 

hydrates, accounting for the improved early strength (Xing et al., 2009; Collier et al., 

2015). 

 

A previous study showed that, in the cement-bonded particleboards system, among 

several accelerators, MgCl2 was regarded as the most effective accelerator, which 

shortened the setting time and enhanced mechanical properties, although it led to 

adverse expansion and shrinkage. However, some researchers stated that CaCl2 was 

the optimal accelerator with a dosage of 2 wt% to boost the cement hydration and 

improve wood and cement (Aggarwal et al., 2008). However, the CaCl2 incorporation 

would compromise the final strength and cause a potential durability problem. 

Moreover, some sodium salts can also improve the wood-cement compatibility, such 

as NaOH, Na2SiO3 and NaHCO3, which provide the necessary alkalinity and elevate 

the temperature for cement hydration. In addition, the incorporation of carbonates, for 

instance, NaHCO3, can promote the formation of stable CaCO3 during the pressing 

steam curing. The results showcased that accelerator incorporation shortens the setting 

time of a fresh mixture, enhances the mechanical strength, and improves the water 

resistance of particleboards, which is simpler and more effective than coating and 

washing (Khazma et al., 2008). 

 

Binder formation modification 

To overcome the incompatibility, magnesium oxide cement (MOC) is an alternative 

cementitious material for OPC to produce cement-bonded particleboard. The adoption 

of MOC can supply sufficient magnesium hydroxide during hydration to overcome 
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the adverse effects of organic matters or other contaminants, presenting excellent 

compatibility with wood. Compared with traditional cement, MOC is considered to be 

Eco-cement, which is calcined from magnesite (MgCO3) at a significantly lower 

temperature (below 750 °C) than ordinary Portland cement production (greater than 

1400 °C) (Mo and Panesar, 2012; Torgal, 2014). Furthermore, light-burned MOC can 

generate sufficient brucite (Mg(OH)2) for CO2 sequestration in MOC-based 

particleboards. MgO cement also demonstrates an additional advantage in fire 

resistance (Li and Chen, 2013; Unluer and Al-Tabbaa, 2013), which offers the 

potential for cement-bonded particleboards to be utilized indoors. Magnesium 

hydroxide, the hydrated product of MOC, is a superior flame-retardant additive that is 

free of human toxicity and environmental harms and that decomposes at a high 

temperature of approximately 340 °C. The decomposition of magnesium hydroxide is 

an endothermic reaction accompanied by the release of water, which lowers not only 

the material temperature but also the combustible concentrations in the gas phase. 

Therefore, MOC can protect cement-bonded particleboards from fire damage. 

 

Fast-hardening magnesia-phosphate cement (MPC) can be utilized as a substitute for 

OPC to produce particleboard. The MPC is a common cementitious repairing material 

derived from the homogeneous acid-base reaction. Apart from the outstanding fire 

insulation (Fu et al., 2016; Hou et al., 2016), MPC displays superior compatibility with 

impurities compared to OPC (Chau et al., 2011), which would favour overcoming the 

inhibiting effects. More importantly, it has a remarkably short final setting time of 2-

8 min (Ding et al., 2012). Therefore, the production rate of MPC particleboard would 

significantly increase.  
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Added supplementary cementitious materials  

The alkalinity of the cement matrix would lead to the degradation and mineralization 

of wood fibre and further influence the durability of cement-bonded particleboards. 

The supplementary cementitious materials addition could consume the free alkali and 

reduce the pH, effectively improving the durability of the wood fibre. Some industrial 

and agricultural by-products can be used as supplementary cementitious materials, for 

instance, fly ash, silica fume, ground granulated blast furnace slag (GGBS), and 

metakaolin (Vo and Navard, 2016).  

 

Fly ash is the most commonly used material as an alternative for cement, and it is an 

industrial waste generated from coal power plants. The addition of fly ash into cement 

binder can react with C-H and produce dense C-S-H gel, which is defined as a 

pozzolanic reaction. The decrease of C-H relieves the degradation and avoids the 

embrittlement of wood fibres, while the generation of extra C-S-H gel enhances the 

mechanical strength and dimensional stability, as well as alleviates the drying 

shrinkage. Moreover, silica fume could also improve the flexural strength of 

particleboards, particularly with the combined use of Na2SiO3 as a fortifier and the 

steaming curing. A spontaneous pozzolanic reaction occurs between C-H and silica 

fume, boosting further cement hydration, and general hydrate gel fills the void of the 

cement structure, contributing to the strength development.  

 

Added water repellents 

The hydrophilic property of wood was found to play a significant role in water 

resistance and durable performance. Wood particles can be modified by water 

repellents to form a hydrophobic layer to prevent water penetration, such as polyurea, 
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acrylic, stearate, methacrylate, and oleate (Diamanti et al., 2013). A previous study 

(Vo and Navard, 2016) showed that, by pulverizing wood particles and mixing them 

with hydrophobic components (Polyethyleneglycol, bitumen, and petroleum), the 

water penetration and absorption was significantly reduced, which benefited the 

durability of particleboards in the long term for field applications.  

 

Silane emulsions are a commonly used water repellent and can impart the products 

with a hydrophobic property, even in an aggressively moist environment (Dai et al., 

2010). The modified silane coupling agents presented better performance than 

traditional silane, such as organo-functional silane, methacryloxypropyltri-methoxy 

silane (MPTS), and n-octadecyl isocyanate. The MPTS not only significantly 

decreased the hydrophilicity and thickness swelling during water immersion but also 

improved the bonding strength and durability. However, some silane emulsion showed 

side-effects, inferencing the cement hydration, reducing mechanical strength, 

accelerating mineralization, and influencing cement hydration of cement-bonded 

particleboards (Tonoli et al., 2013). In addition, Kundu (2012) stated that the 

incorporation of emulsion of carboxylated styrene butadiene copolymer remarkably 

reduced the water absorption, improved the adhesion, and enhanced the flexural 

strengths. 

 

Added fillers and fibres 

The porous structure of cement-bonded particleboards plays a significant role in 

durable performance. It can be effectively improved and densified via microporosity 

reduction using various types of admixtures. Some unreactive fillers that are very fine 

particles can fill the pores, such as calcium carbonate, kaolin, and iron/aluminium 
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oxide (Mohammed et al., 2013). Moreover, some reactive minerals (supplementary 

cementitious materials) can produce a fine formation via pozzolanic reaction, for 

instance, silica fume, nano-silica, and fly ash (Kou and Poon, 2013). Moreover, soft 

interfaces of polymer emulsions, such as polyurethane, chitosan, and epoxy, can 

prevent microcrack propagation and enhance energy dissipation under external 

stresses (Deville et al., 2006; Bekah et al., 2011; Dastjerdi et al., 2013). The resultant 

pore blockage and prevention of microcrack propagation potentially increase the water 

resistance, abrasion resistance, and mechanical properties of particleboards. 

 

Furthermore, strength enhancement can be achieved by the addition of fibre, such as 

steel, glass, carbon, basalt, mineral wool, polypropylene and polyethylene fibre (Fiore 

et al., 2015). Basalt fibre is a non-hazardous, inorganic fibre extruded from melted 

basalt rock, which was shown to demonstrate excellent strength and superior 

compatibility with cement products (High et al., 2015). It could significantly enhance 

tensile strength and failure strain of the matrix by fibre de-bonding, fibre sliding and 

crack bridging, as well as resistance against chemical (alkali) attacks. Therefore, fibre 

incorporation enhanced the mechanical properties and durable performance of 

cement-bonded particleboards. 

 

2.4.3 Accelerated Carbonation  

Except for internal modifications of wood particles or cement to overcome the 

limitations mentioned above, external curing modification has been investigated. 

Carbon dioxide (CO2) curing instead of conventional air curing could significantly 

shorten the setting time from several hours to several minutes, which is much more 

effective than streaming curing and heating curing (Soroushian and Hassan, 2012). 
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Setting time reduction has a great significance in the production rate enhancement and 

industrialized production. Moreover, carbonated samples exhibited high mechanical 

strength, high dimensional stability and dense structure. The sequestrated CO2 

consumed free alkaline, which relieved the degradation and mineralization of wood 

fibre. Therefore, CO2 curing could improve the durability of cement-bonded 

particleboards. Considering the CO2 sequestration, carbon footprint reduction, and 

global warming mitigation, CO2 curing is a promising curing technology for cement-

bonded particleboards. CO2 curing technology can be divided into two types. One is 

CO2 injection during the particleboard pressing process (the manufacturing phase). 

The other is CO2 curing after pressure release (the curing phase). 

 

CO2 injection 

Different with the curing for thermosetting resins, the setting and hardening of cement 

need a series process of hydration and crystallization stages. For cement-bonded 

particleboard manufacturing, the hydration process usually requires approximately 8 

to 24 h to acquire sufficient bonding strength before releasing pressure. After 

demoulding, products should be cured in air for 28 d to obtain the full mechanical 

strength. The process occupied a large amount of time for curing and lots of space for 

storage, which significantly restricted the production rate of cement-bonded 

particleboards.  

 

CO2 injection presents an eco-friendly approach to accelerate the strength 

development of cement-bonded particleboards. Previous studies showed that 

concentrated CO2 gas reacts directly with cement (mainly calcium silicate) to generate 

C–S–H gel and CaCO3, while hydrated CH is also converted to CaCO3 by CO2 
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diffusion, penetration, dissolution and reaction (Qi et al. 2006; Pizzol et al., 2014). The 

formation of carbonates can provide basic bonding strength in the initial phases of 

hydration and precedes the other crystallization stage in the subsequent 28 days. CO2 

injection increases the setting/hardening rate, and the pressure can be released in a 

short amount of time. Thereby, if this technology is adopted, the clamping device and 

air curing chamber are not needed. It can also reduce the number of moulds and 

transport devices, as well as reduce the production area.  

 

Geimer (1992) developed a CO2 injection device to transform southern pine (Pinus sp.) 

into fast-shaping cement-bonded particleboards, as shown in Figure 2.2. The core 

component is the platen with spacing bars or perforations, which allows CO2 gas to be 

uniformly distributed throughout the board. Two CO2 injection approaches were 

proposed. In the first method, gas was injected into a sealed system with a gasket 

around the edge forming a sealed chamber. In the second method, the particleboard 

itself acted as the seal system. CO2 gas was injected and distributed throughout the 

particleboards. The pressure can be released immediately after approximately 4.5 min 

of CO2 injection (1200-kPa gas pressure).   

 

The CO2 injection significantly enhances the strength in a short amount of time. The 

results showed that CO2 injection enhanced the elasticity modulus by 1.9 times and 

increased the rupture modulus by 2.5 times (Geimer, 1992). Moreover, lime could 

partially replace OPC by 5%, which could provide sufficient C-H for CO2 reaction and 

benefit strength development. Qi (2006) stated that CO2 injection could rapidly 

improve the poor cement-wood compatibility. After approximately 5 min of CO2 

injection, the particleboards obtained approximately 22 to 27% of total carbonation 
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and reached 50 to 70% of the final strength. Moreover, the final strengths and 

toughness of carbonated samples were higher than normal air-cured samples. Other 

researchers employed CO2 injection technology to produce particleboards with 

agricultural residues (Soroushian et al., 2004). The carbonated samples showcased 

desirable mechanical strengths and durable properties after different ageing tests, for 

instance, long-term water immersion, wet–dry cycles and freeze–thaw cycles. 

  

 

Figure 2.2. CO2 gas injection system for the production of wood-cement composites (Geimer, 

1992). 

 

However, some technical problems limited the application of CO2 injection 

technology. First, the CO2 injection conditions are very strict, such as high injection 

pressure, accurate control system, and uniform gas distribution system. Second, the 

special binder (lime addition), pure CO2 gas, and high injection pressure increased the 

production cost. The exhaust CO2 gas cannot be applied in the CO2 injection system. 

Third, the carbonic acid would corrode the devices and increase the maintenance costs.  
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Some research studies have applied an alternative approach to introduce the CO2 into 

cement-bonded particleboards, namely, carbonate addition. Simatupang (1995) 

incorporated carbonates into the mixture, such as ammonium, sodium or potassium, 

which was decomposed during pressing at a temperature of 85 °C, and CO2 was 

released to react with the newly formed C-H. Therefore, the setting time of cement 

hydrates was reduced to several minutes. Moreover, some bicarbonate addition could 

also quickly release CO2, such as NaHCO3. With 5% NaHCO3 addition, the stiffening 

time of the cement mixture can be shortened to within 2 s with steam injection, and 

the pressure can be released after only 3 min, although it compromises the final 

strength duo to cement dilution. However, after carbonate or bicarbonate addition, the 

time window for operation is very short, which is not suitable for industrial production.  

 

Furthermore, the supercritical fluid CO2 can be used to react with Ca(OH)2, which can 

remarkably reduce the setting and improve the mechanical properties (Hermawan et 

al., 2000). Though the reaction mechanism of supercritical CO2 is similar to gaseous 

CO2, the stricter reaction conditions of supercritical CO2 represent an explicit technical 

problem that should be further investigated.  

 

CO2 curing technique 

Different from CO2 injection technology, CO2 curing (accelerated carbonation) is 

typically used as an alternative method of conventional air curing for fashioned 

materials during the curing period, which is an effective approach to boost the setting 

and stiffening of cement-based materials. In the early 1900s, CO2 curing technology 

was proposed for precast concrete block manufacturing (Naik et al., 2009). The 
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technology was rapidly developed until the 1960s and was applied to produce rapid-

shaping concrete products (Zhan et al., 2016a). Today, CO2 curing has been used as an 

innovative tool for recycling wood waste. It has successfully overcome the inhibiting 

effect, accelerated the setting/hardening rate, improved the mechanical strength and 

dimensional stability, and produced thermodynamically stable carbonate products for 

long-term durability. Unlike general precast concrete products, cement-bonded 

particleboard has a unique advantage with regard to CO2 curing. The accelerated 

carbonation is a diffusion-controlled reaction because continuous carbonation leads to 

the formation of dense carbonated material surrounding the interior non-carbonated 

material (Kou et al., 2014; Zhan et al., 2016b). Water is necessary for CO2 reactions 

with cement, but excessive water impedes the reactions due to pore blockage in the 

matrix. Therefore, incorporation of wood particles in the particleboards may provide 

additional air pores for the facilitation of CO2 diffusion, and the moist wood can 

provide sufficient water for carbonation, as well as serve as a breeding bed for the 

growth of carbonates to achieve good mechanical properties of cement-bonded 

particleboard. 

 

The CO2 curing technology can be divided into two types, namely, static ambient or 

flow through. For static CO2 curing (Figure 2.3), samples are usually placed in the 

curing chamber. In the chamber, the temperature, humidity, air pressure, and CO2 

concentration can be well controlled. Thus, static CO2 curing is a simple and 

controllable curing method that can make maximum use of CO2 for carbonation. 

Alternately, a flow through device (Figure 2.4) can also adjust the temperature, 

humidity, and CO2 concentration, but the air pressure cannot be controlled. However, 

it can utilize exhaust gas as a CO2 source, such as power plant, cement kiln and 
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steelworks exhaust gas. Utilizing exhaust CO2 gas via the flow through method for 

cement-based product curing is regarded as a promising technology.  

 

Static CO2 curing has been widely investigated in a previous study. Tonoli (2010) 

showed that CO2 curing can be employed to accelerate the setting and hardening of 

vegetable fibre-reinforced particleboards. The compressive strength and toughness of 

carbonated products are enhanced by approximately 25% and 80%, respectively. 

Carbonation also reduces the water absorption and apparent porosity, which benefit 

the durability of particleboards. The carbonated products present stable mechanical 

strength and dimensional stability after an accelerated ageing procedure, such as a wet-

dry cycles test or open-air weathering. Filho (2003) also stated that CO2 curing 

improves the durability of particleboards incorporating coconut fibres and sisal. Due 

to alkali attachment and mineralisation of fibre in the alkaline cement matrix, the 

strength and toughness of particleboards are reduced gradually with ageing time. 

Accelerated carbonation effectively consumes free Ca2+ and reduces the pH, 

benefiting the high durability of carbonated particleboards. Soroushian (2012) 

presented that CO2 curing could promote the generation of CaCO3 and C-S-H gel, 

which interlock with the wood surface and enhance the bonding strength. This is an 

expansive reaction, filling the capillary pores and improving the microstructure. Hence, 

superior mechanical strength and dimensional stability are achieved in carbonated 

particleboards. Furthermore, Wang (2017a) verified that the porous structure of wood 

in particleboards facilitates the CO2 diffusion and subsequent carbonation. In addition, 

24-h CO2 curing significantly facilitates cement hydration and accelerated Ca(OH)2 

transformation into CaCO3, which contributes to the strength development and carbon 

sequestration in the particleboards. Consequently, the porosity and total pore area are 
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remarkably reduced. A subsequent 7-d air curing allows for cement rehydration and 

densified micropore structure, especially for capillary pores. As a result, mechanical 

strength, dimensional stability, and contaminant sequestration are enhanced. The 

above accelerated carbonation technology for cement-bonded particleboards is based 

on static CO2 curing and pure CO2 gas. In a future study, flow through curing methods 

using industrial exhaust CO2 gas for particleboard carbonation should be further 

investigated.  

 

 

Figure 2.3. Experimental setup of static CO2 curing 
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Figure 2.4. Experimental setup of flow through CO2 curing 

 

The mechanism of accelerated carbonation 

CO2 curing is a diffusion-controlled neutralization reaction (Figure 2.5). It can be 

defined that ionized CO2 induces the Ca2+ ions from the cement matrix and then 

precipitates in the voids of the matrix as carbonates, forming a dense and stable 

structure (Fernandez Bertos et al., 2004). The detailed carbonation processes is 

showed in Figure 2.6. 

 

Figure 2.5. Schematic sketch of accelerated carbonation (Lagerblad, 2005). 
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The mechanism of CO2 curing can be divided into several steps as follows (Figure 

2.6): 

1. CO2 molecules diffuse in the air. 

2. CO2 permeates into the cement matrix. 

3. The gaseous CO2 dissolves into solution. A high-surface-area of solid will benefit 

the boundary layer transfer.  

4. The dissolved CO2 slowly hydrates to H2CO3, which is a rate controlling step. 

5. H2CO3 ionizes into H+, HCO3−, and CO32−, which is an instantaneous process, 

reducing the pH from 11 to 8. 

6. C3S and C2S dissolve into solution and hydrate to generate Ca2+ and SiO4
4− ions. 

This is a cyclic, rapid and exothermic reaction.  

7. The anions and cations contact each other, and then CaCO3 and C–S–H forms. A 

warm environment would benefit the nucleation process.  

8. The solid phases (CaCO3, C–S–H gel) precipitate from solution. Vaterite and 

aragonite can be formed in the initial stage, but subsequently aggregate into stable 

calcite. 

9. The secondary carbonation occurs. The C–S–H gel is gradually decalcified and 

finally transfers to SiO2 gel (S-H) and CaCO3. 
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Figure 2.6. Proposed mechanism for accelerated carbonation (Fernandez Bertos et al., 2004). 

 

The carbonation reaction is primarily based on the silicate phases in OPC. The 

tricalcium silicate and dicalcium silicate normally obtain approximately 50 wt% and 

25 wt% of cement. Thus, the overall stoichiometry of the carbonation reaction can be 

simply described by the following chemical equations (Fernandez Bertos et al., 2004): 

3CaO·SiO2+ yH2O + (3-x) CO2→ xCaO·SiO2·yH2O +(3-x) CaCO3                    (2-1) 

2CaO·SiO2+ yH2O + (2-x) CO2→ xCaO·SiO2·yH2O + (2-x) CaCO3                   (2-2) 

The overall carbonation reaction actually includes several stepwise reactions. First, 

the carbon dioxide dissolves in water and forms carbon acid. This is an exothermic 

reaction, generating heat of 669.9 × 103 J/mol.  

