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ABSTRACT 

Geopolymers are commonly produced by the alkaline activation of aluminosilicate materials, 

such as fly ash and metakaolin. However, adding wood in an alkaline environment, such as that 

found in a geopolymer, may lead to the simultaneous leaching of various extracts and structural 

and non-structural polysaccharides as well as the cross-effects of these substances in affecting 

the geopolymer matrix, making it more complicated to understand the mechanism of 

polymerization/hardening of the geopolymer wood composite (GWC). The influence of 

extractives and the bonding of wood to the geopolymer matrix may differ among wood species 

due to the complexity and variation within wood. Moreover, the varying moisture content and 

hydrophilicity of wood (An intrinsic wood property) can affect the production of GWC as well 

as its final properties. 

The present thesis investigated how wood inherent properties and wood material preprocessing 

affect the properties of geopolymer wood composites. Class F Fly ash from coal and metakaolin 

were used as aluminosilicate precursor materials for the studies. The precursors were activated 

with a combination of sodium silicate and sodium hydroxide solution at a weight ratio of 2.5:1. 

The wood materials used included wood particles from pine and eucalypt, softwood fibers, 

C100 softwood flour, rotary veneer (spruce and beech) as well as wood extractives from 

softwood (i.e. pine and spruce), hardwood (i.e. eucalypt species (E. grandis and E. 

camaldulensis) and acacia species (A. mearnsii and A. saligna). The influence of specific 

extractives such as polyphenols, resin and fatty acids on the strength of pure geopolymer was 

also tested. Wood material preprocessing includes moisture conditioning of wood flour (i.e. 0 

to 90% moisture content), hot water and NaOH pretreatment of wood particles as well as 

sanding of the wood veneer with grit sizes P60, 100 and 180. 

From the results, physical properties (i.e. water absorption, apparent porosity and density) and 

strength (i.e. compressive and specific compressive strength) of the GWC were affected by the 

wood species used in composite manufacture. In general, the physical properties and strength 

of pine-based composites were lower than eucalyptus ones. However, with hot water 

pretreatment of the wood particles, there was a 27% and 3% increase in the specific strength 

of pine-based and eucalyptus-based composites respectively. With 1% NaOH pretreatment of 

pine sapwood and heartwood particles, there was a significant increase in the specific strength 

of the GWC with sapwood but no significant increase in strength of those with heartwood. The 

specific strength of pure fly ash-based geopolymer with hardwood extractives was not 
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significantly different from the control (i.e. pure fly ash-based geopolymer without extractive). 

However, there was a reduction in the specific strength of those containing softwood 

extractives from pine and spruce with the former having the highest reduction. Furthermore, 

all the tested polyphenols, resin and fatty acids recorded lower specific strengths when 

compared to the control without any extractive. Since all extractive compounds investigated in 

this study reduced the specific strength of the geopolymer, the combined effect of these specific 

extractives could even be greater. 

During this study, it was found that water, which became a part of the GWC (i.e. structurally 

bound water), was not able to be removed after drying at 103 degrees. A higher initial MC of 

the wood flour used in producing GWC led to an increase in structurally bound water. The 

SEM images showed that forming fly ash-based GWCs using a higher wood MC led to inferior 

interface bonding (gaps) between the fly ash-based geopolymer matrix and the wood. 

Generally, the GWC with dried wood flour (≈0% MC) recorded the highest specific strength 

and lowest porosity. Additionally, the fiber pullout test was modified by using spruce and beech 

wood veneer to determine the interfacial bonding strength of metakaolin-based geopolymer-

wood composites. In comparison with beech, the geopolymer displayed a higher interfacial 

bonding strength with spruce. By sanding with 60-grit sandpaper, an increase in the interfacial 

bond strength was successfully achieved, brought about by strong mechanical interlocking at 

the interface, this being confirmed by microscopy imaging. It was found out that dimensional 

changes in wood played a key role in the bonding of both spruce and beech veneer to the 

metakaolin-based geopolymer. Finally, using fly ash and metakaolin as discrete precursors, the 

present thesis investigated the effects of wood type (wood fibers and flour) and mixing 

parameters on strength and density profiles. Fly ash-based and metakaolin-based 

GWCs showed a nearly constant density profile and similar strength in all mixtures. In 

conclusion, when to add what raw material is of little importance in the formulation of 

geopolymer wood fiber/ flour composites, on the condition that the mixing time and amount of 

raw materials remain the same. This gives more flexibility during composite formulation or 

production. 
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Kurzfassung  

Geopolymere werden in der Regel durch die alkalische Aktivierung von 

Alumosilikatmaterialien wie Flugasche und Metakaolin hergestellt. Die Zugabe von Holz in 

einer alkalischen Umgebung wie in einem Geopolymer kann jedoch zur gleichzeitigen 

Auslaugung verschiedener Extrakte, struktureller und nicht-struktureller Polysaccharide und 

zu Kreuzwirkungen dieser Substanzen auf die Geopolymermatrix führen, was das Verständnis 

des Mechanismus der Polymerisation/Härtung des Geopolymer-Holz-Verbundstoffs (GWC) 

erschwert. Der Einfluss der Extraktionsmittel und die Bindung des Holzes an die 

Geopolymermatrix kann sich aufgrund der Komplexität und der Variationen innerhalb des 

Holzes von Holzart zu Holzart unterscheiden. Darüber hinaus können der unterschiedliche 

Feuchtigkeitsgehalt und die Hydrophilie des Holzes (d. h. eine intrinsische Holzeigenschaft) 

die Herstellung von GWC sowie seine endgültigen Eigenschaften beeinflussen. 

In der vorliegenden Arbeit wurde untersucht, wie sich die inhärenten Eigenschaften von Holz 

und die Vorverarbeitung des Holzmaterials auf die Eigenschaften von Geopolymer-Holz-

Verbundwerkstoffen auswirken. Für die Untersuchungen wurden Flugasche der Klasse F aus 

Kohle und Metakaolin als Aluminosilikat-Vorstufenmaterialien verwendet. Die Vorprodukte 

wurden mit einer Kombination aus Natriumsilikat und Natriumhydroxidlösung im 

Gewichtsverhältnis 2,5:1 aktiviert. Zu den verwendeten Holzmaterialien gehören Holzpartikel 

aus Kiefer und Eukalyptus, Weichholzfasern, C100-Weichholzmehl, Schälfurnier (Fichte und 

Buche) sowie Holzextrakte aus Weichholz (d. h. Kiefer und Fichte) und Hartholz (d. h. 