C+H → HC                                                                                                          (2-3)                                                                                                               

Then, carbonate acid accelerates a violent reaction with calcium silica. The process of 

CaCO3 formation is an exothermic reaction, generating 1205.8 ×103 J/mol. The C2S 

carbonation is similar to the C3S reaction. Thus, C3S is used to represent the 

carbonation substrate of OPC, where C and C denote carbon and calcium, respectively: 
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C3S + 1.2HC → C1.4SH0.6 + 1.2CC + 0.6H                                                         (2-4) 

After that, the newly formed gel is continually carbonated, which indicates a 

transformation in composition.  

CxSHy + (x – x’)C → CxSHy’ + (x − x’)CC + (y − y’)H                                       (2-5) 

After continued carbonation, the C-S-H gel is further carbonated and is ultimately 

transformed into CaCO3 and a highly polymerised acid-stable silica gel.  

C3S2H2 + 3C → SiO2 (gel) + 3CC + 3H                                                               (2-6) 

Actually, the carbonation also occurs in some other cementitious materials, such as 

light-burned MgO. The CO2 diffusion mechanism is very similar, whereas the reaction 

mechanism is different. MOC is usually composed of more than 85% MgO in cement. 

Thus, the reaction can be simplified as MgO carbonation (Al-Tabbaa, 2013).  

First, MgO hydrates into brucite (Mg(OH)2), which is an exothermic reaction, 

releasing heat of 35.74×103 J/mol. 

MgO + H2O → Mg(OH)2                                                                                      (2-7) 

In the CO2-rich environment (5-100%), Mg(OH)2 is transformed into magnesium 

carbonate or hydrated magnesium carbonates (HMCS). 

Mg(OH)2 + CO2 → MgCO3 +H2O (magnesite)                                                    (2-8) 

and/or Mg(OH)2 + CO2 +2H2O → MgCO3·H2O (nesquehonite)                         (2-9) 

and/or 5Mg(OH)2 + 4CO2 + H2O → Mg5(CO3)4(OH)2·H2O (dypingite)           (2-10) 

and/or 5Mg(OH)2 + 4CO2 → Mg5(CO3)4(OH)2·H2O (hydromagnesite)            (2-11) 

These carbonation processes are also exothermic reactions. The Gibbs free energy of 

the magnesite formation (Equation 2-8) is 30.18×103 J/mol. For the HMCS, the 

nesquehonite is the major component. During the formation of nesquehonite, the 

carbonation process releases heat of 38.73×103 J/mol. Actually, the HMCS are 

metastable compounds and can undergo transformation to less hydrated forms, such 
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as stable magnesite. This process depends on the complex conditions, for instance, the 

CO2 partial pressure, temperature, and pH of the mixture (Hänchen et al., 2008). 

 

Influencing factors 

The extent and quality of carbonation are mainly governed by the reactivity and 

diffusion of CO2, whether for static CO2 curing or flow through CO2 curing methods. 

The former is associated with the type of binder and degree of hydration, and the latter 

is related to the pore structure of cement-based products and exposure conditions, 

including relative humidity, temperature, CO2 concentration (partial pressure). 

 

Type of binder 

 Aiming to achieve deep carbonation, the binder must have specific chemical 

properties, such as high content of Ca2+ and/or Mg2+ and high pH during hydration. 

Cement-bonded particleboards normally contain high content of OPC (60%-90%). 

Thus, it can generate sufficient Ca2+ from cement hydration, which benefits subsequent 

carbonation. However, the water-soluble extractives from wood delay cement 

hydration and hinder pH increase, which interfere with the process of carbonation. 

Moreover, the preservatives (mainly CCA) and organic adhesives also affect the 

carbonation (Lange et al., 1996). CO2 curing is not effective for particleboards with 

some accelerator additions (such as CaCl2). This may be a result of the strong acidity 

of HCl compared to H2CO3, which prevents CO2 from reacting with calcium chloride 

or oxychloride. Therefore, chloride accelerators should be excluded to ensure effective 

CO2 curing.  

 

For MOC particleboards, MOC hydration produces a significant proportion of 
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Mg(OH)2, which enables substantial CO2 sequestration in the course of the 

particleboard production. However, the solubility of brucite in water is very low (0.009 

g/L) at room temperature, and the equilibrium pH of pure Mg(OH)2 is 10.5, which is 

also lower than the pH of Ca(OH)2. The carbonation rate of MOC is not as aggressive 

as OPC. However, the addition of MOC in the OPC system effectively accelerates 

carbonation, which is attributed to the provision of sufficient nucleation sites by MgO. 

Previous research presented that the incorporation of abundant Mg2+ in CaCO3 

facilitates the aggregation of calcite and precipitation of magnesium calcite crystals 

(Morandeau, et al., 2015). 

 

Degree of hydration 

CO2 injection is employed during the pressing after homogeneous mixing. Static CO2 

curing or flow through CO2 curing is usually adopted after 8 to 12 h of moulding. At 

this early stage, sufficient free calcium or magnesium hydroxide is present in the 

particleboard matrix, which is favoured by the carbonation. The carbonation is a cyclic 

and rapid process, and the consumption of free alkalis accelerates the cement hydration. 

Thus, CO2 curing is very suitable for cement-bonded particleboards in the early stage. 

 

Pore structure 

CO2 curing is a diffusion-controlled reaction. Pore structure is regarded as an 

important governing factor for carbonation rate. The high porosity and surface area 

facilitate the CO2 gas diffusion in the materials, which benefits the cement carbonation. 

In normal concrete products, during carbonation, dense carbonates cover the interior, 

non-carbonated materials, hindering CO2 diffusion into the core for further 

carbonation (Bertos et al., 2004). However, in the cement-bonded particleboards, 
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wood particles employed as aggregate may offer additional porosity and surface area 

to facilitate CO2 diffusion and promote continuous carbonation.  

 

 

Water content 

Water content is known to be essential for CO2 dissolution and carbonic acid formation 

to further react with brucite (Mg(OH)2) (Bertos et al., 2004). However, the CO2 

diffusion coefficient in air is approximately 1390×10−8 m2 s-1, i.e., 4 to 5 orders of 

magnitude faster than that in water (Unluer and Al-Tabbaa, 2014a); thus, too much 

moisture in the cement-based products would hinder CO2 diffusion and the overall 

carbonation rate. Cement-bonded particleboards are usually manufactured by day-mix 

methods (water-to-cement ratio of 0.25-0.4). Such a water-to-cement ratio benefits the 

CO2 diffusion and subsequent carbonation. Low moisture content (4% to 12.5%) is 

required for natural/recycled aggregates (sand, rock, or sediment) (Kou et al., 2014; 

Wang et al., 2015a). In view of particleboards, the optimal range of moisture content 

is from 17.1% to 20.0%, reflecting the higher porosity of wood particles for CO2 

diffusion and accelerated carbonation. Thus, cement hydration and carbonation were 

performed well in particleboards, associating high mechanical strength and 

dimensional stability. 

 

Relative humidity 

Relative humidity plays an important role in carbonation because it is directly 

associated with moisture content in the concrete pore system. Moreover, it also 

influences the CO2 partial pressure in gas. As mentioned before, water content is 

essential for CO2 dissolution and cement hydration. Low humidity would interfere 
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with the carbonation reaction, whereas excessive moisture would block the pores and 

limit the CO2 diffusion at high relative humidity. For OPC-based products, the suitable 

humidity range is from 50 to 70%, while for MOC-based products, the appropriate 

humidity is approximately 95% (Wang et al., 2016a).   

 

Temperature 

CO2 dissolution and carbonation are exothermic processes. During carbonation, the 

temperature can be up to 60 °C. The heat of reaction can promote CO2 diffusion and 

the formation of stable CaCO3. However, the high temperature decreases the solubility 

of CO2 and Ca2+ in water, resulting in a decrease in carbonation rate. Moreover, high 

temperature causes excessive water evaporation from pores and leaves a dry mixture, 

which also has an adverse effect on carbonation. Thus, the temperature should be well 

controlled during carbonation.  

 

CO2 pressure 

The CO2 pressure is closely related to the CO2 diffusion. High pressure allows CO2 to 

penetrate the dense cement matrix and accelerate the dissolution of CO2 gas into the 

aqueous solution, resulting in a fast carbonation rate. During the carbonation process, 

the cement matrix becomes increasingly dense, leading to a decrease of the 

carbonation rate. At this condition, high CO2 pressure can facilitate deep carbonation 

(Fernandez Bertos et al., 2004). Thus, high CO2 pressure can promote carbonation and 

enhance strength development, whereas the energy consumption for high pressure 

should be considered during practical application. 
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CO2 concentration 

The CO2 concentration also significantly influences the CO2 diffusion. Previous 

studies presented that high CO2 concentration facilitates carbonation reactions and 

strength development (Anstice et al., 2005). The carbonation rate in the 50% v/v CO2 

circumstance is approximately one thousand times faster than the rate in normal 

atmospheric CO2. Under an atmosphere of a CO2 concentration below 1%, the 

carbonation depth increases proportional to the square root of the CO2 concentration 

(Sagues, 1997).   

 

2.5 Summary 

The large volume of wood wastes generated from various sources causes a huge 

environmental burden, especially with regard to preservative-treated wood waste. 

Landfilling, incinerating and recycling are the major available treatment methods, but 

they have various individual limitations. Recycling wood waste into cement-bonded 

particleboards is an attractive technology that relieves the environmental burden and 

generates value-added products. Because of their functional properties, cement-

bonded particleboards have widespread applications, such as fire-resistant panels, 

noise barriers. 

 

However, there are some drawbacks or limitations during production and application 

of particleboards, such as low wood-cement compatibility, degradation and 

mineralization of wood fibres, and high water absorption and drying shrinkage, which 

would significantly deteriorate the mechanical strength, dimensional stability and 

durability of products. There are two main approaches to overcome incompatibility 

and improve the durability of cement-bonded particleboards. One approach is varying 
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the internal mixture, such as removing the water-soluble extractives, preventing the 

releasing of extractives, accelerating cement hydration, reducing the pH, protecting 

the wood particles, changing binder formations, adding water repellents. The other is 

improving the external curing conditions, for instance, using stream curing or CO2 

curing, elevating the temperature. Among them, accelerated carbonation is regarded 

as the technology having the greatest potential, as it could significantly boost the 

cement reaction, enhance mechanical properties, sequestrate CO2 gas, relieve the 

degradation and mineralisation of wood, and improve the durability of products. 

However, most of these potential solutions have various technical and economic 

problems that limit the commercial applications. Therefore, development of an 

effective, economical, environment-friendly approach to produce cement-bonded 

particleboards with high performance over the long term should be further investigated. 
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Chapter 3. Value-Added Recycling of Construction 

Waste Wood into Noise and Thermal Insulating 

Particleboards  

 

3.1. Introduction 

Recycling timber waste into cement-bonded particleboard has been proposed as an 

appealing technology. While waste wood are vulnerable to biological degradation and 

environmental weathering, complementary addition of cement significantly reinforces 

the strength performance and structure durability of wood particleboard  (Qi et al., 

2006; Naghizadeh et al., 2012; Faria et al., 2013). As the waste wood particles act as 

granular skeleton, the recycled particleboard may present added values of light-weight 

and thermal-/noise-insulating materials for reuse. However, the existence of low-

molecular-weight carbohydrates and chemical additives in waste wood were found to 

interfere with cement hydration and adversely influence the strength development 

(Ashori et al., 2011; Fan et al., 2012). Such incompatibility required inorganic 

accelerators such as chloride and sulphate salts to facilitate the formation of calcium 

silicate hydrate gel and calcium hydroxides (Riding et al., 2010; Makaratat et al., 2011; 

Torkittikul and Chaipanich, 2012). Nevertheless, further studies are needed to 

elucidate the roles of moisture content and particleboard density in the development 

of mechanical strength and dimensional stability. This is related to the characteristics 

of microporous structure and hydration chemistry at the wood interface. Thus, this 

study aims to unravel the correlations between scientific mechanisms and 

particleboard properties for augmenting the development of a novel and sustainable 
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wood recycling approach.  

 

The performance and properties of the cement-bonded particleboards were 

characterized by: (i) determining the proper accelerator type and dosage to overcome 

low compatibility; (ii) optimizing the mixture formulation to accomplish acceptable 

mechanical strength and dimensional stability with respect to international standards 

for application; (iii) quantifying the advantages of low density, low thermal 

conductivity, and reduction of impact noise; (iv) elucidating the corresponding 

microstructure and mineralogy via microscopic and spectroscopic analyses; and (v) 

validating the cost and applicability of the proposed technical approach for waste 

wood recycling. 

 

3.2. Experimental Methods 

3.2.1 Waste Properties and Particleboard Production 

Waste wood was collected from a local recycling industry in EcoPark in Tuen Mun, 

Hong Kong, which received waste formwork that were contaminated with cement 

mortar at construction sites. The waste formworks were granulated after removal of 

nails, and sieved to 0.3 to 2.36 mm and 2.36 to 5 mm particle sizes as fine aggregates 

and coarse aggregates, respectively. The wood particles were supplemented with 60 

wt% of tap water to meet the saturated surface dry condition according to preliminary 

tests. ASTM Type I Ordinary Portland Cement (OPC) was used as cementing material 

in this study, which had a density of 3.16 g cm-3, 2.34% loss on ignition, and 63.2% 

CaO, 19.6% SiO2, 7.32% Al2O3 based on X-ray fluorescence analysis. Five 

accelerators of chlorides and sulphate salts (CaCl2, MgCl2, FeCl3, AlCl3, Al2(SO4)3) 

were tested for enhancing the cement-wood interfacial compatibility. 
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The wood aggregates, OPC binder, and accelerators were homogeneously mixed for 3 

min by a mechanical mixer, and compressed at 4 MPa for 1 min in the steel mould 

(160 × 160 × 15 mm), of which the cap was fixed by four bolts. The particleboards 

were demoulded after 24 h and subject to 7-d or 28-d air curing at 20°C and 95% 

humidity in a curing chamber before further analyses. The five accelerators were 

applied at 1%, 2%, and 5% by weight, respectively. Based on literature (Fan et al., 

2012; Faria et al., 2013), the aggregate-to-cement ratio (A/C ratios at 3:7, 4:6, 5:5, 6:4, 

and 7:3, by weight), water-to-cement ratio (W/C ratios at 0.45, 0.40, 0.35, 0.30, 0.25, 

by weight), and the resulting densities were investigated (Table 3.1) for achieving the 

mechanical strength required by international standard for particleboards (ISO 8335, 

1987). All the experiments on OPC particleboards were in triplicated for quality 

assurance and the average values were reported. 

 

Table 3.1. Mixture formulations (wt%) for cement-bonded particleboards  

Binder Aggregate* Water to 

cement ratio 

Density 

(g cm-3) 

(a) Enhancing Compatibility by Accelerator Addition 

49.5% cement + 0.5% 

CaCl2/MgCl2/ FeCl3/ 

AlCl3/Al2(SO4)3 

 

 

 

50% coarse wood 

 

 

 

 

0.45 

 

 

 

 

1.18 49.0% cement + 1.0% 

CaCl2/MgCl2/ FeCl3/ 

AlCl3/Al2(SO4)3 

47.5% cement + 2.5% 

CaCl2/MgCl2/ FeCl3/ 

AlCl3/Al2(SO4)3 
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(b) Optimizing Aggregate to Cement ratio 

70% cement 30% coarse/fine 

wood 

 

 

 

 

 

0.45 

 

1.38 

68.6% cement + 1.4% 

CaCl2 

30% coarse/fine 

wood 

1.38 

58.8% cement + 1.2% 

CaCl2 

40% coarse/fine 

wood 

1.28 

49.0% cement + 1.0% 

CaCl2 

50% coarse/fine 

wood 

1.18 

39.2% cement + 0.8% 

CaCl2 

60% coarse/fine 

wood 

1.10 

29.4% cement + 0.6% 

CaCl2 

70% coarse/fine 

wood 

1.01 

(c) Improving Pore Structure by Adjusting Water to Cement ratio 

 

 

68.6% cement + 1.4% 

CaCl2 

 

 

30% coarse wood 

0.45  

 

 

1.38 

0.40 

0.35 

0.30 

0.25 

(d) Enhancing Compactness by Adjusting Density 

 

 

68.6% cement + 1.4% 

CaCl2 

 

 

30% coarse wood 

 

 

0.30 

1.38 

1.46 

1.54 

1.58 

1.62 

* fine wood: 0.3-2.36 mm; coarse wood: 2.36-5 mm. 

 

3.2.2 Physical Properties, Thermal Insulation, and Noise Reduction  

The flexural strength (ASTM C1185) and tensile strength (ASTM D1037) of the 

particleboards were examined by a standard testing machine (Testometric CXM 500-

50 KN) at a loading rate of 0.3 mm min-1, which served to justify their applicability 
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for reuse. The displacements under variable stress were recorded with the aid of 

internal linear variable differential transformer (LVDT, 0.01mm sensitivity) by 

measuring the average axial longitudinal strain. The fracture energy (GF) was then 

calculated from the flexural stress-deflection curve. The elastic modulus (E) of the 

particleboards were obtained from the secant slope of stress-strain curve (between 0 

and 30 percent of the peak stress), which were compared to those of concrete boards. 

The compressive stress was examined by a universal testing machine with a maximum 

capacity of 3000 kN at a rate of 0.6 MPa s-1 and the corresponding strain was measured 

by strain gauges attached to the sample surface. The dimensional stability of the 

particleboards was evaluated in terms of water absorption and thickness swelling 

(ASTM D1037). In addition to the standard requirements of particleboards (ISO 8335, 

1987), the additional merit of sound insulation was evaluated as sound reduction index 

(ASTM E336) and impact noise reduction was measured by using tapping machine 

(ASTM E492). Quick Thermal Conductivity Meter (QTM-500) was adopted for 

thermal conductivity determination in this study, although the accurate value should 

be determined using standard sample dimension (ASTM C182). 

 

3.2.3 Microscopic and Spectroscopic Analyses 

To elucidate the scientific mechanisms related to the particleboard performance, the 

mineralogy of the squashed particleboards produced under different conditions was 

revealed by using a high-resolution powdered X-ray diffractometer (XRD, Rigaku 

SmartLab). The scanning degrees ranged from 0° to 60° 2θ with 5° min-1 at 45 kV and 

200 mA. The crystallization enthalpy (100 to 1100 °C) was evaluated by conducting 

thermogravimetric analysis of the particleboards (Netzch TGA/DSC) at 10 °C min-1 

with dry argon stripping gas. Moreover, the microstructure of the matrix was assessed 
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using a mercury intrusion porosimeter (MIP, Micromeritics Autopore IV), which 

determined the porosity and pore size distribution. The samples (3-5 mm) were 

immersed in acetone for 30 d and oven-dried at 60 °C for 7 d prior to MIP tests. 

Mercury was infused into the pretreated sample pores at 207 MPa following 6.6 Pa 

purging in vacuum. 

 

3.3. Results and Discussion 

3.3.1 Mineralogical Aspects of Early Strength Development 

Figure 3.1 illustrates the integrated effects of accelerators on the flexural strength of 

cement-bonded particleboards at an A/C ratio of 5:5 by weight (i.e., 7:1 by volume) 

and W/C ratio of 0.45. Approximately 41% discrepancy of flexural strength was 

showed between the 7-d and 28-d particleboards without accelerator, which indicated 

the adverse effects of calcium complexation with water-soluble extractives of wood 

(hemicelluloses, starch, sugar, tannins, phenols, and lignins) that hindered early 

strength established by cement hydration. When the mineral admixtures were 

deployed as accelerators, flexural strength increased by 4% to 25% in 7-d cured 

particleboards with 1% accelerators (by weight of cement) (Figure 3.1a). As the 

dosage increased to 2%, the flexural strength was further enhanced by 14% to 32%. 

However, 5% accelerator dosage did not strengthen the particleboards due to reduced 

amount of cement for producing hydration products. Thus, 2% dosage of accelerators 

was found appropriate for shortening the setting time and enhancing the early strength 

of particleboard production. 
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Figure 3.1. Flexural strength of cement-bonded particleboards with various accelerators at 

different dosages: (a) 7-d curing; (b) 28-d curing. 

 

The XRD spectra (Figure 3.2) demonstrated notably lower peaks of unreacted calcium 

silicates (29.3o, 32.1o and 34.0o) in 1-d cured particleboards with the addition of 

accelerators, signifying a higher degree of cement hydration. In the samples with FeCl3, 

the peaks of calcium hydroxides (17.9o and 34.0o) were attenuated, while a new peak 

of iron oxychloride (FeClO) appeared at 30.9o. This might suggest that ferric chloride 

rapidly reacted with calcium hydroxides to form insoluble iron oxychloride. Chloride 

ions were also found to react with tricalcium aluminate and accelerate the precipitation 
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of insoluble calcium chloroaluminate hydrate (Peterson and Juenger, 2006; Nasvik, 

2007; Makaratat et al., 2011). These exothermic chemical reactions might promote 

cement hydration and Therefore reducing the peak intensity of calcium silicates and 

calcium hydroxides in the XRD spectra as observed. The precipitation of calcium 

chloroaluminate hydrate and iron oxychloride probably accounted for the structure 

formation and early strength development. Similar reaction mechanisms were shown 

in other chloride accelerators as well. On the other hand, aluminium sulphate 

(Al2(SO4)3) possibly reacted with hydrated calcium aluminate to produce substantial 

amounts of crystalline calcium sulphoaluminate (a major ettringite) at 9.0o, 15.7o and 

22.8o (Figure 3.2). This transformation could promote crystallization and growth of 

coexisting hydrates and thus improving early strength (Fu et al., 2003; Xing et al., 

2009; Collier et al., 2015). Although 5% FeCl3 and Al2(SO4)3 might offer better long-

term strength development, 2% CaCl2 was selected for the subsequent experiments for 

its best compatibility improvement and highest 7-d strength improvement (Figure 3.1).  

 

Figure 3.2. XRD spectra of 1-d particleboards with 5wt% of various accelerators. 

http://www.sciencedirect.com/science/article/pii/S0008884602009547?np=y
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3.3.2 Microstructure Characteristics with Varying Aggregate-to-Cement Ratio  

As illustrated in Figure 3.3a, wood particle size showed little effect on the flexural 

strength of particleboard, thus coarse wood particles were selected as aggregates for 

the sake of simpler grinding process and lower pretreatment cost. In contrast, the 

flexural strength (Figure 3.3a) and tensile strength (Figure S3.1a, Supplementary 

Materials) gradually decreased with an increasing aggregate-to-cement (A/C) ratio. 

The XRD analysis (Figure 3.4c) showed a stronger peak of unreacted calcium silicates 

at 29.3o at an A/C ratio of 7:3 by weight (i.e., 16.4:1 by volume) but significantly lower 

peaks of calcium hydroxides at 18.2o and 34.2o as well as lower peak of calcium 

silicate hydrate at 6.5o with an A/C ratio of 3:7 by weight (i.e., 3:1 by volume) or 5:5 

by weight (i.e., 7:1 by volume). These spectroscopic results evidenced that the weaker 

strength of particleboards with a high wood content resulted from insufficient 

formation of cement hydrates at the wood interface. 
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Figure 3.3. Flexural strength (a) and thickness swelling (b) of particleboards at varying 

aggregate-to-cement (A/C) ratio (Agg: aggregate; Control: without accelerator at A/C ratio of 

3:7; Others: with 2wt% of CaCl2). 
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Figure 3.4. TGA and XRD spectra of 28-d particleboards at varying aggregate-to-cement (A/C) 

ratio: (a) thermogravimetry (TG); (b) derivative thermogravimetry (DTG); (c) XRD spectra. 

 

The thermogravimetric analysis of particleboards revealed a substantial weight loss at 

270-350 °C (Figure 3.4a&b), where the magnitude was positively correlated with 

wood content and indicative of wood decomposition. This temperature range was 

higher than the reported ignition point (190-260 °C) of wood on its own (Babrauskas, 

2001; Cafe, 2011), implying that wood particles being enmeshed in the cement 

hydrates enhanced the heat resistance of particleboards to certain extent. In 

consideration of previous studies (Alhozaimy et al., 2012; Rostami et al., 2012; Wang 

et al., 2015a), subsequent weight loss at 420-500 °C was attributed to CH dehydration, 
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which was more evident in the samples with lower wood volume. Further weight loss 

between 700 and 800 °C represented the breakdown of calcite (CaCO3). This was also 

corroborated by the XRD analysis (Figure 3.4c). A marked shoulder peak at 

approximately 800 °C in the particleboards with an A/C ratio of 3:7 by weight 

suggested the presence of well-crystalline calcite that could contribute to high 

mechanical strength. 

 

The porous structure of the particleboards was analyzed at varying A/C ratios. As 

shown by the MIP results (3.5), the 28-d particleboards were characterized with a 

higher porosity of 42.5% at an A/C ratio of 7:3 by weight, while it was only 31.2% at 

an A/C ratio of 3:7 by weight. From the structural perspectives, peaks appeared 

between 5 nm and 100 nm in the pore size distribution were classified as capillary 

pores, while the other two peak ranges corresponding to mesopores and air pores were 

attributed to the wood particles (Penttala, 1989; Moura et al., 2005). The 

microstructure analysis revealed less amount of mesopores and air pores in the 

particleboards containing a lower wood content (A/C ratio of 3:7 by weight), verifying 

that mechanical strength was negatively related to total porosity and average pore 

diameter (Wang et al., 2015b). On the other hand, the thickness swelling increased 

along with increasing wood content (Figure 3.3b), and the water absorption also 

demonstrated similar pattern (Figure S3.1b). The dimensional stability of 

particleboards was correlated to the pore structure and the observed trends were 

attributed to the high water absorption and thickness swelling of wood particles. To 

maintain the thickness less than 2% as required by the international standard of 

particleboards (ISO 8335, 1987), the wood content could not exceed 50% by weight. 

In view of the significant role of porosity in strength establishment as discussed above, 
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subsequent experiments further adjusted the density of particleboards at an A/C ratio 

of 3:7 by weight in order to accomplish the required flexural strength standard of 9 

MPa (ISO 8335, 1987).  

 

Figure 3.5. Pore size distribution (MIP analysis) of 28-d particleboards at varying aggregate-

to-cement (A/C) ratio: (a) differential distribution; (b) cumulative distribution (A/C: 

aggregate-to-cement ratio) 

                                                                                                                                                                                   

3.3.3 Strength Improvement by Tuning the Porosity  

Both flexural strength (Figure 3.6a) and tensile strength (Figure S3.2a) of the 

particleboards showed a gradual increase with decreasing water-to-cement (W/C) ratio 

until reaching 0.30. As expected, the thickness swelling (Figure 3.6b) and water 

absorption (Figure S3.2b) were similarly reduced by decreasing the W/C ratio and all 

the particleboards fulfilled the thickness swelling requirement (ISO 8335, 1987). Then, 

for the same density of particleboards at 1.38 g cm-1, the total pore area of 4.4 m² g-1 

and total porosity of 24.8% at a W/C ratio of 0.30 were much lower than those at a 

W/C ratio of 0.45 (12.3 m² g-1 and 31.2%) (Figure 3.7). These MIP results reflected 

that a higher W/C ratio was companied by a larger porosity. The volume of capillary 

pores (at approximately 30-40 nm pore diameter) were significantly reduced from 0.16 

mL g-1 to 0.05 mL g-1 along with the decrease of W/C ratio from 0.45 to 0.30. This 

was probably attributed to a larger extent of intra-particle diffusion of calcium silicate 
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hydrate gel due to slower hydration kinetics and nucleation/growth rates at a lower 

W/C ratio. Filling up the capillary pores could minimize the chance of structural 

failures, which are usually triggered by microcrack growth and propagation. However, 

at the W/C ratio of 0.25, there was insufficient water for cement hydration and strength 

development was consequently hampered. Thus, the W/C ratio of 0.30 was considered 

as optimal for producing a more compact particleboard.  

 

 

Figure 3.6. Flexural strength (a) and thickness swelling (b) of particleboards at varying water-

to-cement (W/C) ratio. 

 

Comparing the particleboards of a density of 1.38 g cm-3 and 1.54 g cm-3 with the same 
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W/C ratio of 0.3 (Figure 3.7), the increase of density resulted in a lower porosity and 

favourable pore structure for strength development. However, as shown in Figure 3.8a, 

flexural strength of particleboards gradually increased with increasing density up to 

1.54 g cm-3, then decreased afterwards. This was because water overflow under the 

compression pressure of 4 MPa was observed at density beyond 1.54 g cm-3, due to 

insufficient porosity for holding up the water content for necessary cement hydration 

in the matrix. The flexural stress-deflection curves of the particleboards with varying 

density (Figure 3.8b&c) showed consistent results as above. The calculated fracture 

energy (GF) increased from 2.61 N mm-1 (1.38 g cm-3) to 3.89 N mm-1 (1.54 g cm-3) 

in the 7-d particleboards, whereas the GF value progressively achieved 6.57 N mm-1 

(1.54 g cm-3) with continuous cement hydration in the 28-d particleboards. The 

optimal density was considered to be 1.54 g cm-3 as the 28-d flexural strength reached 

12.9 MPa and far exceeded the standard requirement of 9 MPa (ISO 8335, 1987). In 

addition, the particleboard density (1.54 g cm-3) was 32% lower than that of 

conventional concrete board (2.26 g cm-3, using the same volume of sand replacing 

wood as aggregate, Table 3.2). Hence, the particleboards made up of waste wood can 

be regarded as light-weight building materials (Posi et al., 2013). 
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Figure 3.7. Pore size distribution (MIP analysis) of 28-d particleboards at varying water-to-

cement (W/C) ratio and varying density (D): (a) differential distribution; (b) cumulative 

distribution.  

 

 

 

Figure 3.8. Flexural strength and flexural stress-deflection curves of particleboards with 

varying density: (a) flexural strength; (b) 7-d flexural stress-deflection curves; (c) 28-d 

flexural stress–deflection curves. 
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3.3.4 Added Values of Thermal Insulation and Noise Reduction  

Owing to the excellent property of wood for thermal insulation, the thermal 

conductivity of the particleboards produced at the above optimal conditions was below 

0.3 W m-1 K-1, representing only 19% of that of concrete board. According to BS EN 

13986 (BS EN, 2004), the light-weight particleboards were also qualified to be 

thermal-insulating materials. Moreover, the impact noise reduction efficiencies were 

evaluated at low-to-medium noise frequency (i.e., 32 to 3150 Hz) (Figure 3.9). The 

particleboards exhibited better noise insulation effectiveness than concrete boards at 

almost all frequency ranges, while waste wood itself was most effective for noise 

reduction at higher noise frequency. In particular, the particleboard showed 

outstanding noise insulation at a low sound frequency (32-100 Hz), in which the 

emission of structure-borne noise (i.e., 32-100 Hz) normally originates from vibrating 

room boundaries (Li et al., 2012; Zhang et al., 2013). As the elastic modulus (E) of 

wood particleboard was only 18% of concrete board (Figure S3.3), their low stiffness 

feature was favourable for dissipating vibrational energy and insulating impact sound. 

The moderate amount of air pores in the particleboards (Figure 3.7) also contributed 

to the superior acoustic shielding properties, as suggested by a recent study (Branco 

and Godinho, 2013). Therefore, the particleboards of this study present embedded 

properties that enable wide applications for light-weight noise/thermal insulation uses, 

which help to promote wood recycling. 
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Figure 3.9. Impact sound pressure level reduction of different materials (after 28-d curing). 

 

Table 3.2. Thermal conductivity and density of different boards. 

 
Wood 

particleboard 
Concrete board* Waste wood 

Density 1.54 g cm-3 2.26 g cm-3 0.45 g cm-3 

Thermal 

conductivity 
0.29±0.01 W m-1K-1 1.52±0.03 W m-1K-1 0.07±0.00 W m-1K-1 

* using the same volume of sand replacing wood as aggregate in the concrete board. 

 

3.3.5 Assessing the Economic Viability 

A preliminary cost analysis is performed in the present study to evaluate the economic 

feasibility of particleboard production from waste wood formwork. In order to 

simplify the scenario, a necessary assumption is made that fixed equipment assets, 

waste collection/transfer, labour, are available at present or fully sponsored by 

recycling fund and producer responsibility scheme, such that these expenses are 

excluded from the calculation. On the other hand, intangible benefits associated with 

environmental, economic, and societal improvement such as landfill avoidance, 

odour/dust nuisance mitigation, and pollution prevention are also not included in this 
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circumstance. Therefore, the major focus is on the variable (operating) costs for 

chemical use and production process. Price quotation from the largest regional 

supplier shows that the cement cost is approximately 52.8 USD per tonne of OPC 

(Alibaba, 2015). Based on the optimal parameters in this study (i.e., density of 1.54 g 

cm-3, A/C ratio of 3:7 by weight, W/C ratio of 0.3, and 2% CaCl2 accelerator in cement 

binder), the chemical costs are about 49.4 USD per m3 of particleboard production. 

Considering the energy for waste wood grinding and particleboard compression under 

4 MPa pressure for 1 min, the power consumption is estimated to be about 2.48 USD 

m-3 for the bench-scale production (using 0.11 USD per kWh in Hong Kong for 

example). The total manufacturing costs are about 51.9 USD for producing each cubic 

metre of particleboard from waste wood. It is interesting to note that the market prices 

for cement-bonded particleboards currently range from 132 to 475 USD m-3, 

depending on the functional properties (Alibaba, 2015), which demonstrate a 

compelling value of the recycled products for the building industry. Therefore, the 

value-added and eco-friendly waste wood recycling technology presented in this study 

is promising in terms of commercial viability and market competitiveness, provided 

that fixed costs and capital expenditure in equipment can be covered or sponsored by 

waste management policy such as recycling fund and producer responsibility scheme.  

 

3.4. Conclusions 

This study proposed a value-added approach to facilitate waste wood recycling from 

construction sites by transforming end-of-life formwork into high-performance, eco-

friendly, and low-cost cement-bonded particleboards. The mineralogical 

characterization revealed different mechanisms of accelerators in strength 

enhancement at the early stage, while the microstructure analysis demonstrated the 



   

68 

 

importance of pore structure and chemical reactions at the wood interface. By 

optimizing the mixture formulation and binder-aggregate-water ratio, the density and 

porosity of the particleboards could be tailored to comply with international standard 

of mechanical strength and dimensional stability. The particleboards also presented 

additional environmental benefits of light weight, thermal insulation and noise 

reduction, which proved to be favourable for construction use. The preliminary cost-

benefit analysis suggested the commercial viability of this novel recycling technology. 

Therefore, a widely adoptable and sustainable solution can be made possible through 

technological innovation to tackle waste recycling challenges.  
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Chapter 4. CO2 Curing and Fibre Reinforcement for 

Recycling of Wood Waste into High-Performance 

Cement-Bonded Particleboards  

 

4.1 Introduction 

Wood waste contains naturally organic extractives and exogenous contaminants, such 

as sugars and hemicelluloses as well as CCA, result in incompatibility of wood and 

cement (Quiroga et al., 2016). Although inorganic accelerators (e.g., chloride and 

sulphate salts) were therefore employed to promote cement hydration, but they 

compromised the long-term strength and durability (Ridin et al., 2010; Torkittikul and 

Chaipanich, 2011). Accelerated carbonation by CO2 curing potentially presents an 

eco-friendly approach to accelerate cement reaction and promote early strength 

development of cement-bonded particleboards, which could also sequestrate CO2 in 

the matrix to combat global warming (Meylan et al., 2015; Cue´llar-Franca and 

Azapagic, 2015).  

 

Previous studies have focused on cement and/or concrete, in which they showed that 

concentrated CO2 gas reacted directly with cement (mainly tricalcium silicate) to 

generate C–S–H gel and CaCO3, while hydrated CH was also converted to CaCO3 by 

CO2 diffusion, penetration, dissolution and reaction (Wang et al., 2015a; Jang and Li, 

2016; Pan et al., 2016). This process increased setting/hardening rate, densified the 

micro-structure, and enhanced mechanical strength as well as produced 

thermodynamically stable carbonate products for long-term stability (Zhao et al., 
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2015). The application of CO2 curing could also improve the immobilization of heavy 

metals and mitigate the environmental impact (Pan et al., 2015; Li et al., 2016). 

However, accelerated carbonation is a diffusion-controlled reaction because 

continuous carbonation leads to formation of dense carbonated material surrounding 

interior non-carbonated material and hinders further penetration of CO2 (Bertos et al., 

2004). Pressurized CO2 diffusion is probably a feasible approach for fast carbonation 

and strength development (Mo et al., 2015), yet water is necessary for the reactions of 

CO2 curing while excessive water blocks the pores in the matrix (Teir et al., 2016). 

Therefore, we propose that porous and humid wood particles in the particleboards 

would be highly beneficial and synergistic for novel application of CO2 curing. This 

is because wood particles can provide air pores for facilitating CO2 diffusion and 

accommodate sufficient amount of water for carbonation reactions, while CO2 curing 

can mitigate interference of organic extractives and immobilize exogenous 

contaminants in wood waste. A specific range of moisture content in CO2 curing may 

be best for the particleboards production.  

 

Besides, a simple but effective method for strength enhancement could be achieved 

by addition of fibre, such as steel, glass, carbon, basalt, polypropylene and 

polyethylene fibre (Jiang et al., 2014; Fiore et al., 2015). Basalt fibre is a non-

hazardous, inorganic fibre extruded from melted basalt rock, which was shown to 

demonstrate excellent strength, anti-corrosion, thermal resistance and superior 

compatibility with cement products (High et al., 2015). It could significantly enhance 

tensile strength and failure strain of matrix by fibre de-bonding, fibre sliding and crack 

bridging, as well as resistance against chemical (alkali) attack. Therefore, fibre 

incorporation may be deployed to enhance the performance of cement-bonded 
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particleboards. 

 

This study aimed to: (i) exploit the potential use of accelerated carbonation for CO2 

sequestration, strength enhancement and contaminant immobilization in cement-

bonded particleboards; (ii) investigate the coupled effects of CO2 curing and 

accelerator addition for boosting cement reaction in particleboards; (iii) characterize 

the roles of porous wood particles and their moisture content for CO2 diffusion and 

accelerated carbonation; (iv) evaluate functions of different basalt fibres in strength 

reinforcement and fracture energy enhancement; and (v) elucidate the mechanisms of 

CO2 curing and fibre addition on microstructure and mineralogy via microscopic and 

spectroscopic analyses.  

 

4.2. Experimental Methods 

4.2.1 Significance of CO2 Curing and Fibre Reinforcement 

The waste properties and OPC-based particleboards production were descripted in 

Chapter 3.  Based on our previous findings, cement-bonded particleboard production 

was optimized with an aggregate-to-cement ratio at 3:7 by weight (i.e., 3:1 by volume), 

water-to-cement ratio at 0.3, and density of 1.54 g cm-3 in this study. In this Chapter, 

CO2 curing and fibre reinforcement were employed to improve the properties of 

particleboards. It should be noted that the water-to-cement ratio of 0.3 may be not the 

optimal value for modified particleboards.  

 

Before CO2 curing, the demoulded cement-bonded particleboards were pre-dried in a 

drying chamber (20°C, 50% humidity) for varying duration (0 to 4 h) to achieve 

different moisture contents. These dried samples were subject to 24-h CO2 curing in 
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an air-tight chamber filled with 99.9% CO2 at a pressure of 0.1 bar higher than 

atmospheric pressure at room temperature. To maintain constant humidity, silica gel 

was placed in the CO2 chamber and the fluctuation of temperature and relative 

humidity was recorded during the course of CO2 curing. The 24-h carbonated 

particleboards were cut into two equivalents for immediate tests and additional 7-d air 

curing, respectively. The carbonation front was assessed by spraying 1% 

phenolphthalein on the cross-section of samples as a pH indicator test. To reinforce 

the particleboard strength, two types of basalt fibre (namely short fibre and grid fibre) 

purchased from Guangdong province in China were applied at 0.3%, 0.5%, 2% by 

wood volume, respectively. Short fibre was evenly mixed with binder and wood during 

blending, while grid fibre was placed at the middle of two equant mixture before 

compression. The fresh products were cured in an air curing chamber (20°C, 95% 

relative humidity) for 7 or 28 d. 