Eukalyptusarten (E. grandis und E. camaldulensis) und Akazienarten (A. mearnsii und A. 

saligna). Der Einfluss spezifischer Extrakte wie Polyphenole, Harz und Fettsäuren auf die 

Festigkeit von reinem Geopolymer wurde ebenfalls getestet. Die Vorbehandlung des 

Holzmaterials umfasst die Konditionierung des Holzmehls auf einen Feuchtigkeitsgehalt von 

0 bis 90 %, die Vorbehandlung der Holzpartikel mit heißem Wasser und NaOH sowie das 

Schleifen des Holzfurniers mit den Körnungen P60, 100 und 180. 

Die Ergebnisse zeigen, dass die physikalischen Eigenschaften (d. h. Wasseraufnahme, 

scheinbare Porosität und Dichte) und die Festigkeit (d. h. Druckfestigkeit und spezifische 

Druckfestigkeit) des GWC durch die bei der Verbundstoffherstellung verwendete Holzart 

beeinflusst wurden. Im Allgemeinen waren die physikalischen Eigenschaften und die 

Festigkeit von Verbundwerkstoffen auf Kiefernbasis geringer als die von Eukalyptus. Durch 

eine Vorbehandlung der Holzpartikel mit heißem Wasser konnte die spezifische Festigkeit von 

Verbundwerkstoffen auf Kiefern- bzw. Eukalyptusbasis jedoch um 27 % bzw. 3 % erhöht 
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werden. Bei einer 1%igen NaOH-Vorbehandlung der Kiefernsplint- und -kernholzpartikel kam 

es zu einer signifikanten Erhöhung der spezifischen Festigkeit der GWC mit Splint, aber zu 

keiner signifikanten Erhöhung der Festigkeit derjenigen mit Kernholz. Die spezifische 

Festigkeit von reinem Geopolymer auf Flugaschebasis mit Hartholzextrakten unterschied sich 

nicht signifikant von der Kontrolle (d. h. reines Geopolymer auf Flugaschebasis ohne Extrakte). 

Die spezifische Festigkeit von Geopolymeren, die Weichholzextrakte aus Kiefer und Fichte 

enthielten, nahm jedoch ab, wobei erstere die stärkste Verringerung aufwiesen. Darüber hinaus 

wiesen alle getesteten Polyphenole, Harze und Fettsäuren niedrigere spezifische Festigkeiten 

im Vergleich zur Kontrolle ohne Extraktionsmittel auf. Da alle in dieser Studie untersuchten 

Extraktionsmittel die spezifische Festigkeit des Geopolymers verringerten, könnte die 

kombinierte Wirkung dieser spezifischen Extraktionsmittel sogar noch größer sein. 

In dieser Studie wurde festgestellt, dass Wasser zu einem Teil des GWC wurde (d. h. strukturell 

gebundenes Wasser), das nach der Trocknung bei 103 Grad nicht entfernt werden konnte. Eine 

höhere anfängliche MC des Holzmehls, das zur Herstellung von GWC verwendet wurde, führte 

zu einem Anstieg des strukturell gebundenen Wassers. Die REM-Bilder zeigten, dass die 

Bildung von GWC auf Flugaschebasis mit einer höheren Holz-MC zu einer schlechteren 

Grenzflächenbindung (Lücken) zwischen der Geopolymermatrix auf Flugaschebasis und dem 

Holz führte. Im Allgemeinen wiesen die GWC mit getrocknetem Holzmehl (≈0% MC) die 

höchste spezifische Festigkeit und die geringste Porosität auf. Darüber hinaus wurde der 

Faserauszugstest durch die Verwendung von Fichten- und Buchenfurnier modifiziert, um die 

Grenzflächenhaftung von Geopolymer-Holz-Verbundwerkstoffen auf Metakaolinbasis zu 

bestimmen. Im Vergleich zu Buche zeigte das Geopolymer eine höhere Grenzflächenhaftung 

mit Fichte. Durch Schleifen mit Schleifpapier der Körnung 60 konnte die Grenzflächenhaftung 

aufgrund einer starken mechanischen Verzahnung an der Grenzfläche erfolgreich erhöht 

werden, was auch durch mikroskopische Aufnahmen bestätigt wurde. Es wurde festgestellt, 

dass Dimensionsänderungen im Holz eine Schlüsselrolle bei der Verbindung von Fichten- und 

Buchenfurnier mit dem Geopolymer auf Metakaolinbasis spielen. Schließlich wurden in der 

vorliegenden Arbeit unter Verwendung von Flugasche und Metakaolin als diskrete 

Ausgangsstoffe die Auswirkungen der Holzart (Holzfasern und -mehl) und der 

Mischungsparameter auf Festigkeits- und Dichteprofile untersucht. Flugasche- und 

Metakaolin-basierte GWCs zeigten ein nahezu konstantes Dichteprofil und ähnliche Festigkeit 

in allen Mischungen. Zusammenfassend lässt sich sagen, dass es bei der Formulierung von 

geopolymeren Holzfaser-Mehl-Verbundwerkstoffen nicht wirklich darauf ankommt, wann 

man welchen Rohstoff hinzufügt. Dies gilt, solange die Mischzeit und die Menge der Rohstoffe 
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gleich bleiben. Dies bietet mehr Flexibilität bei der Formulierung oder Herstellung von 

Verbundwerkstoffen. 
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CHAPTER 1 

INTRODUCTION 

Wood-based composites can be classified based on the polymers used as binder or matrix 

material. Conventional wood-based composite products, like high or medium density 

fiberboard and particleboard, use thermoset resins to bind the wood together. In Europe, wood-

based composites based on thermoplastic polymers are commonly referred to as wood plastic 

composites. The binding agents for the wood components in these composites are 

thermoplastics such as polyethylene or polypropylene. In contrast to thermoplastic resins, 

thermoset resins occur in a liquid state prior to processing and form rigid solids after curing. 