 

4.2.2 Effects on Physical Properties and Metal Leachability  

Mechanical strengths in terms of flexural strength and tensile strength of the 

particleboards were evaluated to validate their applicability for reuse by a standard 

testing machine (Testometric CXM 500-50 KN) at a loading rate of 0.3 mm min-1 

(ASTM, D1037, 2012). Corresponding axial longitudinal displacements under stress 

were recorded by two internal linear variable differential transformers (LVDTs, 0.01 

mm sensitivity). The fracture energy (GF) of particleboards was then calculated from 

the flexural stress-deflection curve. The dimensional stability of the particleboards was 

examined in terms of thickness swelling and water absorption (ASTM, D1037, 2012). 

The metal leachability of contaminated wood and cement-bonded particleboard was 

assessed in terms of the toxicity characteristic leaching procedure (TCLP) (US EPA, 
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1992), of which the metal concentrations were determined by ICP-AES. The TCLP 

leachability served as the acceptance criteria for on-site reuse (HK EPD, 2011). 

 

4.2.3 Spectroscopic and Microscopic Investigations 

The particleboard performance is highly dependent on its microstructure 

characteristics and interface chemistry. As discussed in Chapter 3, microstructure of 

the samples was evaluated by using MIP. The surface morphology of the samples was 

investigated by SEM. The crystalline-phase mineralogy of crushed particleboards 

under various conditions was revealed by Quantitative X-ray diffraction (QXRD) 

using a high-resolution powdered X-ray diffractometer (XRD, Rigaku SmartLab). A 

20 wt% Al2O3 was added to the samples as internal standard to determine the content 

of amorphous phase, and the samples were scanned over a range of 5° to 50° 2θ with 

2.5° min-1 at 45 kV and 200 mA. Rietveld refinement quantitative phase was carried 

out by whole powder pattern fitting (WPPF) method in Rigaku’s integrated X-ray 

powder diffraction software (PDXL). 

 

4.3. Results and Discussion 

4.3.1 CO2 Curing for Early Strength Development 

Figure 4.1 illustrates the coupled effects of accelerator addition and accelerated 

carbonation on the strength development and dimensional stability of cement-bonded 

particleboards. In the absence of accelerator or CO2 curing, the development of early 

strength was significantly retarded, showing approximately 31% discrepancy between 

2-d and 9-d flexural strength. The 28-d air-cured samples fulfilled the thickness 

swelling requirement of 2%, but they were not strong enough to meet the strength 

requirement of 9 MPa, as stipulated in ISO 8335 (1987). This could be attributed to 
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the adverse effects of calcium complexation with water-soluble extractives of wood 

(hemicelluloses, starch, sugar, tannins, phenols, and lignins) that hindered early 

strength established by cement hydration ((Quiroga et al., 2016)). Chloride ions could 

facilitate early strength development by accelerating precipitation of insoluble calcium 

chloroaluminate hydrate and generation of insoluble oxychloride from tricalcium 

aluminate and hydrated calcium hydroxides, respectively, as shown in our previous 

study (Wang et al., 2016a).  

 

The applicability of CO2 curing was assessed as an alternative approach to improve 

compatibility and early strength. The 1-d CO2 curing enhanced early flexural strength 

of particleboards (2-d samples with 22.7% moisture content) by 24% compared to that 

of air curing, which also distinctively improved dimensional stability (Figure 4.1a & 

4.1b). The XRD spectra (Figure 4.2a) demonstrated notably lower peaks of unreacted 

tricalcium silicate (C3S, at 32.2o) and dicalcium silicate (C2S, at 34.3o), particularly 

for C3S, after 1-d CO2 curing. A distinctive overlap peak of C3S, C2S and CaCO3 (CC) 

appeared at 29.4o, indicating an effective carbonation of unhydrated cement. The 

QXRD result (Figure 4.2b) illustrated that CO2 curing facilitated formation of 

amorphous cement hydrate (mainly C-S-H gel) to 63 wt% of cementitious matrix in 

the particleboards (i.e., except wood), which probably resulted from hydration of C3S 

at the early stage, because C3S presented higher solubility and lower activation energy 

compared to C2S (Jang and Li, 2016). Meanwhile, Ca(OH)2 was transformed into 

CaCO3 (approximately 3.8%), which increased the Mohs scale hardness from 2 to 3 

and resulted in volume expansion by 1.12 times. The MIP results illustrated that, in 

terms of total pore area and porosity, CO2 curing produced much denser particleboards 

(12.2 m² g-1 and 34.8%) than 2-d air curing (10.3 m² g-1 and 29.7%). Figure 4.3 shows 
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the pore size distribution of particleboards, which can be operationally categorized 

into capillary pores, mesopores, and air pores, as suggested by previous studies 

(Penttala, 1989; Ishida et al., 2011). The CO2 curing reduced the porosity in all three 

major peaks of pore size distribution, particularly for capillary pores that decreased 

from 0.13 mL g-1 to 0.09 mL g-1 at the pore size between 31 and 48 nm (Figure 4.3a). 

As mechanical strength of cementitious products was found to inversely correlate to 

porosity, total pore area and average pore diameter (Wang et al., 2015b), CO2 curing 

significantly enhanced mechanical strength of cement-bonded particleboards in this 

study by facilitating cement hydration and densifying the microstructure. 

 

As shown in Figure 4.1, additional 7-d air curing after CO2 curing further increased 

flexural strength, which was stronger than 28-d air cured sample and successfully 

fulfilled the standard requirement (ISO 8335, 1987). Compared to the samples with 1-

d CO2 curing only, QXRD results indicated that calcium silicates were further hydrated 

into amorphous C-S-H gel and portlandite after additional 7-d air curing, while the 

content of CaCO3 remained relatively stable. The porosity consequently decreased 

from 29.7% to 26.5%, especially in capillary pores (Figure 4.3). It was probably 

because newly rehydrated C-S-H gel from C2S at the later stage filled into pores, where 

failures would start with microcrack growth and propagation (Wang et al., 2016b). 

These spectroscopic and microscopic results suggested that short-term CO2 curing 

followed by air curing be a feasible and effective approach to enhance the mechanical 

strength and dimensional stability of cement-bonded particleboards.  
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Figure 4.1. Flexural strength (a) and thickness swelling (b) of cement-bonded particleboards 

with no accelerator and 2% CaCl2 addition. 
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Figure 4.2. XRD spectra (a) and QXRD analysis (b) of cement-bonded particleboards with 

no accelerator and 2% CaCl2 addition. 
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Furthermore, the TCLP results (Figure 4.S1) indicated that the concentrations of Mn 

(0.36 mg L-1), Cr (0.09 mg L-1) and As (0.03 mg L-1) in 28-d air cured particleboards 

complied with the treatment standard for on-site reuse (Mn: 3.65 mg L-1, Cr: 0.60 mg 

L-1, and As: 5.00 mg L-1) (HK EPD, 2011). The CO2 curing with additional air curing 

further reduced the leachability of heavy metals (Mn: 0.26 mg L-1, Cr: 0.04 mg L-1, 

and As: 0.02 mg L-1). These results proved that leachable metals were effectively 

immobilized by the C–S–H gel and carbonates, which provided microporous structure 

and complexation capacity for metal stabilization as shown in previous studies (Wang 

et al., 2016; Li et al., 2016). 

 

 

Figure 4.3. Pore size distribution (MIP) of cement-bonded particleboards produced by 

different curing methods: (a) differential distribution; (b) cumulative distribution 

 

However, CO2 curing was not effective for samples with 2% CaCl2 addition. There 

was no obvious change in flexural strength between air cured and CO2 cured samples 

(Figure 4.1). Although QXRD showed approximately 12% of Ca(OH)2 in fresh 

samples, the carbonation degree was negligible after 1-d CO2 curing. This may be a 

result of strong acidity of HCl compared to H2CO3, which prevented CO2 from 

reacting with calcium chloride or oxychloride. Therefore, chloride accelerators should 

be excluded to ensure effective CO2 curing.  
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3.2 Significance of Moisture Content in CO2 Curing 

Moisture content is known to be essential for CO2 dissolution and carbonic acid 

formation for further reaction with calcium silicates and calcium hydroxide (Pan et al., 

2015) (Pan et al., 2015; Wang et al., 2016b). However, too much moisture in the 

particleboards would hinder CO2 diffusion and overall carbonation rate, as CO2 

diffusion coefficient in water is 4 to 5 order-of-magnitude slower than that in air (about 

1390×10−8 m2 s-1) (Unluer and Al-Tabbaa, 2014). As shown in Figure 4.4, after 1-d 

CO2 curing, particleboards with lower moisture content between 14.9% and 17.9% 

presented much higher flexural strength (Figure 4.4a) and tensile strength (Figure 

S4.2a) than the samples with 22.7% moisture content. They also demonstrated less 

thickness swelling (Figure 4.4b) and water absorption (Figure S4.2b). For samples 

with 17.9% moisture content, 1-d CO2 curing was more effective than 28-d air curing 

in terms of flexural strength (9 MPa in standard requirement). Additional 7-d curing 

significantly enhanced flexural strength to 14.9 MPa, which was stronger than the 

samples with CaCl2 accelerator (12.9 MPa).  
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Figure 4.4. Flexural strength (a) and thickness swelling (b) of cement-bonded particleboards 

produced by different curing approaches (M: moisture content). 
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Figure 4.5. Temporal change of temperature (a), humidity (b), and CO2 absorption (c) during 

24-h CO2 curing of cement-bonded particleboards with different moisture contents (M: 

moisture content). 

 

There was an unexpected phenomenon that samples at 16.7% moisture content showed 

the highest CO2 absorption, but its strength was not as high as samples at 17.9% 

moisture content. As shown in Figure 4.6a, the lowest peaks of Ca(OH)2  at 18.0° and 

34.1° were observed in samples at a moisture content of 16.7%, which revealed the 

largest extent of carbonation. The QXRD results (Figure 4.6b) further quantified that 

approximately 12.5 wt% CaCO3 was generated in the 16.7% moisture samples, while 

there was only 8.6 wt% in the 17.9% moisture samples. This was consistent with the 

inverse correlation between CO2 absorption and moisture content in the particleboards 
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(Figure 4.5c). However, as shown in Figure 4.6b, the 16.7% moisture samples 

presented a larger amount of unreacted calcium silicate (i.e., C3S and C2S) and less 

formation of amorphous C-S-H gel than 17.9% moisture samples, implying that lower 

moisture content may hamper normal cement hydration. In view of the carbonation 

efficiency and flexural strength, the moisture content between 16.7% and 17.9% was 

considered as the optimal range to maintain sufficient cement hydration while 

facilitating CO2 curing. This range was higher than that for natural/recycled aggregates 

(sand, rock, or sediment) in previous studies, i.e., 4% to 12.5% (Zhan et al., 2014; 

Wang et al., 2015a), reflecting the benefits of high porosity of wood particles for CO2 

diffusion and accelerated carbonation.  
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Figure 4.6. XRD spectra (a) and QXRD analysis (b) of cement-bonded particleboards 

produced by different curing approaches (M: moisture content). 

 

3.3 Basalt Fibre Reinforced Cement-bonded Particleboard 

Figures 4.7a&b illustrated that along with increasing incorporation of short basalt fibre, 

flexural and tensile strength of particleboards gradually increased. The addition of 2% 

short basalt fibre (by wood volume) significantly enhanced the flexural strength to 

16.8 MPa, which far exceeded the standard requirement (9 MPa) (ISO 8335, 1987). 

The addition of grid fibre differed little from the same volume of short fibre in terms 

of strength reinforcement, but their effects on fracture energy (GF) varied significantly. 

Based on the flexural stress-deflection curves (Figure 4.7c), the calculated GF in the 

28-d air cured particleboards with 0.5% grid fibre achieved 23.51 N mm-1 compared 

to 3.64 N mm-1 in the absence of fibre, which was 3.5 and 1.6 times higher than those 

with 0.5% and 2% of short fibre, respectively.  
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Figure 4.7. Flexural strength (a), tensile strength (b), and flexural stress-deflection curves (c) 

of cement-bonded particleboards with various basalt fibre addition. 

 

As shown in Figure 4.8a, wood particles and cement hydrate were thoroughly 

integrated in the cement-bonded particleboards, which exhibited reliable bonding at 

the interface of wood-matrix. Ruptured wood was observed in the cross-section of 

fractured samples, implying that wood played a role of “fibre” under stress. However, 

pine wood had a relatively weak tensile strength (1.7 to 3.2 MPa) and elastic modulus 

(6.8 to 12.1 GPa) (Green et al., 1991). Basalt fibre was therefore employed to improve 

the mechanical strength of particleboards, because it contained millions of cell-fibres 

with 15 µm diameter (Figure 4.8b) and presented excellent tensile strength of 4.1 to 

4.3 GPa and elastic modulus of 78 to 85 GPa.  
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Figure 4.8. SEM images of fractured cement-bonded particleboards and basalt fibre: (a) 

fractured particleboards without basalt fibre; (b) grid basalt fibre; (c) fractured particleboards 

with short fibre; and (d) fractured particleboard with grid fibre. 

 

In the fractured particleboards with short basalt fibre (Figure 4.8c), smooth and clean 

surfaces could be observed in the cross-section with few mortar particles on the surface 

of cell-fibres, indicating insufficient adhesion between fibres and mortar. Some traces 

of cell-fibres and remaining cell-fibres were observed after flexural strength test, 

suggesting that fibre de-bonding, fibre sliding, and crack bridging contributed to 

strength enhancement (Rybin et al., 2013). As for grid basalt fibre (Figure 4.8d), it was 

progressively ruptured under a larger load rather than pulled out due to its interlocking 

nature, such that tensile load could be transferred to the fibre chords prior to the failure 

of particleboards. As a result, the incorporation of grid fibre enabled a significant 
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enhancement of fracture energy and presented a simple but effective measure to 

improve the mechanical properties of cement-bonded particleboards. 

 

4.4. Conclusions 

This study investigated the mechanisms and feasibility of eco-friendly CO2 curing and 

basalt fibre reinforcement, for the goal of transforming contaminated wood waste into 

high-performance cement-bonded particleboards. Accelerated carbonation by CO2 

curing effectively improved the wood-cement compatibility, mechanical strength, 

dimensional stability, and contaminants sequestration by promoting the formation of 

cement hydrates and carbonates in the porous matrix. Moisture content of the 

particleboards played an important role in CO2 curing, which should be precisely 

controlled to strike an optimum balance between cement hydration and accelerated 

carbonation. An incorporation of fibre, especially grid basalt fibre, notably reinforced 

the mechanical properties of the particleboards. Our findings in this study provide 

scientific insights into cement chemistry and microstructure analysis for employing 

CO2 curing as a novel and eco-friendly engineering solution for recycling timber waste 

of construction industry. Based on the above results, the optimum mixture design and 

curing approach can be validated in future pilot-scale tests, in which CO2 in flue gas 

of power plants can be used to evaluate the effects of CO2 concentration, CO2 pressure, 

relative humidity, gas impurities. Future studies may also perform life cycle 

assessment to maximize the overall environmental benefits before field applications.  
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CHAPTER 5. Recycling Wood Waste into Eco-

friendly Particleboard Using Green Cement and 

Carbon Dioxide Curing 

 

5.1. Introduction 

This chapter proposes to use light-burned magnesium oxide cement (MOC) as an eco-

friendly cementitious substitute for producing cement-bonded particleboard. 

Compared to production of traditional cement (more than 1400 °C), MOC is calcined 

from magnesite (MgCO3) at a significantly lower temperature (below 750 °C) while 

it presents excellent compatibility with wood because sufficient magnesium hydroxide 

is produced during hydration to overcome adverse effects of organic matter and other 

contaminants (Mo and Panesar, 2012; Kidalova et al., 2012; Jin and Al-Tabbaa, 2014). 

Furthermore, MOC hydration produces a significant proportion of brucite (Mg(OH)2) 

(Zhang et al., 2011; Zhang et al., 2014), which may enable substantial CO2 

sequestration in the course of the particleboard production. Accelerated carbonation 

via pressurized carbon dioxide gas (i.e., CO2 curing) has been proved to boost 

setting/hardening rate and enhance physical strength by CO2 dissolution, penetration, 

and early-stage formation of calcium and magnesium carbonates (Borges et al., 2010; 

Al-Tabbaa, 2013). This presents an appealing strategy for carbon sequestration and 

storage in the cementitious products to reduce carbon footprint and mitigate global 

warming (Zingaretti et al., 2014; Dananjayan et al., 2015; Ukwattage et al., 2015).  

 

As illustrated in Figure 5.1, brucite can be converted into magnesium carbonates 



   

88 

 

and/or hydrated magnesium carbonates during accelerated carbonation, including 

magnesite, magnesium calcite, nesquehonite, hydromagnesite, and dypingite (Habert, 

2014). Accelerated carbonation was a diffusion-controlled reaction, where a dense 

carbonated formation would cover the interior, non-carbonated materials, hindering 

CO2 diffusion into the core for further carbonation (Bertos et al., 2004). The wood 

particles employed as aggregate may offer additional porosity and surface area to 

facilitate CO2 diffusion and promote continuous carbonation. Moreover, magnesium 

hydrate of MOC is a superior flame retardant that decomposes at a high temperature 

of about 340 °C (Li and Chen, 2013; Unluer and Al-Tabbaa, 2013), which offers 

additional advantage of fire resistance for indoor use. Therefore, this study 

hypothesizes that a novel integration of MOC and CO2 curing can transform 

contaminated wood into low-carbon and high-performance cement-bonded 

particleboards.  

 

 

Figure 5.1. Thermodynamic reactions of the family of magnesium oxides/carbonates. 

 

In order to provide scientific insights for developing innovative engineering solutions, 
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this study is to: (i) optimize the binder formulation and production conditions for MOC 

particleboards with high mechanical strength and dimensional stability; (ii) capitalize 

the potential use of accelerated carbonation for CO2 sequestration and strength 

enhancement; (iii) characterize the corresponding microstructure and mineralogy of 

MOC particleboards via microscopic and spectroscopic analyses; and (iv) evaluate the 

fire resistance of air cured and carbonated MOC particleboards.  

 

5.2. Materials and Methodology 

5.2.1 Particleboard Production Using Green Cement and CO2 Curing  

The characteristic of wood waste was descripted in Chapter 3. The primary binder of 

this study was light-burned magnesium oxide cement (MOC), which was purchased 

from Liaoning province, China, and contained 85% of total MgO (i.e., 65% of active 

MgO), 1.5% of CaO, 4.5% of SiO2, 6% loss on ignition, and density of 3.15 g cm-3. 

All experiments were conducted in duplicate and the average values with variation 

ranges were reported.  

 

The manufacturing process of MOC-based particleboards is similar to OPC 

particleboards (Chapter 3). The CO2 curing method is also similar to OPC 

particleboards CO2 curing (Chapter 4). The preliminary experimental results 

suggested an optimal aggregate-to-cement ratio (A/C) of 3:7 by weight (i.e., 3:1 by 

volume) and a density of 1.37 g cm-3, which were adopted in subsequent MOC 

particleboard production. The water-to-cement (W/C) ratios ranging from 0.25 to 0.45 

(by weight) were tested for ensuring sufficient mechanical strength of the 

particleboards for possible reuse (Table 5.1).  
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Table 5.1. Mixture formulations (wt%) for MOC cement-bonded particleboards. 

Mixture MOC Wood Water  

(1) W/C=0.45 53.2 22.8 24.0 

(2) W/C=0.40 54.7 23.4 21.9 

(3) W/C=0.35 56.2 24.1 19.7 

(4) W/C=0.30 57.9 24.8 17.4 

(5) W/C=0.25 59.6 25.5 14.9 

 

5.2.2 Mechanical Properties, Fire Resistance, and Spectroscopic/Microscopic 

Analyses 

Flexural strength (ASTM C1185) and tensile strength tests (ASTM D1037) were 

conducted according to standard methods. Water absorption and thickness swelling 

tests after 24-h water immersion (ASTM D1037) were also performed to assess the 

dimensional stability. Besides, fire resistance of the MOC particleboards was 

examined by elevated temperature exposure tests. A computer-controlled furnace was 

used to heat the specimens at a constant heating rate of about 6.6 °C min-1 to reach the 

prescribed 100, 150, 200, 300 and 400 °C and maintain for 1 h, respectively (Figure 

5.2), as described in previous studies (Yu et al., 2014). After heating, the mechanical 

strength and dimensional stability were analyzed again to evaluate the capacity of fire 

resistance of the particleboards. In view of previous assessment of fire-damaged 

concrete (Short et al., 2001), visual observation of the colour change, cracking and 

spalling was also adopted as primary indicators.  
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Figure 5.2. Heating regime of 1-h exposure to elevated temperatures. 

 

The crystalline-phase mineralogy of the particleboards produced under different 

curing conditions were examined by using a high resolution powdered X-ray 

diffractometer (XRD, Rigaku SmartLab). The microstructure of the matrix, i.e., 

porosity and pore size distribution, was investigated by using a mercury intrusion 

porosimeter (MIP, Micromeritics Autopore IV). Before MIP tests, the samples were 

minimized to 3-5 mm, soaked in acetone for 30 d, and oven-dried at 60 °C for a week.. 

 

5.3. Results and Discussion 

5.3.1 Significance and Roles of Water-to-Cement (W/C) Ratio 

As shown in Figure 5.3a, MOC particleboard samples with various W/C ratios showed 

insignificant difference (0-8%) between the 7-d and 28-d flexural strength, which was 

much smaller than those of ordinary Portland cement-bonded particleboards (40% 

discrepancy in preliminary experiments). This indicated a relatively high early 

strength of MOC particleboards and illustrated a promising compatibility of MOC and 
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wood, which did not require the addition of commonly used CaCl2 accelerator to 

increase the rate of nucleation of hydration product (Thomas et al., 2009). This 

advantage of MOC compared to traditional cement was probably because abundant 

amount of active magnesia (MgO) (65%) in MOC could supply sufficient brucite 

(Mg(OH)2) hydration products to alleviate the adverse impact due to Mg complexation 

with water-soluble extractives of wood (hemicelluloses, starch, sugar, tannins, phenols, 

and lignins). Such Ca/Mg complexation was known to impede the normal setting and 

strength development during cement hydration (Wang et al., 2015a). However, it was 

noted that 28-d cured MOC particleboard failed to meet the flexural strength standard 

of 9 MPa (ISO 8335) at a W/C ratio of 0.45 (5.2 MPa). The flexural strength of MOC 

particleboards increased gradually with a decreasing W/C ratio until 0.30 (Figure 5.3a), 

and the tensile strength of the particleboards also showed a consistent trend (Figure 

5.4). Therefore, 0.30 was considered as the optimal W/C ratio that obtained a flexural 

strength of 9.8 MPa conforming to the standard requirement.  

 

The porous structure might play a significant role in controlling the observed 

difference in the mechanical strength; hence the microstructure and surface chemistry 

were analyzed at various W/C ratios. The MIP results of 28-d air cured MOC 

particleboards (Figure 5.5a&b) indicated that the total pore area and porosity at a W/C 

ratio of 0.30 were 10.2 m² g-1 and 26.1%, respectively, which were much lower than 

those at a W/C ratio of 0.45 (14.7 m² g-1 and 32.8%). Three major peaks were 

differentiated in the porosity distribution (Figure 5.5a). From the structural 

perspectives according to Penttala (1989) (where pore size classification is different 

from that of environmental adsorbents), one peak occurred between 10 nm and 100 

nm was considered as capillary pores while the other two peaks in the ranges of 
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mesopores and air pores were attributed to pores of pine wood particles (Moura et al., 

2005). Comparing the particleboards at a W/C ratio of 0.3 and 0.45, a higher W/C ratio 

presented much larger porosity in all size range, particularly for capillary pores where 

failures would start with microcrack growth and propagation. It was also found that 

mechanical strength of cementitious products was negatively related to porosity, total 

pore area and average pore diameter (Wang et al., 2015b).  

 

However, the XRD spectra demonstrated that the primary peaks of brucite (Mg(OH)2) 

at 38.0o and 52.2o were larger in the particleboards produced at a W/C ratio of 0.45 

than those of 0.3 (Figure 5.5c), suggesting a larger extent of cement hydration at a 

higher W/C ratio. Although the transformation of magnesia (MgO) into brucite 

(Mg(OH)2) proved to make contribution to strength development (Zhang et al., 2011; 

Choi et al., 2014; Zhang et al., 2014), the results of this study showed that excessive 

water content would influence the microstructure and compactness of final products. 

It was probably because: (i) a larger amount of cement hydrated gel (Mg(OH)2) may 

be able to diffuse and fill in the capillary pores due to slower hydration kinetics (or 

nucleation/growth rates) at a lower W/C ratio, and/or (ii) too much water evaporation 

from hydrated products at a high W/C ratio may create capillary pores during 

particleboard curing stage. In contrast, a W/C ratio of 0.25 provided insufficient water 

for cement hydration and hampered strength development (Figure 5.3a). Besides, a 

large amount of unreacted magnesia (MgO, main peak at 42.9o) and a small amount 

of magnesite (MgCO3, main peak at 32.6°) in the XRD spectra may imply the 

possibility of CO2 curing for further strength development of MOC particleboards.  
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Figure 5.3. Flexural strength (a) and thickness swelling (b) of MOC particleboards at varying 

water-to-cement (W/C) ratio (7-d or 28-d air curing). 
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Figure 5.4. Tensile strength (a) and water absorption (b) of MOC particleboards at varying 

water-to-cement ratio. 
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Figure 5.5. Pore size distribution (MIP) and XRD spectra of MOC particleboards at different 

water-to-cement ratio: (a) differential distribution; (b) cumulative distribution; (c) XRD 

spectra (W/C: water-to-cement ratio; 28-d air curing). 

 

On the other hand, all the samples passed the thickness swelling requirement (< 2%) 

of the particleboards (ISO 8335) (Figure 5.3b). The thickness swelling of 7-d cured 

samples was reduced by decreasing the W/C ratio, because a more compact MOC 

particleboard at a lower W/C ratio mitigated swelling effect (Debieb et al., 2009). 

However, it seemed that a large volume of MgO was still unreacted at a W/C ratio of 

0.25 after 28-d air curing, which continued its hydration during 24-h water immersion 
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and led to volume expansion, because molar volume of Mg(OH)2 is 2.2-fold of MgO 

(Yi et al., 2013). The results of water absorption tests (Figure 5.4b) were aligned with 

the observed thickness swelling, which decreased with decreasing W/C ratio until 

approximately 0.3. Accelerated carbonation was subsequently evaluated for 

improving microstructure development, enhancing dimensional stability, and 

increasing mechanical strength. 

 

5.3.2 Efficacy of Accelerated Carbonation by CO2 Curing 

Figure 5.6a shows that after additional 2-h CO2 curing, samples with moisture contents 

of 17.1% to 20.0% resulted in a 4-fold increase in flexural strength compared with 1-

d air curing only. The temperature in the CO2 curing chamber (Figure 5.7) sharply 

increased from room temperature to above 30 oC within the first 60 min, indicating a 

vigorous exothermic process of accelerated carbonation (in line with thermodynamic 

reactions outlined in Figure 5.1). Meanwhile, water evaporated rapidly and the relative 

humidity exceeded 80% within the first 20 min. In the second hour, the reaction rate 

slowed down and the heat of reaction decreased. The observed largest temperature 

increase (up to 31.5 oC) in the MOC particleboards with 18.2% moisture content 

implied the deepest carbonation front, which was corroborated by the highest CO2 

absorption and sequestration (8.78%) as well as water evaporation (4.71%) recorded 

in those samples (Table 5.2).  

 

Table 5.2. CO2 absorption and water loss of particleboards with different moisture contents. 

Moisture content (%) 20.0 18.2 17.1 15.7 13.2 

CO2 absorption (%) 7.30 8.78 7.47 6.95 6.17 

Water loss (%) 4.47 4.71 4.05 3.70 3.20 
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Figure 5.6. Flexural strength (a) and thickness swelling (b) of MOC particleboards produced 

by different curing approaches (M: moisture content). 

 

Moisture content is known to be essential for CO2 dissolution and carbonic acid 

formation to further react with brucite (Mg(OH)2) (Bertos et al., 2004). However, CO2 

diffusion coefficient in air is about 1390×10−8 m2 s-1, i.e., 4 to 5 orders-of-magnitude 

faster than that in water (Unluer and Al-Tabbaa, 2014a), thus too much moisture in the 
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particleboards would hinder CO2 diffusion and overall carbonation rate. In view of the 

carbonation efficiency and flexural strength, the moisture contents from 17.1% to 20.0% 

were considered as the optimal range, which was higher than 4% to 12.5% required 

for natural/recycled aggregates (sand, rock, or sediment) (Zhan et al., 2014; Wang et 

al., 2015a), reflecting the higher porosity of wood particles for CO2 diffusion and 

accelerated carbonation. All CO2 cured samples presented improved dimensional 

stability and complied with the thickness swelling requirement (< 2%) of the MOC 

particleboards (Figure 5.6b), especially for MOC particleboards with optimal moisture 

content (17.1% to 20.0%). These results verified that CO2 curing could effectively 

enhance strength development and dimensional stability. 

 

After 2-h CO2 curing, the XRD spectra showed significant decreases of brucite 

(Mg(OH)2) at 38.0° and 52.2°, while the peak of magnesite (MgCO3) increased 

dramatically at 32.6° (Figure 5.8a). It indicated that most magnesium hydroxide 

reacted with CO2 in the presence of water and formed magnesium carbonate, which 

was also confirmed by the pH indicator test (Figure 5.8b). Phenolphthalein (C20H14O4) 

is a pH indicator that displays fuchsia at pH 12-13, changes from fuchsia to pink with 

decreasing pH from 12 to 8.2, and becomes colourless at pH below 8.2. As shown in 

Figure 5.8b, the dark pink colour throughout the surface turned into light pink 

concentrated in the core of sample, because of the partial formation of magnesium 

carbonates from magnesium hydroxide (Al-Tabbaa, 2013). The carbonation of brucite 

into magnesite would lead to volume expansion where the solid volume could increase 

by a factor of 1.12 (Unluer and Al-Tabbaa., 2013). The porosity of 1-d air cured 

particleboards was reduced from 41.6% to 32.5% after 2-h CO2 curing, while the 

mesopores and air pores (from 100 to 1000 nm in particular) were filled by carbonate 
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formation (Figure 5.9). As a result, the microstructure was improved by accelerated 

carbonation and contributed to higher strength of the particleboards.  

 

Additional 7-d air curing of 2-h carbonated particleboards presented significant 

increase in flexural strength to approximately 11.8 MPa (Figure 5.6a), which was 

notably higher than 28-d air cured samples and the standard strength requirement (ISO 

8335). Compared to 2-h CO2 curing only, the XRD spectra (Figure 5.8a) showed a 

major drop of magnesite (MgCO3) at 32.6° after additional 7-d air curing. Such 

changes probably indicated that the majority of magnesium carbonate was rehydrated 

and transformed into denser hydrated magnesium carbonate, such as nesquehonite, 

hydromagnesite, and dypingite, thus increasing the packing density and strength (Al-

Tabbaa, 2013). This corroborated that air curing after carbonation was essential in 

reinforcing the strength and durability by rehydration of magnesite and unreacted 

MgO (Rostami et al., 2012; Wang et al., 2015a). In addition, the porosity further 

decreased from 32.5% to 30.8% (Figure 5.9), where the capillary pores distinctively 

decreased from 0.11 mL g-1 to 0.03 mL g-1 between 7 and 10 nm. These spectroscopic 

and microscopic results suggested that short-term CO2 curing concerted with air 

curing is a feasible and effective approach to accelerate carbonation and densify 

porous structure of MOC particleboards.  
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Figure 5.7. Temporal change of temperature (a) and humidity (b) during 2-h CO2 curing of 

particleboards with different moisture contents. 
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Figure 5.8. XRD spectra (a) and phenolphthalein test (pH indicator) (b) of MOC 

particleboards produced by different curing approaches. 

 

 

Figure 5.9. Pore size distribution (MIP) of MOC particleboards produced by different curing 

approaches: (a) differential distribution; (b) cumulative distribution. 

 

5.3.3 Fire Resistance 

Wood particleboards may be susceptible to fire damage, as the wood charring 

temperature and ignition point are approximately 120 to 150 oC and 190 to 260 oC, 

respectively (Babrauskas, 2001; Cafe, 2011). Yet MOC is an excellent fire retardant 

and accelerated carbonation can promote fire resistance. There was no obvious change 

in colour of the internal cross-section of particleboards after 1-h exposure to 200 °C 
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(Figure 5.10), which was higher than normal wood charring temperature, reflecting 

the improvement of fire resistance imparted by MOC. After 1-h exposure to 300 °C, 

the cross-section turned brown and hairline cracks were observed. A further increase 

to 400 °C caused easy spalling and turned the inner area to grey colour and the outer 

layer to white. In contrast, carbonated particleboards subjected to 400 °C exposure 

still maintained brown in inner area and no serious spalling was found.  

 

 

Figure 5.10. Colour changes of MOC particleboards subject to 1-h exposure to elevated 

temperatures: (a) air cured samples, (b) CO2 cured samples. 

 

Figure 5.11a illustrates the degradation of MOC particleboards in terms of mass loss 

after 1-h exposure to different temperatures, which showed similar patterns regardless 

of curing methods. The sample mass decreased by about 4% at 100 °C exposure due 

to the liberation of free water. When the temperature increased to 200 °C, the mass 

reduction was larger for CO2 cured particleboards than air cured ones, because more 

physically bound water of hydrated magnesium carbonate could be released from CO2 

cured MOC particleboards. Additional mass decrease of approximately 10% at 300 °C 

was attributed to the dehydration of wood particles and transformation into charcoal, 

which agreed with the colour change of the cross-section. When the temperature 

reached 400 °C, the mass dramatically decreased to about 65% and led to the structural 

collapse and strength loss. 
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As shown in Figure 5.11b, flexural strength of air cured particleboards decreased with 

increasing exposure temperatures. The evaporation of partial free water at 100 °C 

might increase the porosity but exerted marginal effect on the strength (Yu et al., 2014). 

Along with temperature increase from 100 to 200 °C, the flexural strength of 28-d air 

cured particleboards was compromised to a greater extent than the CO2 cured 

counterparts. After exposure to 200°C for 1 h, there was a noticeably large variation 

in multiple replicates of air cured particleboards, which probably reflected the critical 

decomposition point. But MOC particleboards showed a higher fire resistance 

compared to normal charring temperature of pine wood (Cafe, 2011). The 

decomposition of hydrated magnesium carbonates and brucite (Mg(OH)2) (i.e., 

dehydration and dehydroxylation, respectively) is an endothermic reaction 

accompanied by releasing water of crystallization, thus lowering the material 

temperature and combustible concentrations in gas phase (Sener and Demirhan, 2008; 

Liu et al., 2014). At 400 °C the peaks of brucite disappeared while the peaks of 

magnesia (MgO) and magnesite (MgCO3) were intensified in XRD spectra (Figure 

5.12a). This indicated that the main skeleton was decomposed from wood charcoal to 

release gaseous CO2, and the majority of Mg(OH)2 subsequently reacted with CO2 to 

form MgCO3, or they were dehydroxylated to powdered MgO. As a result, air cured 

particleboards were destructed and entirely lost their strength (less than 0.7 MPa) 

while thickness swelling were not measurable due to severe spalling (Figure 5.11c). 
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Figure 5.11. Mass change (a), flexural strength (b), and thickness swelling (c) of 

particleboards subject to 1-h exposure to elevated temperatures. 

 

In contrast, CO2 cured MOC particleboards still retained high and stable strength up 

to 200 °C (Figure 5.11b), indicating that fire resistance was enhanced by accelerated 

carbonation. The results of thickness swelling also suggested an outstanding 
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dimensional stability of CO2 cured MOC particleboards after 1-h exposure to elevated 

temperature up to 200 °C, while there was notable thickness swelling of 28-d air cured 

particleboards (Figure 5.11c). The XRD spectra (Figure 5.12b) confirmed that the 

components of CO2 cured MOC particleboards were stable even at elevated 

temperatures. In contrast to air cured samples, the peaks of magnesite in CO2 cured 

particleboards showed a negligible increase after exposure to 400 °C. This suggested 

that the dense and stable magnesium carbonates covered and protected interior 

materials against carbonization at 280 °C and above, which was in accordance with 

the observation of black charcoal remaining in the core (Figure 5.10) (Unluer and Al-

Tabbaa, 2014b). The MIP results of this study confirmed that there was no obvious 

change in porous structure of CO2 cured MOC particleboards even at 200 oC (Figure 

5.13). On the contrary, the porosity of air cured MOC particleboards was enlarged 

from 26.1% to 35.8% by increasing from 20 to 200 oC, where notable mesopores were 

formed between 100 and 600 nm. Therefore, accelerated carbonation enhanced the 

thermal stability of porous structure for maintaining the mechanical strength and 

dimensional stability of CO2 cured particleboards. Yet, further increase to 300 °C 

compromised the flexural strength of particleboards to about 5 MPa because wood 

particles were turned into fragile charcoal with enlarged porosity, although the 

increase of thickness swelling to 0.15% still fulfilled the standard requirement.  
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Figure 5.12. XRD spectra of particleboards subject to 1-h exposure to elevated temperatures: 

(a) air cured samples; (b) CO2 cured samples. 
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Figure 5.13. Pore size distribution of air cured and CO2 cured particleboards subject to 1-h 

exposure to 200 °C: (a) differential distribution; (b) cumulative distribution. 

 

5.4. Conclusions  

This study presents an innovative method that successfully transformed contaminated 

wood waste into high-performance particleboards using eco-friendly cement. With the 

optimal water-to-cement ratio, the mechanical properties of particleboards could 

comply with the requirements of strength and dimensional stability because 

magnesium hydration products were formed and total porosity was minimized. 

Innovative integration of 2-h CO2 curing not only accelerated early-stage carbonation 

to fill in the porous matrix for strength enhancement but also enabled carbon 

sequestration and storage to reduce carbon footprint. Moreover, thermally stable 

hydrated magnesium carbonates further improved the fire resistance of CO2 cured 

particleboards. This study demonstrates a novel and green engineering solution based 

on hydration chemistry for recycling timber waste into value-added products for 

construction industry. 
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CHAPTER 6. Mixture Design and Reaction Sequence 

for Recycling Waste Wood into Rapid-Shaping 

Magnesia-Phosphate Cement Particleboard 

 

6.1. Introduction 

Ordinary Portland cement (OPC) is not fully compatible with wood waste, due to 

interference of cement hydration by low-molecular-weight carbohydrates, 

hemicelluloses, and chemical preservatives in wood waste (Bishop and Barron, 2006; 

Alonso et al., 2013; Wang et al., 2015a). Although previous research indicated that 

washing pretreatment could remove soluble components and toxic preservatives, it 

would inevitably incur additional processes and economic burden (Fan et al., 2012). 

In addition, the hydrophilicity of lignocelluloses would significantly influence the 

dimensional stability of the wood products. Therefore, the fresh OPC-wood mixture 

is confined in a mould for 8-24 h under pressure in order to maintain a constant 

dimension with suitable porosity (Soroushian and Hassan, 2012). Our previous 

research demonstrated that accelerators addition and CO2 curing could effectively 

shorten the final setting time to about 3 h (Wang et al., 2016a; Wang et al., 2016b; 

Wang et al., 2017b), but further reduction of setting time to the order of minutes is 

necessary for industrialization of particleboard production. It is thus more cost-

effective to seek alternative binders and manipulate hydration reactions to facilitate 

efficient hardening process.  

 

This study innovatively proposed the use of fast-hardening magnesia-phosphate 
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cement (MPC) as a substitute of OPC in order to produce rapid-shaping particleboard. 