After curing, unlike thermoplastics, they do not melt again. This calls for different processing 

technologies when manufacturing these composites. 

Inorganic bonded wood composites (IBWC) remain as one group of materials utilized in the 

building and construction sector. Examples of IBWC include ceramic-bonded, gypsum-

bonded, Magnesia-bonded and Portland cement-bonded wood composites. Common 

applications of IBWC include flooring, tiling, prefabricated houses, façade, ceilings, and 

exterior and partition walls. However, cement-bonded wood composites dominate the market 

share of IBWC (Sarmin et al. 2014). Ordinary Portland cement (OPC) remains the main 

binding agent in these composites. It is an undisputed fact that the production of OPC remains 

one of the major contributors of CO2 emissions (Li et al. 2019b). With the keen search to find 

suitable replacements for this binder, recent research has shown that geopolymer, an alkali 

activated cement, serves as a possible alternative (Zhao et al. 2007; Giancaspro et al. 2009; 

Giancaspro et al. 2010).  
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Geopolymer wood composite (GWC) consists of a geopolymer binder serving as the matrix 

material with a wood component as a filler or reinforcement. GWC serves similar purposes as 

with all other inorganic bonded wood composites. The fact that the matrices part of GWC (i.e. 

geopolymers) are mostly produced from industrial residues such as coal fly and bottom ashes 

(Morla et al. 2021), aluminum waste (Leiva et al. 2019), furnace slag (Bouaissi et al. 2019) and 

mineral soils such as metakaolin (Medri et al. 2020) and red mud (Li et al. 2019a), put these 

materials at a great advantage over other IBWC. Whereas many of the IBWCs had been 

established commercially in the early 1900s, most of the works under GWC remain in the 

research and development phase. Some of the core difficulties in production and 

commercialization of standardized products are the variation in the sources of the 

aluminosilicate binder and the cost alkaline solution or the hardener reagent. However, in the 

last decades, research has been ongoing to ascertain the best way of utilizing this binding agent 

in IBWC (Berzins et al. 2017; Olayiwola 2021; Sarmin and Welling 2016; Sarmin 2016; Al 

Bakri Abdullah et al. 2012).  

1.1 Geopolymer matrix synthesis and chemistry 

At a high pH and in the presence of soluble alkali metal silicates, materials containing 

aluminosilicate oxides such as fly ash, slag, metakaolin etc. are dissolved into individual 

alumina and silicate species followed by the copolymerization (i.e. polycondensation) of the 

species to form a hardened product called a geopolymer (Purbasari et al. 2018). These reactions 

result in a three-dimensional tecto-aluminosilicate framework (Davidovits 1989) with the 

general formula: 

Mn[-(SiO2)z-AlO2]n.wH2O 
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Where M represents a cation (K+, Na+, Ca2+ etc.), n is the degree of polycondensation, z is 1, 2, 

3 or >3 and w is the amount of binding water. 

 

Such frameworks are called polysialates, where sialate stands for the silicon oxo- aluminate 

building unit. The sialate network consists of SiO4 and AlO4 tetrahedras linked by sharing all 

oxygen atoms (Fig. 1.1). Positive ions (Na+, K+, Li+, Ca2+, Ba2+, NH4, H3O
+) must be present 

to balance the negative charge of Al in 4-fold coordination. Chains and rings may be formed 

and (Halas et al. 2011) cross-linked together, always through a sialate Si-O-Al bridge. The 

charge-balancing by cations is important in determining the structural integrity and fragility of 

geopolymers (Saidi et al. 2013). 

 

 

Fig. 1.1 Geopolymer systems based on the number of siloxo Si-O units [Photo adapted from 

Lan et al. 2022] 

 

In most cases, cations are contributed by an alkali-silicate solution, which usually incorporates 

alkaline hydroxides (NaOH or KOH) and silicates (Na2SiO3 or K2SiO3) (Barbosa et al. 2000; 

Xu and van Deventer 2002). The alkali hydroxide is required for the dissolution of 
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aluminosilicates, while the alkali silicate acts as a binder, alkali activator, and dispersant or 

plasticizer (Komnitsas and Zaharaki 2007). In addition, a certain amount of SiO2 is supplied 

by the alkali silicate solution for the geopolymerization reaction (Singh et al. 2005). 

 

Depending on the setting conditions, geopolymer compounds can be either crystalline or 

amorphous. At ambient temperature setting, the structure becomes amorphous, while 

crystalline poly (sialate) and poly (sialate-siloxo) result from hydrothermal setting conditions 

(Davidovits 1991). The silica to aluminum ratio has a great influence on the properties (esp. 

the strength) of the geopolymer. This ratio is greatly influenced by the aluminosilicate 

precursor material and the concentration of the alkali activator solution. However, it was 

established that not all the silica and aluminum ions react during the geopolymerization process 

(Fernández-Jiménez et al. 2006).  The same discovered in an experiment using three different 

fly ashes from different steam power plants, that the percentage of reactive silica was the same 

in all systems but the percentage of reactive aluminum varied.  

 

Alkaline activators such as potassium hydroxide, potassium silicate, sodium silicate, sodium 

hydroxide, sodium carbonate, sodium phosphate, and combinations of these activators 

(Bakharev et al. 1999; Purbasari et al. 2018)  have all been used in the synthesis of 

geopolymers. However, a combination of sodium silicate and sodium hydroxide dissolved in 

water remains the most common alkaline solution activator used. Several synthesis and post-

synthesis temperatures have been reported in the literature, ranging from room temperature 

curing to about 100°C, using different time intervals. However, the final geopolymer properties 

are very much dependent on the raw materials and the synthesis conditions i.e. chemical 

composition and morphology of the solid reactant (van Jaarsveld et al. 2002; Steveson and 

Sagoe-Crentsil 2005; van Deventer et al. 2007), SiO2/Na2O molar ratio (Dimas et al. 2009), 
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curing temperature (Sindhunata et al. 2006; Bakharev 2005a), Na/Al ratio (Steveson and 

Sagoe-Crentsil 2005; Bakharev 2005a), water and soluble silicon in the aqueous phase, and 

alkali metal in the activation liquid (Steveson and Sagoe-Crentsil 2005; van Jaarsveld and van 

Deventer 1999). 

 

1.2 Kinds of geopolymers (matrix) 

Geopolymers are amorphous and are made up of mineral compositions containing high 

amounts of aluminium (Al) and silicon (Si). They are made from natural minerals such as 

kaolite and metakaolin, found in industrial wastes such as slag, biomass and coal fly and bottom 

ashes (Davidovits 1991; Cheah et al., 2015; Villaquirán-Caicedo and Gutiérrez, 2015) as the 

precursor aluminosilicate material. Geopolymer matrices are classified based on the precursor 

or starting raw material. However, the homogeneity and consistency of metakaolin and the 

abundance and ready availability of fly ashes, have made these two precursor materials the 

most commonly used in the synthesis of a geopolymer.  

 

1.2.1 Fly ash and fly ash-based geopolymer 

The wide scale of coal burning for energy makes fly ash an industrial waste available all over 

the world. In coal combustion, fly ash is collected in the chimney by electrostatic precipitators, 

while bottom ash is collected from the boilers.  Of the coal ash generated, about 80% is fly ash 

with 20% being bottom ash (Kim and Lee). The annual production of fly ash in the world is 

estimated to be around 700 Mt (million tons) (Ferreira et al. 2003). 

 

Fly ash mainly consists of Fe2O3, SiO2, Al2O3, with some potential toxic substances such as 

heavy metals from the coal and polyaromatic hydrocarbons that condense from the flue gas 

(Missengue et al. 2017). The coal’s source, age, particle size, and combustion process all 
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influence the chemical composition and physical properties of fly ash. Fly ash has mainly been 

used as a replacement for Ordinary Portland cement (OPC) due to its beneficial properties, 

especially with respect to its high compressive strength compared to OPC (Abdullah et al. 

2011). The incorporation of fly ash into OPC serves as a major industrial application for this 

inorganic residue in most countries (Rohde et al. 2006). There is a high probability that the 

quantity of fly ash will increase as a result of the low utilization potential and the operation of 

new coal-based thermal power plants, especially in developing countries (Izidoro et al. 2012). 

The replacement of OPC with fly ash up to 60% by mass is a notable development (Kumar et 

al. 2007).  

 

In order to minimize waste and achieve a cleaner production process, more research is being 

conducted on fly ash as a precursor material for geopolymers. Most coal fly ashes are made up 

of an inhomogeneous mix of aluminosilicate and silica glasses together with small amounts of 

crystalline materials including mullite, quartz, hematite and magnetite (Song et al. 2000). The 

physical characteristics of fly ashes such as particle size distribution and particle fineness are 

the determining factors regarding their reactivity (Krizan et al. 2002). 

 

Even though fly ash is one of the most popular precursors in geopolymer production, there is a 

notable variation in not only the chemical composition, but also the particle size and 

morphology (Zhuang et al. 2016). These qualities depend on the coal or fuel type used in the 

combustion process, the chemical composition as well as the combustion conditions 

(Fernández-Jiménez and Palomo 2003; Zhuang et al. 2016).  

 

These properties and variations have a profound impact on the chemical and mechanical 

properties of the resulting geopolymer. In addition, the amount of unburned carbon content 
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within the fly ash, as well as the ratio of Si to Al play a major role in the geopolymerization 

process, and therefore are decisive as regards the strength and thermal properties of the 

resulting geopolymer (Fernández-Jiménez and Palomo 2003). According to Nath and Sarker 

(2014), the particle size and surface area of the ash particles have a profound effect on the 

reaction rate during geopolymerization. The smaller ash particle size results in a faster reaction 

time and subsequent curing time. The particle size also influences the resulting reaction 

products, which in turn influence the mechanical properties of the geopolymer (Rosas-Casarez 

et al. 2018). While initial steps have been made by the American Society for Testing and 

Materials to classify fly ashes, their grouping theory merely differentiates based on Ca content 

(Karayannis et al. 2018). While this is an important variable for the creation of geopolymers, 

the classification system is nowhere near exact enough to produce geopolymers with 

predictable qualities, as can be seen from the number of impactful variables mentioned above. 

One important technological challenge for the mass application of fly ash geopolymer is the 

high variation in the quality of ash itself ( Komljenović et al. 2009; Vassilev and Vassileva 

2009) as different ages, source, type and combustion conditions affect the obtained ash. 

 

1.2.2 Metakaolin and metakaolin-based geopolymer 

In contrast to fly ash-based geopolymers, where in most cases temperature post treatment is 

required (Palomo et al. 2004; Fernández-Jiménez and Palomo 2005), metakaolin remains the 

most used powdery solid precursor material for geopolymers where hardening has to take place 

at room temperature (Vogt et al. 2019). Metakaolin, also referred to as thermally treated 

kaolinite, is rich in amorphous SiO2 and Al2O3 with a molar ratio of Si to Al of about 1, and 

displays a high reactivity, making it a great source material for the creation of geopolymers 

(Seiffarth et al. 2013; Ogundiran and Kumar 2015). According to Provis et al. (2010) the high 
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reactivity of the metakaolin results from the morphology and high specific surface area of the 

calcined kaolin particles.  

 

Aside from the morphology and surface area of kaolinite, Fernandez et al. (2011) reported that 

the high content of hydroxyl groups in the structure also contributes to the high reactivity. 

Unlike fly ash material, the nature and morphology of metakaolin results in a high water 

demand by the powder (Provis et al. 2010) and a high viscosity of the resulting geopolymer 

paste (Cassagnabère et al. 2013). As the water needs to be expelled during the curing process, 

the higher water demand for metakaolin powder results in a higher porosity of metakaolin 

geopolymers.  