The MPC is a common cementitious repairing material derived from homogeneous 

acid-base reaction as described by the following equation (Fan and Chen, 2014): 

MgO + KH2PO4 + 5H2O → MgKPO4·6H2O                                                    (Eq. 1) 

In the presence of water, dead-burnt magnesia (MgO) and potassium dihydrogen 

phosphate (KH2PO4, KDP) reacted to form crystalline magnesium potassium 

phosphate hexahydrate (MgKPO4·6H2O, MKP), which primarily builds the strength 

of MPC. The MKP is regarded as a flame retardant that decomposes between 100 and 

200°C (Fu et al., 2016; Hou et al., 2016; Ostrowski et al., 2016), which can compensate 

for the vulnerability to fire as one of major drawbacks of wood in its indoor application. 

In addition, MPC displays superior compatibility with impurities compared to OPC. 

Hence, the use of MPC in construction and building has attracted extensive interest, 

e.g., repairing materials, foam concrete, and fibre-reinforced composites (Ding et al., 

2012; Fan et al., 2015). More importantly, it has a remarkably short final setting time 

of 2-8 min (Ding et al., 2012). Regarding such fast hardening process, retardants (e.g., 

borax, Na2B4O7·10H2O) are often added to ensure complete reaction and achieve 

necessary homogeneity by appropriately extending the setting time (Fan et al., 2015). 

In this study, we postulated that MPC binder could present short setting time and good 

compatibility with wood; meanwhile, wood waste as a hygroscopic material could 

retard the spontaneous MPC hydration process and its high porosity could serve as a 

breeding bed for the growth of crystalline MKP for achieving good mechanical 

properties of our proposed MPC-bonded particleboard (Chakraborty et al., 2013). 

 

To produce high-performance MPC particleboards, the optimal magnesia-to-

phosphate (M/P) molar ratio should be investigated to attain adequate cement 
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hydration and excellent properties of final products. For spontaneous MPC hydration 

process, the sequence of reactions is particularly important because it would alter the 

crystalline MKP formation and thus product properties. For upcycling contaminated 

wood waste into rapid-shaping particleboards, this study aimed to: (i) assess the effects 

of M/P ratio on the setting time and physicochemical properties of MPC blocks; (ii) 

investigate the reaction sequence for achieving controllable hydration reactions; (iii) 

elucidate the dependence of microstructure and mineralogy on the M/P ratios and 

reaction sequence; and (iv) evaluate the thermal endurance of MPC particleboards 

under heating up to 500 °C.  

 

6.2. Materials and Methodology 

6.2.1 Wood Waste and Chemicals 

The characteristic of wood waste was descripted in Chapter 3. For MPC particleboard 

production, the wood particles were pre-wetted with 55 wt% water to reach the 

saturated surface dry condition based on the result of water absorption test. The raw 

materials of the MPC binder included the 1400oC-calcined MgO (91.9%, with 3.3% 

SiO2 and 2.8% CaO) obtained from Liaoning province, China; as well as KDP and 

borax (as the retardant) in reagent grade purchased from Tianjian Chemical Reagent 

Factory, China.  

 

6.2.2 MPC Particleboard Manufacture and Reaction Sequence 

There are two stages of setting for cement products: the initial setting allows the loss 

of plastic property, while the final setting enables the development of sufficient 

hardness (Lupu et al., 2007; Wang et al., 2013), where OPC has a long setting time (1-

3 h for initial setting and 5-8 h for final setting). Hence, in view of the literature  (Ding 
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et al., 2012; Chakraborty et al., 2013), the M/P molar ratios in fast-setting MPC pastes 

(i.e., binders) varying from 2 to 9 were examined at a constant water-to-solid ratio 

(0.15) and borax-to-MgO ratio (0.13) (Table 6.1), by mixing MgO, KDP, borax, and 

water in designated amounts according to the preliminary results. The dry pre-mixed 

powders (MgO, KDP, and borax) were fast mixed with water for 1 min by a planetary 

stirrer, which was subsequently poured into steel moulds (20× 20 × 20 mm) for the 

hardening process. The hardened blocks were demoulded after 1 h, followed by a 3-d, 

7-d and 28-d air curing at 20±1°C under 50±5% humidity before performance 

assessments. All the experiments on MPC blocks quadruplicated for quality assurance 

and the average values were reported.  

 

Table 6.1. Paste formulations (wt%) for MPC blocks. 

MPC 

paste 

M/P 

molar 

ratio 

Weight ratio Initial 

setting 

(min) 

Final 

setting 

(min) 
Magnesia KDP Borax Water 

MP2 2:1 

1.000 

1.552 

0.130 

0.402 2.9 5.2 

MP3 3:1 1.034 0.325 2.4 4.7 

MP4 4:1 0.776 0.286 2.2 3.9 

MP5 5:1 0.621 0.263 1.7 3.4 

MP6 6:1 0.517 0.247 1.8 3.5 

MP7 7:1 0.443 0.236 1.9 3.7 

MP8 8:1 0.388 0.228 2.0 3.8 

MP9 9:1 0.345 0.221 2.6 5.0 
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Table 6.2. Mixing order of components for MPC particleboards. 

NO. Addition order Mixture state 

Initial 

setting 

(min) 

Final 

setting 

(min) 

Homogeneity 

Rebounda 

(%) 

1 (B+H)+W+(P+M) Expansion 2.5 5.5 Medium 8.3 

2 (B+H)+(W+P+M) Homogeneous 2.2 4.3 Good 2.7 

3 (P+B+H)+W+M Aggregation 1.8 3.7 Medium 3.7 

4 (P+B+H)+(W+M) Caking 1.5 3.3 Poor 7.3 

5 (P+H)+W+(B+M) Homogeneous 2.3 4.7 Good 3.0 

6 (W+H)+P+(B+M) Homogeneous 2.2 4.5 Good 3.0 

7 (W+H)+(P+B+M) Expansion 2.5 5.8 Medium 16.7 

8 (W+P+B+M)+H Aggregation 1.8 4.0 Medium 2.7 

B: borax; H: water; W: wood particles; P: KDP; M: MgO. 

a Thickness change of particleboards upon pressure release. 

 

6.2.3 Mechanical Properties, Thermal Endurance, and 

Spectroscopic/Microscopic Analyses 

The initial and final setting time of MPC pastes and MPC particleboards were 

measured using the Vicat Apparatus (BS EN 480, 2016). The setting time was counted 

when MgO was in contact with KDP in an aqueous condition (e.g., the beginning of 

the final stir in Order 1; Table 6.2). The rebound of particleboards was calculated 

based on the thickness change after pressure release. A multi-function mechanical 

testing machine (Testometric CXM 500-50 KN) was employed to evaluate the 

mechanical strength in terms of the unconfined uniaxial compressive strength, flexural 

strength, and tensile strength. Thickness swelling and water absorption of 

particleboards were also quantified to indicate the dimensional stability. Statistical 
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analysis was performed using one-way analysis of variance (ANOVA, Duncan 

Significant Difference test, p < 0.05).  

 

The microstructure characteristics and interface chemistry in the MPC blocks and 

MPC particleboards were also analyzed. Similar to OPC-based particleboards 

(Chapter 3), porous structure in terms of porosity, pore size distribution, and pore 

volume of the crushed samples (2.36-5 mm) were assessed by a mercury intrusion 

porosimeter (MIP). The sample morphology (after coating by gold) was observed 

using the scanning electron microscopy with energy dispersive X-ray spectroscopy 

(SEM-EDX). Thermogravimetric analysis (TGA) was performed within the 

temperature range of 100-500 °C at a heating rate of 5°C min-1 under stripping by 

argon. The crystallinity was evaluated by quantitative X-ray diffraction (QXRD) using 

a high-resolution powdered X-ray diffractometer (XRD). Rietveld refinement 

quantitative phase was calculated using the whole powder pattern fitting (WPPF) 

method in the Rigaku’s XRD software (PDXL). 

 

The thermal durability of MPC particleboards was evaluated by heating the samples 

at the elevated temperature (100, 150, 200, 300, or 400°C) for 1 h with a ramping rate 

of 6.6°C min-1 in a furnace.14 After heating, flexural strength, tensile strength, 

thickness swelling, and water absorption were assessed as described above for 

comparison to the unheated samples. Colour change, cracking, and spalling on the 

fracture surface were also recorded as the primary indicators of thermal durability. 
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6.3. Results and Discussion 

6.3.1 Significant Roles of Magnesia-to-phosphate (M/P) Ratio 

In general, the uniaxial compressive strength of MPC blocks (without wood) gradually 

increased with the M/P ratio and it reached the maximum at the ratio of 7 (Figure 

6.1a). The MP2 sample (M/P ratio = 2) attained stable compressive strength of 

approximately 9.2 MPa within a 3-d air curing. In comparison, samples with higher 

M/P ratios exhibited continuous strength development as the curing duration increased 

from 3 days to 7 and 28 days. For example, MP7 showed a remarkable 37% 

discrepancy in the compressive strength between the 3-d and 28-d curing, indicating 

that the increased magnesium proportion allowed further cement hydration reaction 

for strength enhancement. However, excessive M/P ratio (> 7) suppressed both short- 

and long- term mechanical strength. As shown in Table 6.1, samples with M/P ratio 

around 7 also presented relatively short initial setting (1.9 min) and final setting time 

(3.7 min), which benefit rapid shape development given that the time allowed for 

mixing, transferring, and compaction is well controlled. 

 

The TG results suggested that samples with a lower M/P ratio contained more hydrated 

MKP as indicated by the greater weight loss at 100-200°C (Figure 6.1b&c), which 

accounted for the crystal water of MKP apart from the weakly adsorbed water and 

bound water. The low M/P ratio also led to incomplete hydration reaction, as the 

weight loss at 200-300°C corresponded to the unreacted KDP (Ma et al., 2014). In 

particular, the distinctive peak at about 270°C in MP2 indicated the unreacted KDP of 

approximately 2.8 wt% (Figure 6.2c), aligning with the XRD spectra where a sharp 

peak at 23.8o was observed (Figure 6.2a). The wide range of gentle amorphous peaks 

between 26.0o and 34.0o further pointed to the amorphous or ill-structured MKP in 
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MP2. However, as the M/P ratio rose to 7, the well-formed crystalline MKP content 

increased from 8.0 to 17.2% while the amorphous fraction declined from 45.8 to 30.2% 

according to the QXRD results (Figure 6.2b). These suggested the significance of the 

quantity and quality of crystalline MKP resulting from the MPC hydration reactions. 

Our findings also remarked that the MKP formation could be enhanced by increasing 

the Mg proportion, which contributed to the outstanding compressive strength (Figure 

6.1a) (Lu and Chen, 2016). Yet, the large amount of unreacted MgO associated with 

extreme M/P ratios (e.g., 56.4% in MP9; Figure 6.2b) compromised the strength 

enhancement (Figure 6.1a).  

 

The SEM image revealed two distinctive materials in MP2: irregular reticular structure 

(Area 1) and smooth bulk structure (Area 2) (Figure 6.3a).  Area 1 had a Mg:K:P:O 

molar ratio of approximately 1:1:1:5 (Figure 6.3b), pointing to the amorphous MKP 

(MgKPO4·xH2O), while Area 2 showed a ratio 0.4:1:1:4.2, suggesting a mixture of 

unreacted KDP (KH2PO4) and little MgO. In comparison, abundant prismatic crystals 

in MP7 (Area 3) were probably the well-formed crystalline MKP (MgKPO4·6H2O) 

(Mg:K:P:O molar ratio ~1:1:1:7.4) (Figure 6.3c&d), evidencing that high M/P ratios 

benefited the formation and growth of crystalline MKP, in agreement with the TG and 

XRD analysis. Yet, the granular constituents (Area 4) with the high content of Mg and 

O pointed to the presence of unreacted MgO. In consideration of the promising 

physical performances, the M/P ratio of 7 was selected for upcycling contaminated 

wood waste into rapid-shaping MPC-bonded particleboards. 
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Figure 6.1. Compressive strength and TGA of MPC blocks at varying MgO-to-KDP (M/P) 

molar ratios: (a) compressive strength; (b) 7-d air cured TG; (c) 7-d air cured DTG. 
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Figure 6.2.  XRD spectra (a) and QXRD analysis (b) of 7-d air cured MPC blocks at varying 

MgO-to-KDP (M/P) molar ratios. 
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Figure 6.3. SEM image (a) and EDX analysis (b) of 7-d air cured MP2 block; SEM image (c) 

and EDX analysis (d) of 7-d air cured MP7 block (M.R.: molar ratio). 

 

6.3.2 Importance of Sequence of Hydration Reactions 

Our work unprecedentedly demonstrated the significance of reaction sequence in 

determining the performances of MPC particleboards (Figure 6.4a&b). Sample 1 

presented relatively weak flexural strength, probably because the wood waste added 

in Step 2 absorbed water from the borax aqueous solution, transforming to clusters of 

particles that hindered the subsequent reactions. As the kinetics of MPC hydration 

reaction is spontaneous (Viani et al., 2016), MgO and KDP may react vigorously once 

they reached the wet wood surface. Such rapid exothermic reaction generated 

considerable heat (Fu et al., 2016), causing mixture expansion during stirring and 
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notable rebound (8.3%) after pressure release (Table 6.2). In contrast, for Sample 2, 

adding the pre-mixed wood-MgO-KDP to the borax solution may give a more 

homogeneous fluid with the materials evenly dispersed, enabling moderate reaction 

between MgO and KDP over the wood surface to form MKP crystals. This 

significantly reduced the particleboard rebound to 2.7% (Table 6.2) and improved the 

flexural strength to 10.1 MPa after a 7-d curing (Figure 6.4a), which attained the 

required standard of 9 MPa (ISO 8335, 1987). 

 

Similarly, Sample 5 and 6 also exhibited superior flexural strength that met the 

standard requirement (Figure 6.4a) with only trivial rebound (3%; Table 6.2), 

although wet wood clusters were present before the contact with MgO and KDP. The 

addition of the well-mixed borax and MgO may play a more significant role. Borax 

moderated the cement reaction by interacting with MgO as shown in the following 

equations (Fan and Chen, 2014): 

M–OH + B(OH)4
– → M–O–B(OH)3

– + H2O                                                   (Eq. 2) 

H2O + B(OH)3 → B(OH)4
– + H+                                                                      (Eq. 3)  

In the presence of water, the protonated site on MgO (M-OH) reacted with the borate 

ion (B(OH)4
-), resulting in a covalently bonded magnesium-borate compound (M–O–

B(OH)3
–) that could slow down the dissolution rate of MgO (Li et al., 2017). During 

the production of Sample 5 and 6, the uniformly mixed MgO and borax reacted 

immediately upon contact with the wet wood. As a result, the moderate reaction 

between the borate-bound MgO and pre-existing KDP allowed sufficient time to 

develop crystalline MKP that secured the strength of particleboard (initial setting ~2.3 

min; final setting ~4.7 min; Table 6.2). In contrast, for Sample 3 and 4, MgO was 

added to the borax-water matrix after wood waste, which absorbed the water as 
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mentioned above, producing a cake-like mixture that impeded the homogeneous 

mixing of borax and MgO such that ill-formed MKP was produced.  

 

 

Figure 6.4. Flexural strength (a) and thickness swelling (b) of 3-d and 7-d air cured MPC 

particleboards with various mixing orders (B: borax; H: water; W: wood particles; P: KDP; 

M: MgO). 

 



   

122 

 

Changing the three-step (Sample 6) to two-step mixing protocol (Sample 7) resulted 

in lower strength (< 9 MPa; Figure 6.4a) and higher rebound (16.7%; Table 6.2) of 

MPC particleboards, underscoring the importance of a stepwise procedure to 

homogeneous mixing in the presence of wet wood clusters. Similarly, the low strength 

of Sample 8 (Figure 6.4a) could be ascribed to the poor mixing of water and all other 

materials in a single step in view of density discrepancy between wood waste and 

borax. The thickness swelling was inversely correlated to the flexural strength (Figure 

6.4a&b), indicating that products with high mechanical strength were accompanied 

by high dimensional stability. All the tested MPC particleboards reached the standard 

requirement of thickness swelling below 2% (ISO 8335, 1987). 

 

Interestingly, the peaks of struvite-K (MKP) in the XRD spectra of the particleboards 

(Figure 6.5a) were distinctively higher than that in the 7-d MP7 blocks (without wood) 

(Figure 6.2a). The QXRD illustrated that the crystalline MKP content increased by 

74-122% (Figure 6.2b&6.5b), implying that wood waste favoured the MKP 

formation, possibly by providing a platform to allow the MPC reaction and pores to 

foster the growth of crystalline structure (Ma et al., 2014; Zhang et al., 2017). Wood 

waste could also act as a complimentary retarding material by slowly releasing water 

for moderate MPC reaction. The SEM images illustrated that the wood waste was well 

integrated with corrugated amorphous materials, which verified the excellent 

compatibility of MPC with wood (Figure 6a&b). Appropriate amount of amorphous 

phase may be beneficial for gluing the crystals and wood, in agreement with previous 

findings (Ding et al., 2014). 
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Figure 6.5. XRD spectra (a) and QXRD analysis (b) of 7-d air cured MPC particleboards with 

various mixing orders (B: borax; H: water; W: wood particles; P: KDP; M: MgO). 
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Figure 6.6. Morphology of 7-d air cured MPC particleboards with: (a) mixing order 6 - 

(W+H)+P+(B+M) and (b) mixing order 4 - (P+B+H)+(W+M) (B: borax; H: water; W: wood 

particles; P: KDP; M: MgO). 

 

The crystalline MKP content was positively correlated to the flexural strength of MPC 

particleboards (Figure 6.4a&6.6a), confirming it as the key factor in controlling the 

performance as discussed above. Sample 6 contained the highest content of crystalline 

MKP. The SEM images further evidenced robust prismatic crystalline materials in 
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Sample 6 (Figure 6.6a), in contrast to random and irregular crystals in Sample 4 

(Figure 6.6b). As shown in Figure 6.5b, subsequent expansion of Sample 7 (16.7%, 

Table 6.2) may provide some inter-space for the growth of MKP crystals from 

amorphous phase despite its weaker strength (Ding et al., 2012), whereas mixture 

aggregation during fabrication of Sample 8 dampened the MPC reaction and MKP 

crystal formation. 

 

We hereby stressed that MgO should be well mixed with borax before their contact 

with KDP and water on the moist surface of wood waste (Sample 2, 5 and 6), otherwise, 

mixture expansion and demoulding rebound occurred in case of rapid reaction 

between MgO and KDP (Sample 1 and 7) (Table 6.2). In the absence of pre-wetted 

wood, the rapid reaction led to spontaneous setting, mixture aggregation, or even 

caking under marginal borax- or wood-induced retarding effect (Sample 3, 4, and 8). 

In this study, Sample 6 (i.e., (W+H)+P+(B+M)) was the best sequence for subsequent 

analysis. 

 

6.3.3 Enhanced Thermal Durability of MPC Particleboard 

The MPC particleboard could withstand heating up to 100°C for 1 h and maintain 

compliance with the standard requirement of 9 MPa (Figure S6.1a in Supporting 

Information), although increasing exposure temperature gradually reduced strength 

and increased thickness swelling and water absorption. This was substantiated by the 

XRD and SEM results, which confirmed a steady crystalline MKP content in the 

100oC-treated particleboard (Figure 6.7) and unobservable damage in the 

microstructure (Figure S6.2a), respectively. This heating process led to the 

evaporation of partial free water only in view of the small mass loss (3.4%) (Figure 
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S6.3) and slight colour fading (Figure S6.4). Such free water loss resulted in porosity 

enlargement from 32.5% to 34.2% according to the MIP results, particularly for 

capillary pores (Figure 6.8), which could explain the slight strength reduction (Wang 

et al., 2015b). 

 

 

Figure 6.7. XRD spectra (a) and QXRD analysis (b) of 7-d air cured MPC particleboards 
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(Order 6-(W+H)+P+(B+M)) after 1-h exposure to elevated temperatures. 

 

After 1-h heating at 200 °C, the flexural strength of particleboards significantly 

dropped to 7.0 MPa, while the thickness swelling and water absorption notably 

increased (Figure S6.1). The QXRD data showed that the content of crystalline MKP 

reduced by 55.8% (Figure 6.7b), because of the evaporation of water molecules bound 

to the crystals, corresponding to the mass loss of 13% (Figure S6.3) and porosity 

expansion of 6.3% (Figure 6.8). Furthermore, tiny granules were revealed on the 

particleboard surface by SEM imaging (Figure S6.2b), suggesting that most of the 

prismatic crystalline MKP were heat-transformed into scattered powder (Ma et al., 

2014). After 1-h exposure at 300°C, the peaks of MKP totally disappeared (Figure 6.7) 

and the sample surface was largely covered by tiny granules (Figure S6.2c).  