 

In comparison to OPC, metakaolin requires far lower calcining temperatures and emits as little 

as 10 to 20% of the amount of CO2 during calcination (Rovnaník 2010). Like all other 

geopolymers, the properties of metakaolin geopolymers depend on a variety of factors. For 

example, high Si to Al ratios negatively affect the density and physical strength properties of 

the final geopolymer (Duxson et al. 2005). The curing temperature has a profound effect on the 

hardening of metakaolin geopolymers (Rovnaník 2010; Chen et al. 2016). According to Chen 

et al. (2016), the optimal curing temperature for a metakaolin-based geopolymer is 60 °C, while 

Rovnaník (2010) stated that curing at 10 °C can increase the setting time by a factor of almost 

20 when compared to ambient conditions. However, once fully hardened this does not affect 

the long-term mechanical properties. Nevertheless, higher long-term curing temperatures 

reduce the hardening time but cause a decrease in mechanical strength, although short influxes 

of temperature during curing can reduce the setting time without affecting the long-term 

mechanical properties (Rovnaník 2010). 
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1.2.3 Acid-based geopolymers 

It is worth mentioning that geopolymers can also be categorised based on the solution used in 

the synthesis i.e. alkali solutions (such as NaOH/KOH with or without Na2SiO3/K2SiO3) or 

acid solution (such as phosphoric acid). [SiO4] 
4−  is partially replaced by [PO4]

5−  in the 

morphology of acid-based geopolymers to form a Si-Al-P binder system, that has stronger 

bonding and better properties, including stronger compression strength, lower efflorescence, 

and higher thermal stability than an alkali-based geopolymer ( Guo et al. 2016; Wang et al. 

2017; Zhang et al. 2020a). The raw materials for the phosphate-based geopolymer mainly come 

from some calcined clay (e.g., metakaolin [Douiri et al. 2014], laterite [Lassinantti-Gualtieri et 

al. 2015], and halloysite [Zhang et al. 2020a]). 

 

Conversely, the limited availability of the precursors (i.e. the natural minerals), makes large-

scale production and application challenging (Wan et al. 2022). As a result of identifying 

precursors that have similar chemical properties, the raw materials for phosphate-based 

geopolymers can be extended beyond natural minerals to industrial wastes (Wan et al. 2022). 

In addition, Mathivet et al. (2021) reported that phosphate-based geopolymers are difficult to 

use for complex shapes due to the high viscosity of their reactive mixture. Nonetheless, the 

same authors stated that this could be overcome by the addition of water to the formulation. 

However, the present studies focused on a geopolymer produced using an alkaline solution.  

 

1.3 Geopolymerization process 

Fig. 1.2 describes the process of geopolymerization. Taking the reaction mechanism of alkali-

activated silica-alumina phase components into account, Krivenko and Kovalchuk (2007) and 

Shi et al. (2011) proposed a five-stage model for the reaction process, consisting of dissolution, 

precipitation, recombination, gelation and polycondensation. These stages occur almost 
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simultaneously during the formation of the geopolymer and it is difficult to distinguish between 

the specific processes (Duxson et al. 2007). However, Zuhua et al. (2009) grouped these stages 

into two main periods: I- dissolution–hydrolysis and II- hydrolysis–polycondensation. Wang 

et al. (2005) and Zuhua et al. (2009) also confirmed that these two periods probably occur 

simultaneously once the solid material is mixed with the liquid solution (activator) making the 

exact separation of the periods difficult. For the sake of explanation and understanding, both 

periods will be explained separately. 

 

 

Fig. 1.2. Geopolymerization reaction process [Photo adapted from Zhang et al. 2020c] 

 

The geopolymerization process starts with the dissolution of silicon and aluminum ions in the 

precursor aluminosilicate material. Once the precursor material comes into contact with the 

alkaline solution during mixing the process, it is activated. This indicates that the hydroxides 

are crucial in this stage, as pure water cannot activate this process (Fernández-Jiménez et al. 
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2006). The hydroxide concentration in the alkaline solution hydrolyzes or breaks the Si-O-Si, 

Al-O-Al, and Si-O-Al bonds that are present in the glasslike phase of the precursor binder and 

releases silica and aluminum ions in the solution. The free silicon and aluminum ions then form 

Si-OH and Al-OH groups (Fernández-Jiménez et al. 2006). The dissolution rate is mainly 

dependent on the pH of the alkaline solution and the composition of the precursor binder 

material (Saeed et al. 2010).  

 

According to Provis et al. (2009), this dissolution process results in the formation of a 

disordered gel phase, which is a poorly networked gel (due to the added water) called the 

geopolymeric gel binder.  The geopolymeric gel framework consists of a silicate and aluminate 

tetrahedral highly connected in a three-dimensional network (Silva et al. 2012). The presence 

of Al3+ in a fourth-fold coordination makes this network negatively charged. The Al3+ ions are 

localized on one or more of the bridging oxygen ions in each aluminate tetrahedron. The 

negative charge of this network is then balanced by the positively charged alkali metals from 

the activating solution such as Na+, K+, Li+, Ca2+, Ba2+, NH4, H3O
+ (Provis et al. 2009; 

Davidovits 2009). 

 

The final stage after the dissolution-hydrolysis period is the exothermic polycondensation 

reaction that occurs at room temperature or elevated temperatures. This exothermic reaction 

results in the formation of a three-dimensional macromolecular structure material of polymeric 

Si–O–Al bonds (Phair et al. 2003) (i.e. one of the backbones in Fig. 1.2) called a geopolymer. 

It is of interest to note that polycondensation reactions occurring for longer periods of time at 

an elevated temperature (i.e. above 70 degrees) appears to weaken the structure, suggesting 

that small amounts of structural water need to be retained in order to reduce cracking and 

maintain structural integrity (van Jaarsveld et al. 2002). Even though period I and II occur 
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simultaneously, more dissolution occurs at the early reaction stage compared with the 

formation of new bonds (polycondensation process). During period I, Al–O bonds are more 

readily hydrolyzed or broken than Si–O bonds (Fernández-Jiménez et al. 2006). The authors 

further explained that the rate of reaction will be very high when aluminium passes through a 

maximum in the solution (not all Al and Si ions are reactive). At the early stages of the alkaline 

activation, the possibility of forming Si–O–Al bonds is higher than Si–O–Si in the 

aluminosilicate gel (Fernández-Jiménez et al. 2006; Engelhardt and Michel 1987). 

 

The reaction process releases water that was consumed during the dissolution stage in period 

I. Even though water is not incorporated directly in the geopolymer gel, it plays a very 

significant part in both periods. Zuhua et al. (2009) explained that more water with a 

considerable amount of OH- anions accelerates the process in Period I (dissolution–hydrolysis). 

This means when there are enough OH- anions, a high water liquid/solid ratio will speed up the 

process of period I due to water being consumed. The reaction will shift from water 

consumption (in period I) to the release of water (in period II) and too much water will therefore 

slow down the kinetics of hydrolysis– polycondensation. For this reason, period II favors 

systems with a  lower liquid to solid ratio as these systems have both a high and early rate of 

polycondensation  (Zuhua et al. 2009). The same authors found that the total energy emitted 

from systems with different liquid to solid ratios was about equal. However, the 

geopolymerization rates were different due to the differences in the water content. 

 

1.4 Wood as a material 

Wood is a natural composite comprised mainly of cellulose, lignin and hemicellulose as a 

structural component, as well as non-structural polysaccharides and other extractives. It 

displays a wide variety of characteristics, which vary greatly among species as well as between 
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trees of the same species (Stark et al. 2010). It can broadly be categorized into softwood and 

hardwood. While softwoods have a simpler basic structure with relatively little variation 

therein, hardwoods by comparison have a much greater structural complexity. They both have 

a greater number of basic cell types and a far greater degree of variability within the cell types. 

The most important difference between softwoods and hardwoods is the presence of a vessel 

element (or pore) which softwoods lack (Rowell 2013). In both softwood and hardwoods, the 

stem is divided into two distinct zones, sapwood and heartwood, based on functionality. In 

living trees, sapwood plays the role of sap conduction, storage of food (i.e. Photosynthate) and 

synthesis of biochemicals. Heartwood serves the function of long-term storage of biochemicals. 

The type of biochemicals stored varies depending on the wood species. They impart color to 

the wood, and some extend the durability. The biochemicals found in sapwood and hardwood 

are collectively called extractives (Rowell 2013).  

 

Wood density is one of the most important physical properties of wood (Desch and Dinwoodie 

1996; Bowyer et al. 2003) and therefore of any product made therefrom. Density is a measure 

of the quantity of cell wall material contained in a specific volume of a piece of wood (Hughes 

1967). Density varies among wood species and along the wood stem (i.e. butt, middle and top) 

as well as between the sapwood and heartwood (Pong et al. 1986; Kärkkäinen 2003).   

 

Wood is a hygroscopic material capable of holding or releasing water/moisture (Usta 2003). 

By absorbing liquid water, wood can undergo rapid changes in moisture content, as opposed 

to water vapor absorption, which causes slow changes. As wood absorbs liquid water above its 

fiber saturation point (i.e. the stage in the drying or wetting of wood at which the cell walls are 

saturated with water (bound water) and the cell cavities are free of water), air in the cell lumina 
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is replaced by water, a phenomenon known as capillary action or wicking (Forest Products 

Laboratory 2010).  

 

Water interacts strongly with the wood cell wall and forms a concave meniscus within the 

lumen. Water absorption continues until the maximum moisture content is reached (Forest 

Products Laboratory 2010). Depending on the density and water diffusivity of wood, the 

amount of water absorbed varies. The water diffusivity coefficient describes the rate at which 

water moves from the surface to the interior of products (Khazaei 2007). Wood shrinks and 

swells because of liquid water and moisture/water vapor activities. As wood changes its 

moisture content in response to changes in the relative humidity of the atmosphere on a daily 

and seasonal basis, it shrinks and swells (Eckelman 1998). When the air is humid, wood absorbs 

moisture and swells; when the air is dry, wood shrinks. As water absorbs into wood, it enters 

the cell wall and hydrogen-bonds to the hemicelluloses and amorphous cellulose to cause 

swelling. Shrinking and swelling play important roles in the utilization of wood (Forest 

Products Laboratory 2010). 

 

1.5 General information of wood species used in this present thesis work 

1.5.1 Softwood species 

Pinus taeda, also called Loblolly Pine, has a density of about 570 kg/m3. The heartwood is 

reddish brown while the sapwood is yellowish white (Meier 2022). Loblolly pine wood is 

commonly used in the construction of stringers, roof trusses, poles, joists and piles, as well as 

for interior applications like subflooring and sheathing (Meier 2022). The basic chemical 

composition of Loblolly pine wood is cellulose [43.6- 45.5%], hemicellulose [21.2- 23.0%], 

lignin [26.8- 28.0%] and extractive, [2.5- 3.2%] (Frederick et al. 2008; Huang et al. 2011). 
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Pinus Slyvestris, also known as Scots pine, has a density of about 550 kg/m3. The heartwood 

is light reddish brown, while the demarcated sapwood is pale yellowish white to nearly white 

(Meier 2022) and has a resinous odor when worked. In addition to utility poles and posts, the 

wood is widely used for flooring, as pulpwood and as construction lumber. The wood is made 

up of about 22.96- 35.17% lignin, 22.7- 26.9% hemicellulose, 35.94- 46.27% cellulose and 

5.0% extractives (Dönmez et al. 2013; Raisanen and Athanassiadis 2013).  

 

Picea abies, commonly known as Norway spruce, has a density of about 405 kg/m3. This 

variety of spruce is usually a creamy white with hints of yellow and/or red (Meier 2022). It is 

commonly used for paper (pulpwood), construction lumber, millwork, crates, Christmas trees 

and musical instrument soundboards. According to Raisanen and Athanassiadis (2013), the 

wood contains about 27.4% (±0.7) lignin, 27.3% (±1.6) hemicellulose, 42.0% (±1.2) cellulose 

and 2.0% (±0.6) extractives. 

 

1.5.2 Hardwood species 

Black wattle (Acacia mearnsii) and Port Jackson (Acacia saligna) are both hardwood species. 

Black wattle is an important plantation tree, used for a variety of timber and fiber applications 

as well as for forest management. The wood is light-brown in color and dense, with a straight, 

close grain, making it suitable for particle board as well as for pulp, timber, firewood, and 

furniture (Forest Legality Intiative 2022). The B. wattle wood has a density of about 730 kg/m3 

 

lignin, 20.29% (±0.11) hemicellulose, 33.72% (±0.13) cellulose and 6.37% (±0.58) extractives. 