 

Further temperature increase to 400oC resulted in black charcoal on the surface 

(Figure S6.4), and large amorphous peak (28.6o) in the XRD spectra (Figure 6.7). The 

SEM image displayed some hollow structures (Figure S6.2d), while the porosity 

increased by 41.0%, especially for the mesopores and air pores (Figure 6.8). These 

referred to the decomposition of wood skeleton of MPC particleboards at 300-400oC, 

which displayed a higher charring temperature compared to that of pure pinewood 

(190-260oC) (Wang et al., 2016a). The enhanced thermal durability may promote 

applications of MPC particleboards as interior wall panels. More investigations would 

be conducted to evaluate fire resistance in terms of fire rating, flame spread rate, 

ignition point, residual contaminant leachability, and gas emission. 
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Figure 6.8. Differential distribution (a) and cumulative distribution (b) of pore size in 7-d air 

cured MPC particleboards (Order 6-(W+H)+P+(B+M)) after 1-h exposure to elevated 

temperatures (remarks: pore sizes were classified according to Penttala (1989)). 

 

6.4. Conclusions  

This study proposed an innovative approach to transform the contaminated wood 

waste into rapid-shaping particleboards using MPC at various M/P ratio and reaction 

sequence. High M/P ratios generated well-structured prismatic crystalline MKP, 
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whereas low M/P ratios resulted in ill-formed MKP and unreacted KDP due to 

incomplete reaction. Excessive Mg dosage led to the surplus of unreacted MgO. The 

M/P ratio at 7 was considered as the optimal for strength development. We 

demonstrated that MPC presented excellent compatibility with wood waste, which 

served as a platform for hydration reaction between MgO and KDP and provided 

porous structure for the growth of crystalline MKP. The reaction sequence determined 

the hydration products and microstructure, where MgO should be mixed thoroughly 

with borax before reaction with KDP on the wet surface of wood. Under the optimal 

conditions, MPC particleboards presented rapid setting and superior performance in 

flexural strength, dimensional stability, and thermal durability for wide applications, 

such as interior panels, partition wall, and floor/ceiling. After technical validation, the 

economic and environmental feasibility of MPC particleboards should be evaluated in 

future studies. In summary, our findings highlighted the significance of hydration 

chemistry for recycling contaminated wood waste into value-added products.  
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CHAPTER 7. Recycling Wood Waste into Water-

Resistant Magnesia-Phosphate Cement-bonded  

Particleboard Modified by Alumina and Red Mud 

 

7.1. Introduction 

Magnesia phosphate cement (MPC) is an attractive cementitious material to recycle 

the construction wood waste into rapid-shaping cement-bonded particleboard. The 

crystalline and amorphous hydration products of MPC enhanced the bonding with 

wood particles, which acted as a hygroscopic material to moderate the development 

of hydration product, namely magnesium potassium phosphate hexahydrate 

(MgKPO4·6H2O, MKP), within the wood porosity (Wang et al., 2017a). The MPC 

binder showed high tolerance to the wood waste impurities, e.g., water soluble 

extractives and chemical preservatives, which often interfered with the cement 

hydration reaction (Wang et al., 2016a; Wang et al., 2016b; Wang et al., 2017b). The 

synergistic combination of MPC and wood waste produced high-strength 

particleboard with favourable properties such as lightweight and thermal and acoustic 

insulation.  

 

Despite numerous advantages, the application of MPC-containing products may be 

questionable in humid environment due to the instability of MPC in water (Lu and 

Chen, 2016). Previous studies revealed that the MKP crystal and amorphous 

magnesium phosphate decomposed in aqueous medium, accounting for the significant 

reduction of residual strength in the product after long-term water immersion (Shi et 
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al., 2014; Zhang et al., 2017). Moreover, wood waste has a high water absorption 

capacity that may further debase the durability of MPC particleboards in moist 

environment. Although the addition of silica fume, water glass, and water repellent 

during MPC manufacture could improve the resistance against water, the mechanical 

strength declined significantly as an undesirable trade-off (Ding and Li, 2005; Li and 

Chen, 2013).  

 

A range of metal oxides can serve as the alternatives to MgO for metal-phosphate 

cement production, such as calcium oxide, zinc oxide, aluminum oxide, and iron oxide 

(Ambard and Mueninghoff, 2006; Ma et al., 2014; Liu and Chen, 2016; Mikulčić, et 

al., 2016). In particular, we proposed aluminium oxide (Al2O3) and iron oxide (Fe2O3) 

with relatively low solubility as high-potential supplements for improving the water 

resistance of the MPC particleboards. Although their low solubility may hinder the 

spontaneous cement hydration with phosphate (KH2PO4, KDP), the heat released from 

exothermic hydration of MgO may enhance the solubility Al2O3 and Fe2O3 (Wagh et 

al., 2003). Therefore, the combination of MgO and Al2O3/Fe2O3 may improve the 

homogeneity of product matrix by moderating the setting time that is often too fast in 

the MPC systems. Partial replacement of MgO by alumina (Al2O3) also presents 

environmental merits, as it is abundant and does not require energy-intensive sintering 

process, i.e., a potential low-carbon substitute. The use of Fe2O3- and Al2O3-rich red 

mud can further promote the sustainability of MPC particleboard production, because 

it is an aluminium refinery waste that has been considered as a green supplementary 

cementitious material (Liu and Poon, 2016; Kang and Kwon, 2017; Liu and Poon, 

2017; Mymrin, et al., 2017). Therefore, we postulated that the incorporation of 

alumina or red mud could improve the performance of MPC particleboard in humid 
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environment, by retarding the spontaneous MPC hydration process and generating 

insoluble metal-phosphate gels. 

 

In order to develop water-resistant MPC particleboards, this study aimed to: (i) assess 

the effect of alumina and red mud addition on the physicochemical properties of MPC 

blocks; (ii) elucidate the dependence of microstructure and mineralogy on the Mg/Al 

and Mg/Fe ratio; (iii) investigate the relationship between hydration products and 

water resistance; and (iv) evaluate the compatibility of alumina or red mud modified-

MPC with wood waste for producing water-resistant particleboards.  

 

7.2. Materials and Methodology 

7.2.1 Wood Waste, Red Mud, and Chemicals 

The characteristic of wood waste and MPC binder were descripted in Chapter 3 and 

Chapter 6, respectively. In this study, neutral Al2O3 in reagent grade and red mud as 

an industrial waste were employed to partially substitute MgO for modifying the MPC 

block and particleboard. The Al2O3 was purchased from Tianjin Chemical Reagent 

Factory, China. The red mud was obtained from an aluminium refinery in Jiangsu 

Province, which contained 59.3% Fe2O3 as the major mineral oxide, followed by 16.2% 

Al2O3, 9.1% SiO2, and 8.2% TiO2. High concentrations of metals/metalloids were also 

detected, i.e., As (363 mg kg-1), Cu (98.6 mg kg-1), Zn (67.4 mg kg-1), Pb (49.6 mg kg-

1), Ni (39.6 mg kg-1), and Cr (34.2 mg kg-1). Nevertheless, only marginal amounts 

leached from the red mud according to the toxicity characteristic leaching procedure 

(TCLP, US EPA, 1992), where the leachability was as follows: 4.5 mg kg-1 of Cr, 0.23 

mg kg-1 of As, and 0.19 mg kg-1 of Zn from red mud, which were considered non-

hazardous waste.  
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7.2.2 Modified MPC Blocks and Particleboard Manufacture  

For the production of MPC pastes (without wood) for evaluating the binder design, 

constant values of magnesia-to-phosphate (M/P) molar ratio (7), borax-to-MgO ratio 

(0.13), and water-to-solid ratio (0.15) were adopted from previous findings (Wang et 

al., 2017a). To examine the effectiveness of modifiers, neutral alumina was added to 

the MPC paste at a Mg-to-Al (Mg/Al) molar ratio of 12:1, 10:1, 8:1, 6:1, and 4:1, 

while red mud was dosed at a Mg-to-Fe (Mg/Fe) molar ratio of 40:1, 30:1, 20:1, 10:1, 

and 5:1, respectively. The formulae of the modified MPC blocks are shown in Table 

7.1. The pre-mixed powders (MgO, KDP, borax, and alumina or red mud) were fast 

mixed with water for 1 min by a planetary stirrer and subsequently poured into steel 

moulds (20 × 20 × 20 mm) for 1-h hardening process. The demoulded blocks were 

subject to 1-, 3-, 7-, and 28-d air curing at 20±1°C under 50±5% humidity before 

assessment. All the experiments on MPC blocks were quadruplicated for quality 

assurance and the average values with standard deviations were reported.  

 

For manufacturing MPC-wood particleboards, a wood-to-MPC binder ratio of 2:8 

wt/wt (i.e., 1:0.57 v/v) was selected based on the preliminary experiments, whereas 

the optimal Al- and red mud-modified MPC binder formulae were adopted from the 

test results of MPC blocks. Besides, 2 vol% PVA fibres with respect to wood content 

was incorporated to improve the mechanical properties of particleboards, of which the 

density was maintained at 1.65 g cm-3. Sequential addition of materials was required 

to obtain a homogeneous product: wood particles, KDP, and water were mixed for 0.5 

min, followed by the addition of PVA fibres for another 0.5-min stirring. The resultant 

mixture was blended with the dry pre-mixed MgO, borax, and alumina or red mud for 
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0.5 min. The final mixture was placed in a steel mould (160 × 160 × 15 mm) under 

pressure at 4.0 MPa for 5-min hardening. The demoulded particleboards were 

subsequently cured in an air curing chamber (20±1°C and 50±5% humidity) for 7 d. 

Triplicated experiments on the MPC particleboards were conducted. 

 

Table 7.1. Paste formulations (wt%) for MPC blocks modified by alumina or red mud 

incorporation. 

 

Magnesi

a 

Alumina Red mud KDP Borax Water 

Mg/Al=1:0 1.000 0.000 0.000 

0.443 0.130 0.236 

Mg/Al=12:1 0.911 0.089 0.000 

Mg/Al=10:1 0.895 0.105 0.000 

Mg/Al=8:1 0.872 0.128 0.000 

Mg/Al=6:1 0.837 0.163 0.000 

Mg/Al=4:1 0.773 0.227 0.000 

Mg/Fe=40:1 0.949 0.000 0.051 

Mg/Fe=30:1 0.933 0.000 0.067 

Mg/Fe=20:1 0.902 0.000 0.098 

Mg/Fe=10:1 0.822 0.000 0.178 

Mg/Fe=5:1 0.698 0.000 0.302 

KDP: potassium dihydrogen phosphate 

 

7.2.3 Physical Properties, Water Resistance, and 

Spectroscopic/Microscopic/Thermal Analyses 

The initial and final setting time of the modified MPC pastes were measured using the 

Vicat Apparatus (BS EN 480-2, 2006). A multi-function mechanical testing machine 
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(Testometric CXM 500-50 KN) was used to assess the unconfined uniaxial 

compressive strength (BS EN 12390-3, 2009) and flexural strength (ASTM C1185, 

2008). The initial and final setting time of modified MPC pastes were measured using 

the Vicat Apparatus (BS EN 480-2, 2006). The water resistance was evaluated in terms 

of the change in mechanical strength and water absorption (ASTM D1037, 2012) of 

the samples (SSD condition) after water immersion. The durations of immersion were 

1 and 7 d for the MPC blocks, as well as 1, 6, 24, and 72 h for MPC particleboards.  

 

The micro-features and interface chemistry in the MPC products were assessed. 

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) 

was employed to observe the morphology of samples. Thermogravimetric analysis 

(TGA) was performed to study the thermal behaviour, as the temperature rose from 

100 to 500 °C at a rate of 5°C min-1 under argon stripping. The crystallinity was 

measured by means of quantitative X-ray diffraction analysis (QXRD, Rigaku 

SmartLab). The amorphous fraction was determined by adding the internal standard 

(20 wt% CaF2) to the samples. Scanning of samples were conducted over a range of 

10° to 45° 2θ with 3° min-1 at 45 kV and 200 mA. The whole powder pattern fitting 

(WPPF) method in the Rigaku’s XRD software (PDXL) was adopted to calculate the 

Rietveld refinement quantitative phase. 

 

7.3. Results and Discussion 

7.3.1 Alumina As a Substitute of Magnesia 

In general, the uniaxial compressive strength of all MPC blocks (without wood) 

gradually increased with the curing time (Figure 7.1). Their strength after 1-d air 

curing reached approximately 50% of that of 28-d air curing, reflecting the fast-
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hardening ability of MPC. The partial replacement of MgO by Al2O3 enhanced the 

compressive strength, which reached the maximum at the Mg/Al molar ratio of 10:1 

for all tested curing periods, e.g., up to 57.2 MPa after 28-d curing. Although the 

strength declined as the Al2O3 dosage increased further (i.e., Mg/Al < 10:1), the 

performance of Al-modified blocks was still superior or comparable to the unmodified 

MPC block. This implied that a significant portion of MgO can be substituted by the 

natural Al2O3 without compromising the strength of MPC products. 

 

The XRD spectra illustrated that a wide range of crystalline MKP peaks (from 20o to 

22o and from 30o to 34o) existed in the unmodified MPC block (Mg/Al=1:0) (Figure 

7.2a). However, the intensity of these MKP peaks significantly diminished in the Al-

modified MPC samples (Figure 7.2a). This aligned with the TGA results (Figure S7.1, 

Supplementary Figures) that indicated smaller peaks of MKP crystals at the 

temperatures between 70°C and 120°C (Ma et al., 2014). The QXRD results further 

suggested that the MKP fraction declined by 51.1% and 62.6% in the samples with 

Mg/Al ratio of 10:1 and 4:1, respectively, relative to the unmodified MPC block 

(Figure 7.2b). However, the amorphous phase fraction was remarkably higher in the 

Al-modified MPC samples, which might contribute to the outstanding mechanical 

strength (Figure 7.1) by providing additional strength (i.e., overcompensating) for the 

reduced content of crystalline MKP (Lu and Chen, 2016).  
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Figure 7.1. Compressive strength of Al-modified MPC blocks with varying Mg-to-Al molar 

ratios. 

 

The morphologies of Al-modified MPC blocks were observed using SEM, as shown 

in Figure 7.3. The columnar-like crystals with a porous structure were observed in 

unmodified MPC sample, which had a Mg:K:P:O molar ratio of approximately 

1:1:1:6.5 (Figure 7.3b), pointing to the combination of well-formed crystalline MKP 

(MgKPO4·6H2O) and amorphous MgKPO4·nH2O gel, as suggested in a recent study 

(Fan and Chen, 2015). In comparison, a smooth and bulk material with dense structure 

was identified in Area 2 of the sample with Mg/Al = 10:1 (Figure 7.3c). Such dense 

structure might refer to the increased amorphous portion as indicated by the QXRD 

results, accounting for the relatively high compressive strength of the Al-modified 

MPC blocks (Figure 7.1) (Wang et al., 2015a). Area 2 had a Mg:Al:K:P:O molar ratio 

of 0.72:0.23:1.01:1:4.61 (Figure 7.3d), suggesting the formation of Mg0.72Al0.23KPO4. 

As the elemental compositions were distinctive in different areas, probable 
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composition of the dense structure could be speculated as MgxAlyKPO4·nH2O (Fan 

and Chen, 2015). In the sample with Mg/Al = 4:1, abundant rock-like structures were 

observed in Area 3, indicative of the unreacted alumina (Al:O molar ratio of 1.65) that 

impeded the strength development (Figure 7.1). The optimal Mg/Al molar ratio of 10 

was selected for the production of Al-modified MPC particleboard in this study. 

 

 

Figure 7.2. XRD spectra (a) and QXRD analysis (b) of 7-d air cured Al-modified MPC blocks 

with varying Mg-to-Al molar ratios. 
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Figure 7.3. SEM image (a) and EDX analysis (b) of MPC blocks (Mg/Al=1:0); SEM image 

(c) and EDX analysis (d) of Al-modified MPC blocks (Mg/Al=10:1); SEM image (e) and EDX 

analysis (f) of Al-modified MPC blocks (Mg/Al=4:1). 

 

7.3.2 Red Mud Incorporation in MPC Paste 

The compressive strength of red mud-modified MPC blocks gradually increased with 

the proportion of red mud until reaching the Mg/Fe molar ratio of 10:1 for all curing 

ages (Figure 7.4), which was similar to the trend of the Al-modified MPC blocks 
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(Figure 7.1). Interestingly, red mud incorporation extended the initial setting time 

from 1.92 to 2.75 min, as well as the final setting time from 3.75 to 5.67 min for the 

sample at Mg/Fe = 10:1 (Figure S7.2), possibly due to relatively low reactivity of 

Fe2O3 in red mud (Senff et al., 2011; Nie et al., 2016). The use of red mud may reduce 

the dosage of retardant (borax) and achieve more cost-effective production of MPC 

products.   

 

 

Figure 7.4. Compressive strength of red mud-modified MPC blocks with varying Mg-to-Fe 

molar ratios. 

 

The XRD spectra indicated no obvious reduction of crystalline MKP content after red 

mud replacement at Mg/Fe = 10:1 (Figure 7.5a), which differed from the spectra of 

Al-modified MPC block. The amorphous phase content increased by 17.6% according 

to the QXRD results (Figure 7.5b). The significant amount of hydration products 

probably contributed to the high compressive strength of the red mud-modified MPC 
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block (58.7 MPa), which was slightly higher than that of the optimal Al-modified one. 

However, the MKP content significantly dropped by 49.6% at Mg/Fe = 5:1, as 

corroborated by the TGA results (Figure S7.3). The peaks at 21.5, 33.1, and 35.7o in 

the XRD spectra suggested the presence of unreacted hematite (Fe2O3), owing to the 

relatively low reactivity of Fe2O3 in red mud (Senff et al., 2011; Kim et al., 2017). As 

a result, the compressive strength at Mg/Fe = 5:1 was much lower than that at 10:1 

and the unmodified MPC block (Figure 7.4).  

 

The SEM images depicted scaly-like irregular structure in the red mud-modified block 

(Mg/Al = 10:1) (Figure 7.6c), contrasting with the smooth bulk structure in the Al-

modified sample (Mg/Fe = 10:1) (Figure 7.3c). The rough surface of the irregular 

structure may be more conducive to a higher mechanical strength than the smooth 

structure (Figure 7.1 vs 7.4). The EDX results indicated that such irregular structure 

comprised Mg, Al, Fe, K, P, and O in molar ratio of 0.3:0.21:0.42:0.88:1:5, 

corresponding to substance with the formula Mg0.30Al0.21Fe0.42KPO4·H2O. However, 

we may expect the general formula as MgxAlyFezKPO4·nH2O in view of the observed 

variation in the elemental ratio from point to point in the Al-modified block. 

Comparatively, abundant granular structure was observed at Mg/Fe = 5:1, which was 

dominated by Al, Fe, and O according to the EDX results. It was possibly the unreacted 

red mud due to excessive red mud incorporation. For analysis on the red mud-modified 

MPC particleboard, the optimal Mg/Fe ratio of 10 was adopted. 
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Figure 7.5. XRD spectra (a) and QXRD analysis (b) of 7-d air cured red mud-modified MPC 

blocks with varying Mg-to-Fe molar ratios. 
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Figure 7.6. SEM image (a) and EDX analysis (b) of MPC blocks (Mg/Fe=1:0); SEM image 

(c) and EDX analysis (d) of red mud-modified MPC blocks (Mg/Fe=10:1); SEM image (e) 

and EDX analysis (f) of red mud-modified MPC blocks (Mg/Fe=5:1). 