 

The Port Jackson wood is sometimes reported as sappy and, if larger, it would be suitable for 

cabinet-work (Maiden 1889). It has been successfully processed into particle board (Doran and 
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Turnbull 1997). The wood comprises about 25.47% (±1.37) lignin, 13.13% (±1.14) 

hemicellulose, 34.47% (±0.66) cellulose, and 5.81% (±0.31) extractives, according to 

(Olayiwola 2021). 

 

Eucalyptus is also a hardwood species. In this thesis, two types of eucalypts were used, namely 

Eucalyptus grandis and Eucalyptus camaldulensis. E. grandis wood has a density of about 640 

kg/m3 and is commonly referred to as rose gum. Heartwood is pink to reddish brown in color 

and the sapwood is sometimes indistinguishable from from it (Meier 2022). The wood is made 

up of about 29.8% (±0.74) lignin, 22.0% (±0.71) hemicellulose, 48.2% (±0.25) cellulose and 

4.1% (±0.20) extractives (Pereira et al. 2013). 

 

E. camaldulensis is popularly called River red gum. The wood of E. camaldulensis has a 

density of about 870 kg/m3. It is used for pulp and paper production. It is also planted for 

hardboard, fibreboard and particleboard (Orwa et al. 2009). In addition the wood is suitable for 

many structural applications, for example: railway sleepers, poles, posts, floorings, wharves, 

ship building and heavy construction (Orwa et al. 2009). The wood is made up of about 30.4% 

(±0.33) lignin, 22.4% (±0.89) Hemicellulose, 47.2% (±0.68) cellulose and 3.1% (±0.29) to 

4.3% (±0.24) extractives (Pereira et al. 2013). 

 

Fagus sylvatica is more commonly known as European beech and has a density of about 710 

kg/m3. The wood is a pale straw color, sometimes with a pink or brown hue. As the wood is 

usually prepared with steam before being sliced, a European beech wood veneer tends to be 

darker (Meier 2022). The use of beech wood includes veneers, plywood and furniture 

production, as well as internal design and for doors. Other common uses include lumber 

production, flooring, boatbuilding, cabinetry, musical instruments (piano pinblocks) and turned 
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objects. The compound composition of beech wood varies between 33.7- 46.4% cellulose, 

11.6- 22.7% lignin, 11.8- 25.5% hemicelluloses and 3- 5% extractives, while inorganic 

compounds comprise 0.3% to 1.2% (Saranpää 1996). 

 

1.6 Composites materials 

Composites are materials made from two or more constituents or components. The components 

have remarkably dissimilar chemical or physical properties, but are combined to produce a 

material that is different from its individual components (Sabhadiya 2022; Sharma et al. 2020; 

Chawla 2012a). A composite is distinguished from a mixture or solid solution by the fact that 

the individual elements remain separate and distinct within the finished structure (Sabhadiya 

2022). Composite materials may be preferred over traditional or common materials due to a 

number of reasons. Using composite materials instead of traditional materials for components 

is a great way to save weight (Sabhadiya 2022). However, composites can also be stronger than 

other materials, in addition to being lighter. For instance, reinforced carbon fibers can be 5 

times as strong as steel 1020 grade and only one-fifth as heavy, making them ideal for structural 

applications (Sabhadiya 2022). Additionally, composites possess properties like thermal and 

chemical resistance, along with electrical insulation, which makes them more attractive than 

conventional materials (Sabhadiya 2022). They are also unique in that they can have multiple 

properties not commonly found in a single material, unlike traditional materials. 

 

Composite materials are composed of two main phases, which are the matrix and the 

reinforcement (Fig. 1.3). Along with protecting the reinforcement from external and 

environmental harm, the matrix transfers load on the reinforcement, and for composites to 

perform better, the reinforcement phase must be well bonded to the matrix (Mallick 2012). The 

reinforcement provides strength and stiffness to the structure, strengthening it and preventing 
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cracks and fractures. In some cases, the matrix maintains the reinforcement to create the 

required shape. In addition, the reinforcement increases the matrix's mechanical characteristics 

as a whole. Matrixes are monolithic materials containing reinforcement that must be uniformly 

distributed throughout the matrixes (Sharma et al. 2020). Examples of matrix materials include 

metals, polymer resins, plastics, ceramics and inorganic materials. 

 

According to Chawla (2012b) reinforcements used in composite manufacture need not 

necessarily be in the form of long fibers. They can also take the form of particles, flakes, 

whiskers, short fibers, continuous fibers, or sheets. However, in reality, many reinforcements 

used in composites production have a fibrous form because fibrous materials are stronger and 

stiffer than other forms of reinforcement (Chawla 2012b). Examples of materials used for 

reinforcement include inorganic fibers (glass fibers, basalt fibers, carbon fibers and asbestos 

fibers) and lignocellulosic materials (wood, hemp fibers, flax fibers, etc.).  

 

 

Fig. 1.3. Reinforcement/fiber, matrix and composite material 
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1.6.1 Wood-based composites 

Wood-based composites are one broad category of composite materials. Youngquist (1999), 

Stark et al. (2010) and Irle et al. (2013) classified wood-based composites into veneer-based 

materials such as plywood and laminated veneer, laminates, composites such as flake board, 

fiberboard, particleboard, wafer board and oriented strand board, components such as beams 

and stress skin panels and wood-non wood composites such as wood plastics and inorganic 

bonded composites. Thermosetting resins (i.e. heat-curing resin or adhesives), are typically 

used to bind the lignocellulosic fibers together in conventional wood-based composites; the 

exception being wood plastic composites and fiber cement composites, which employ polymer 

resins (e.g. polypropylene, polyethylene etc.) and cement based (e.g. Portland cement, 

magnesia cement etc.) binder respectively. Commonly used thermosetting resin systems 

include phenol-formaldehyde, urea formaldehyde, melamine-formaldehyde, and isocyanate; 

the adhesives and binders selected being dependent on the product under consideration. Among 

the factors considered are the materials to be bonded together, the moisture content at the time 

the composite is bonded, its mechanical properties, its durability and certainly the cost of the 

resin system (Youngquist 1999). 