 

7.3.3 Water Resistance of Al- and Red Mud-modified MPC Blocks 

The compressive strength of unmodified MPC block decreased as the duration of 

water immersion prolonged, i.e., strength retention was 95.1% and 86.3% after 1- and 

7-d immersion, respectively (Figure 7.7a&b). The XRD spectra and QXRD results 
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showed that the content of crystalline MKP significantly increased by 162.7% in 

unmodified MPC blocks after 1-d water immersion (Figure 7.8a&d). However, 

substantial decomposition of the amorphous phosphate gel (Figure 7.8d) took place 

as a side effect, which accounted for the observed strength deterioration (Figure 

7.7a&b). This was substantiated by the TGA results showing notable loss of KDP at 

about 240 °C (Figure 7.9a&b). After 7-d immersion, the crystalline MKP content 

decreased (Figure 7.8d), while the soluble KDP fraction further increased (Figure 

7.9a&b). In addition, Mg(OH)2 gel transformed from MgO in aqueous environment 

may cause thickness swelling of the MPC block, reducing the mechanical strength to 

a greater extent (Wang et al., 2016a).  

 

It was noteworthy that the alumina addition significantly improved the water 

resistance (Figure 7.7a&b). The compressive strength of the Al-modified sample 

(Mg/Al = 10:1) was surprisingly enhanced by 3.3-6.7% after 1-d water immersion, 

possibly due to the additional hydration reaction. The QXRD results indicated the 

growth of MKP crystal (Figure 7.8b&d), while no precipitation of KDP 

(decomposition of the amorphous phosphate gel) was observed in the TGA spectra 

(Figure 7.9c&d). This explained the promising water resistance of the amorphous 

MgxAlyKPO4·nH2O gel in this study (Section 7.3.1). Despite the strength deterioration 

after 7-d immersion, the performance of the Al-modified MPC blocks remained 

remarkably higher than that of unmodified MPC (Figure 7.7a&b).  
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Figure 7.7. Compressive strength (a) and strength retention (b) of Al-modified MPC blocks 

after water immersion; compressive strength (c) and strength retention (d) of red mud-

modified MPC blocks after water immersion. 

 

In contrast, red mud-incorporated MPC blocks exhibited lower strength retention than 

unmodified MPC samples after 1-d water immersion (Figure 7.7c&d). This might be 

ascribed to the high water absorption capacity of the unreacted Fe2O3 and clay 

minerals in the red mud-modified samples (Wang et al., 2015b; Zhang et al., 2016). 

The QXRD results showed a remarkable reduction of crystalline MKP content (Figure 

7.8c&d), which was probably transformed to weaker amorphous phosphate 

compounds as no KDP precipitation or other crystalline compounds were detected. 

Interestingly, the compressive strength rebounded after 7-d immersion and the residual 
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strength surpassed that of unmodified MPC samples by 5.1 to 7.3%. Although no 

obvious change appeared in the XRD results, the TG and DTG curves illustrated a 

significant increase in the content of hydrates (70-120°C) (Figure 7.9e&f), suggesting 

that further MPC hydration was facilitated by the long-term water curing (Ma et al., 

2014). The additional hydration products probably induced the strength rebound after 

7-d water immersion (Figure 7.7c&d), which could not be directly detected by XRD 

or TGA analysis and further investigation should be conducted in future studies.  

 

 

Figure 7.8. XRD spectra and QXRD analysis of modified MPC blocks after water immersion: 

(a) MPC blocks (Mg/Al=1:0); (b) Al-modified MPC blocks (Mg/Al=10:1); (c) Red mud-

modified MPC blocks (Mg/Fe=10:1); (d) QXRD analysis of modified MPC blocks.  
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Figure 7.9. TG (a) and DTG (b) analysis of MPC blocks (Mg/Al=1:0) after water immersion; 

TG (c) and DTG (d) analysis of Al-modified MPC blocks (Mg/Al=10:1) after water immersion; 

TG (e) and DTG (f) analysis of red mud-modified MPC blocks (Mg/Fe=10:1) after water 

immersion. 
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7.3.4 Water Resistance of Modified MPC Particleboards 

The water resistance of the MPC-wood particleboards was evaluated. The flexural 

strength of unmodified MPC particleboard gradually decreased from 10.8 to 5.68 MPa 

after 72-h water immersion (Figure 7.10a). Although it fulfilled strength requirement 

of 5.5 MPa for wet particleboards (ISO 8335, 1987), the strength retention of MPC-

wood particleboards (Figure 7.10b) was much lower than that of MPC blocks (Figure 

7.7b). This was attributed to significant swelling of wood upon water absorption, 

which was negatively correlated with the strength retention (Figure 7.10c) in 

agreement with the previous studies (Wang et al., 2016a; Wang et al., 2016b) 

 

The flexural strength of dry Al-modified MPC particleboard (Mg/Al = 10:1) was lower 

than the unmodified MPC particleboard, although it complied with the strength 

requirement of 9 MPa for dry particleboards (ISO 8335, 1987). This contrasted with 

the results of MPC blocks that the addition of alumina improved the strength (Figure 

7.1). Such discrepancy was probably associated with the smooth Mg-Al phosphate gel 

as illustrated in the SEM image (Figure 7.3c), which was unfavourable for bonding 

with wood waste particles. Nevertheless, the Al-modified particleboard presented 

promising water resistance, aligned with the observation for Al-modified blocks 

(Figure 7.10a). After 72-h water immersion, the flexural strength of Al-particleboard 

even surpassed the unmodified MPC particleboards. Its strength retention was 22.8% 

higher and the water absorption was 26.4% lower compared to unmodified MPC 

particleboard after 72-h water immersion (Figure 7.10b&c), implying that additional 

hydration reaction also took place in the wood particleboard. 
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Flexural strength (a), strength retention (b), and water absorption (c) of modified MPC 

particleboards of water immersion. (MP: MPC particleboard; AP: Al-modified MPC 

particleboard; RP: red mud-modified MPC particleboard). (red line at 5.5 MPa: minimum 

required flexural strength for wet cement-bonded particleboards; blue line at 9 MPa: minimum 

required flexural strength for dry cement-bonded particleboards). 

 

In contrast, the red mud incorporation enhanced the flexural strength of dry MPC 

particleboards by 10.8% with respect to the unmodified particleboard (Figure 7.10a). 

This was attributed to the formation of scaly-like irregular Mg-Al-Fe phosphate gel as 

revealed by the SEM image (Figure 7.6c), which enhanced the compatibility with the 

wood waste particles. More importantly, red mud considerably improved the water 

resistance of MPC particleboards (Figure 7.10a). After 24-h and 72-h water 

immersion, there were high strength retention of 70.1% and marginal water absorption 
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of 5.8% (Figure 7.10b&c). The long-term water resistance was superior in red mud-

modified MPC than Al-modified MPC particleboards, which probably originated from 

the additional formation of amorphous hydrates upon long-term water immersion (as 

discussed in Section 7.3.3). The enhanced durability in moist environment may 

promote the applications of MPC particleboards in outdoor environment.  

 

7.4. Conclusions  

This study proposed an innovative approach to transform the wood waste into water-

resistant particleboards using alumina- and red mud-modified MPC. Both alumina and 

red mud incorporation enhanced the mechanical strength of MPC blocks due to the 

formation of amorphous Mg-Al and Mg-Al-Fe phosphate gel, respectively. The molar 

ratio of Mg/Al or Mg/Fe at 10:1 was considered as the optimal for strength 

development. The water resistance of unmodified MPC block was relatively low 

because of the decomposition of MKP crystal and magnesium phosphate gel in 

aqueous medium. The alumina addition notably improved the short-term water 

resistance, whereas red mud addition provided even better long-term water resistance. 

The red mud-modified MPC particleboards presented excellent compatibility with the 

wood waste and improved the water resistance, because of the formation of stable 

scaly-like irregular Mg-Al-Fe phosphate gel. Thus, red mud incorporation could 

extend the application of MPC particleboards for durable outdoor facilities. 
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CHAPTER 8. Conclusions and Recommendations 

 

8.1 Conclusions 

This study has proposed a value-added approach to transform end-of-life formwork 

into high-performance, eco-friendly, and low-cost cement-bonded particleboards. 

Ordinary Portland cement, low-carbon magnesium oxide cement, and fast-setting 

magnesium phosphate cement used as binders were investigated to overcome the low 

wood-cement compatibility. Moreover, accelerator incorporation, CO2 curing, fibre 

addition, and waste material substitution were also assessed to improve the properties 

of particleboards. Functional properties of particleboards, such as flexural strength, 

tensile strength, thickness swelling, water absorption, acoustic insulating, thermal 

insulating and fire resistance, were evaluated to validate the potential application. 

Furthermore, the cement hydration chemistry and microstructure characteristics were 

analysed to reveal different reaction mechanisms of high-performance particleboards.  

 

Therefore, this study developed an innovative, science-informed, and low-carbon 

technology for transforming contaminated wood waste into new and value-added 

materials in a sustainable manner. The major findings are recapped as follows: 

 

1. Chapter 3 proposed a novel approach to recycle wood waste by using OPC into 

value-added cement-bonded particleboards. It articulates the important roles of 

mineralogy and microstructure characteristics in recycling construction waste 

wood into value-added cement-bonded particleboards and suggests different ways 
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to improve the qualities of recycled products. The mineral admixtures could 

effectively improve the wood-cement compatibility. Chloride accelerated the 

precipitation of oxychloride, while sulphate produced calcium sulphoaluminate to 

promote early strength development. Moreover, by optimizing the mixture 

formulation and binder-aggregate-water ratio, the density and porosity of the 

particleboards could be tailored to comply with international standards of 

mechanical strength and dimensional stability. Moreover, added values of good 

insulation of structure-borne noise, low thermal conductivity, and light weight 

enable broad application of the particleboards. The preliminary cost-benefit 

analysis suggested the commercial viability of this novel recycling technology. 

 

2. Chapter 4 investigated the mechanisms and feasibility of eco-friendly CO2 curing 

and basalt fibre reinforcement for accelerating cement reaction and enhancing 

physical properties of the OPC-based particleboards. CO2 curing effectively 

improved the wood-cement compatibility, mechanical strength, dimensional 

stability, and contaminant sequestration by promoting the formation of cement 

hydrates and carbonates in the porous matrix. The moisture content of the 

particleboards played an important role in CO2 curing, which should be precisely 

controlled to strike an optimum balance between cement hydration and accelerated 

carbonation. Moreover, incorporation of basalt fibre was verified as a simple and 

effective method to reinforce the mechanical properties of the particleboards.  

 

3. Chapter 5 presented an innovative method that successfully transformed 

contaminated wood waste into eco-friendly particleboards using low-carbon MOC 

and CO2 curing. Magnesia cement overcame adverse effects of organic matter and 
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presented excellent compatibility with waste wood. In the course of the 

particleboard production, wood particles supplied sufficient porosity for CO2 

diffusion, meanwhile MOC enabled substantial CO2 sequestration. The 2-h CO2 

curing not only accelerated early-stage carbonation to fill in the porous matrix for 

strength enhancement but also enabled carbon sequestration. Moreover, the 

chemistry of MOC and accelerated carbonation improved the fire resistance and 

thermal stability of the particleboard. 

 

4. Chapter 6 elucidated the roles of hydration chemistry and the reaction sequence of 

magnesia-phosphate cement for upcycling construction wood waste into rapid-

shaping cement-bonded particleboards. The results showed that the M/P ratio 

controlled the formation of MgKPO4·6H2O for strength development. Low M/P 

ratios yielded ill-formed MKP, while high M/P ratios produced unreacted magnesia. 

The optimal M/P ratio of 7 presented a much shorter setting time and greater 

compatibility with wood waste than ordinary Portland cement. In MPC 

particleboards, wood may provide a platform for the cement reaction and porous 

structure for harbouring the crystalline products, as well as regulation of the water 

release for moderate MPC reaction. Moreover, the reaction sequence determined 

the hydration products and microstructure, where MgO should be mixed thoroughly 

with borax before reaction with KDP on the wet surface of wood. Under the optimal 

conditions, MPC particleboards presented rapid setting and superior performance 

in flexural strength, dimensional stability, and thermal durability for wide 

applications. 
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5. Chapter 7 proposed a novel use of alumina and red mud to improve the water 

resistance of MPC particleboards. The addition of alumina or red mud (Mg/Al or 

Mg/Fe at an optimal molar ratio of 10:1) facilitated the formation of amorphous 

Mg-Al or Mg-Al-Fe phosphate gel, respectively, which enhanced the compressive 

strength. Alumina improved the short-term water resistance, whereas red mud 

provided better long-term water resistance. Moreover, the red mud-modified MPC 

particleboards presented excellent compatibility with the wood waste and improved 

the water resistance because of the formation of stable scaly-like irregular Mg-Al-

Fe phosphate gel. Thus, red mud incorporation could extend the application of MPC 

particleboards for durable outdoor facilities. 

 

The basic properties of three types of particleboards were listed in Table 8.1. 

Table 8.1. Summary of basic properties of three types of particleboards 

 OPC-based 

particleboard 

MOC-based 

particleboard 

MPC-based 

particleboard 

Standard 

Wood to cement ratio 3:7 3:7 8:2 / 

Density (g cm-3) 1.54 1.37 1.65 <1.84 

Pressure time  24 h 24 h 5 min / 

Flexural strength (MPa) 14.9 11.8 11.6 >9 

Thickness swelling  0.66% 0.85% 0.47% <2.00% 

Material cost (USD/m3) 50.2 67.3 81.6 / 

8.2 Recommendations  

The functional properties of cement-bonded particleboards should be further validated. 

Considering the superior properties of particleboards, interior decorative wall panels 

and noise barriers are two major potential value-added applications. Therefore, the 

notable technique parameters should be assessed in detail. For interior decorative wall 

panels, fire and thermal insulation should be evaluated, e.g., fire rating, flame spread, 
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toxicant emission, thermal conductivity. The fire resistance of particleboards should 

be improved by testing various fire retardants and protective coatings, whereas the 

thermal conductivity should be reduced by adjusting the density, varying the wood-

cement ratio and incorporating fibres. Alternately, for noise barrier applications, the 

various acoustic properties should be evaluated. The acoustic properties could be 

improved by varying the pore structure, mixture formation, and surface treatment.  

 

The production technology should be further optimized. In this study, the fresh mixture 

was compressed in the steel mould at a pressure of 4 MPa for at least 5 min. To enhance 

the production efficiency for continuous production, the rolling press method using 

high-liquid cement (magnesium oxychloride cement and ultra-high performance 

cement) could be investigated. Moreover, for the sake of utilizing industrial exhaust 

CO2 gas from power plants, flow-through CO2 curing should be employed instead of 

compressed pure CO2 gas. In practical exhaust gas conditions, the effects of CO2 

concentration, relative humidity, CO2 pressure, curing period, curing approach (wet-

dry cycling), and gas impurities (SO2 and/or NOx) should be further investigated. 

Furthermore, based on the bench-scale results, the optimum mixture design and 

manufacturing parameters should be further evaluated in the pilot-scale validation. To 

ensure the applicability to different waste formworks, a demonstrative production line 

should be set up in a construction site. Hopefully, the value-added particleboards from 

the on-site production line could be directly used as decorative wall panels in buildings. 

According to the pilot-scale results, technology upgrades will be conducted to simplify 

the process, reduce production costs, enhance production efficiency and improve the 

quality of products. 
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Economic feasibility determines the market of cement-bonded particleboards. The 

cost-benefit analysis of particleboards should take into account disposal costs, 

chemical consumption, energy expenditure, quantity of value-added products and the 

corresponding unit prices, which should be calculated with the present values for 

comparison to the potential use of alternative binders, such as fly ash and silica fume. 

These evaluations should provide quantitative evidence to: (i) justify the economic 

cost savings of the proposed recycling technology with reference to the current 

disposal practices; and (ii) recommend the critical success factors for creating a new 

recycling market for waste formwork. Alternately, environmental impacts are of 

critical consideration in the decision-making process. The proposed technology should 

be evaluated by lifecycle assessment, which accounts for the holistic process flow 

starting from waste wood collection and transfer, through the proposed manufacturing 

processes, versatile product application, and end-of-life disposal. Waste wood disposal 

at landfills will serve as the baseline scenario for comparison. A sensitivity test should 

be conducted with different operational settings, semi-quantitative weightings, and 

variability of the collected/assumed data to justify the environmental significance of 

the operational practices, assumptions and data deviations. The results should provide 

important justifications for future scale-up consideration.   
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Appendix-Supplementary Figures  

 

Figure S3.1.  Tensile strength and water absorption of particleboards at varying 

aggregate-to-cement ratio. 

Figure S3.2.  Tensile strength and water absorption of particleboards at varying water-

to-cement ratio. 

Figure S3.3.  Stress-strain curves of concrete board and particleboard after 28-d 

curing. 

Figure S4.1.  TCLP leachability of cement-bonded particleboard at various curing 

condition. 

Figure S4.2.  Tensile strength and water absorption of cement-bonded particleboards 

produced at various curing conditions. 

Figure S4.3.  Phenolphthalein test of particleboards with different moisture contents 

after 24-h CO2 curing. 

Figure S6.1. Flexural strength, tensile strength, thickness swelling, and water 

absorption of 7-d air cured MPC particleboards (Order 6-

(W+H)+P+(B+M)) after 1-h exposure to elevated temperatures. 

Figure S6.2. Morphology of 7-d air cured MPC particleboards after 1-h exposure to 

elevated temperatures. 

Figure S6.3. Mass change of 7-d air cured MPC particleboards after 1-h exposure to 

elevated temperatures. 

Figure S6.4. Colour changes of 7-d air cured MPC particleboards after 1-h exposure 

to elevated temperatures. 

Figure S7.1. TG and DTG analysis of 7-d air cured Al-modified MPC blocks with 

varying Mg-to-Al molar ratios. 
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Figure S7.2. Setting time of red mud-modified MPC mortars with varying Mg-to-Fe 

molar ratios. 

Figure S7.3. TG and DTG analysis of 7-d air cured red mud-modified MPC blocks 

with varying Mg-to-Fe molar ratios. 
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Figure S3.1. Tensile strength (a) and water absorption (b) of particleboards at varying 

aggregate-to-cement (A/C) ratio (Agg: aggregate; Control: without accelerator; Others: 2% 

CaCl2). 
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Figure S3.2. Tensile strength (a) and water absorption (b) of particleboards at varying water-

to-cement (W/C) ratio. 

 

 

  



   

185 

 

 

Figure S3.3.  Stress-strain curves of concrete board and particleboard after 28-d curing. 
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Figure S4.1. TCLP leachability of cement-bonded particleboard at various curing condition. 
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Figure S4.2. Tensile strength (a) and water absorption (b) of cement-bonded particleboards 

produced at various curing conditions (M: moisture content). 
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Figure S4.3. Phenolphthalein test (pH indicator) of particleboards with different moisture 

contents after 24-h CO2 curing. 
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Figure S6.1. Flexural strength (a), tensile strength (b), thickness swelling (c), and water 

absorption (d) of 7-d air cured MPC particleboards (Order 6-(W+H)+P+(B+M)) after 1-h 

exposure to elevated temperatures. 
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Figure S6.2.  Morphology of 7-d air cured MPC particleboards (Sample 6-(W+H)+P+(B+M)) 

after 1-h exposure to elevated temperatures: (a) 100oC, (b) 200oC, (c) 300oC, and (d) 400oC. 
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Figure S6.3. Mass change of 7-d air cured MPC particleboards (Order 6-(W+H)+P+(B+M)) 

after 1-h exposure to elevated temperatures. 
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Figure S6.4. Colour changes of 7-d air cured MPC particleboards (Order 6-(W+H)+P+(B+M)) 

after 1-h exposure to elevated temperatures: (a) 20oC, (b) 100oC, (c) 200oC, (d) 300oC, and (e) 

400oC. 
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Figure S7.1. TG (a) and DTG (b) analysis of 7-d air cured Al-modified MPC blocks with 

varying Mg-to-Al molar ratios. 
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Figure S7.2. Setting time of red mud-modified MPC mortars with varying Mg-to-Fe molar 

ratios. 
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Figure S7.3. TG (a) and DTG (b) analysis of 7-d air cured red mud-modified MPC blocks 

with varying Mg-to-Fe molar ratios.  