1.6.2 Inorganic bonded wood composites 

A typical inorganic-bonded composite contains between 30-90% inorganic binder and 10–70% 

wood component (Youngquist 1999). In the manufacturing of an inorganic bonded composite, 

reinforcement materials (i.e. wood or fibers) are mixed with inorganic materials in the presence 

of water and allowed to set into rigid masses to produce inorganic bonded composites 

(Amiandamhen 2017). The resulting products exhibit excellent or superior properties when the 

individual fibers are fully encapsulated in the inorganic matrix (Simatupang and Geimer 1990) 

and the matrix is continuous in order to obtain acceptable properties (Amiandamhen 2017). It 
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has been shown that these composites' properties are greatly affected by the amount and type 

of the inorganic binder, the wood/fiber element, as well as the target density of the composites 

(Stark et al. 2010). As stated earlier, current inorganic bonded composites include ceramic 

bonded composites, gypsum bonded composites, Portland cement bonded composites and 

magnesia cement bonded composites. The development of a new class of inorganic bonded 

composites is at an early stage (Olayiwola 2021). It consists of a geopolymer inorganic binder 

and a wood component (fibers or particles). The geopolymer bonded wood composites met the 

minimum technical requirements for cement bonded composites and showed the ability to 

compete with cement bonded composites (Olayiwola 2021). 

 Difference between OPC and geopolymer inorganic binders 

Chemical bonding in ordinary Portland cement (OPC) differs from a geopolymer. Unlike the 

OPC, in which calcium silicate hydrates (C-S-H) gel is the main binding compound, 

geopolymer  utilizes the polycondensation of Silica (SiO2) and alumina (Al2O3) sources and a 

high-alkali environment to obtain structural strength ( van Chanh et al. 2008; Nuaklong et al. 

2020). In addition, the role of water in both binders is different. The water in a geopolymer acts 

as a catalyst (i.e. creates a medium for dissolution and movement of ions) and generally does 

not participate in the reaction. Water present in calcium silicate hydrate gel creates a part of C-

S-H (Chen et al. 2018; Lingyu et al. 2021). That is to say, in the end, water is released from the 

polycondensation reaction in a geopolymer, whereas in an OPC reaction water is consumed. 

1.6.2.1 Cement bonded wood composites 

Cement bonded wood composites remain as the dominate products among the inorganic 

bonded wood composites. According to the geometry and source of the wood fibers or 

particles, many cement-bonded products have been created and given different names. These 
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include wood wool cement bonded composite, cement bonded particle board, cement bonded 

 

et al. (2010) describe cement as a mixture of calcium silicates and aluminates. The most 

significant elements are tri-calcium silicate (Ca3SiO5, C3S), and di-calcium silicate (Ca2SiO5, 

C2S), which together comprise around 80% of the makeup of clinker (Van Oss and Padovani 

2003). C3S and C2S, which are important for the early and long-term development of strength 

respectively, form hydrates when they come into contact with water (Van Oss and Padovani 

2003; Ridi et al. 2010). 

Wood fibers and other non-wood based lignocellulosic materials, when added to a cement 

matrix, slow down the production of cement hydrates, resulting in products with poor structural 

integrity (Jorge et al. 2004). Different strategies have been carefully investigated to address 

these compatibility issues. These included treating the wood with hot water to remove 

extractives and using a mild alkali with sodium hydroxide to treat hemicelluloses. In addition 

to these treatment methods, chemical accelerators like calcium chloride and magnesium 

chloride were also used. 

1.6.2.2 Geopolymer wood composites 

Similar to all other inorganic bonded wood composites, the wood in GWC serves as a means 

to reduce weight and thermal conductivity (Meng et al. 2011; Sarmin et al. 2014), whereas the 

geopolymer matrix binds the wood particles providing mechanical strength, low permeability, 

good chemical resistance, and excellent fire resistance behavior (Bakharev 2005b; Ryu et al. 

2013; Shehab et al. 2016). The alkali solution commonly used in the geopolymer binder 

synthesis is sodium hydroxide (NaOH), with or without sodium silicate (Na2SiO3). 
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Generally, compressive strength and density decreases with increasing wood aggregate content 

(Sarmin and Welling 2016). A study by Halas et al. (2011) showed similar results, equating an 

increasing amount of sawdust with a decreasing in compressive strength of fly ash geopolymer 

specimens. Sarmin (2016) showed that the addition of wood flour, particles and fibers to 

geopolymer composites results in differences in physical and mechanical properties. The GWC 

with wood flour had the highest density and compressive strength, which was attributed to the 

micro-particles uniformly dispersed and filling up voids in the matrix, while the low 

performance of GWCs with fiber and particles were attributed to poor dispersion and 

agglomeration of the wood components. It was concluded that the particle geometry (i.e. size 

and shape of the wood aggregates) influenced the properties of geopolymer wood composites.  

 

Duan et al. (2016) stated that wood waste had a positive effect on the main properties of a fly 

ash geopolymer. The authors corroborated, that the addition of wood particles without any 

special pretreatment, improved the cracking resistance and drying shrinkage especially at later 

ages. Sarmin et al. (2020) showed that when a Picea abies veneer was treated with NaOH, the 

de-bonding strength between the veneer and blend of fly ash/metakaolin geopolymer was 

reduced when compared to those of the untreated veneer. However, no de-bonding strength 

was observed for veneers treated with Na2SiO3, as they failed before any strengths were 

recorded. The authors further explained that visual analysis of each sample after testing 

revealed that the failure was located at the interface between the veneer and geopolymer matrix.   

Ye et al. (2018) found that hemicelluloses - one of the main components of wood - hinder 

geopolymerization. Treating wood with a NaOH solution is one possible way of removing this 

inhibitory substance in wood before its use in a GWC. However, the findings by Sarmin et al. 

(2020) on the treated veneer indicate otherwise.   
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Al Bakri Abdullah et al. (2012) studied the feasibility of producing GWCs using class C fly 

ash activated with a combination of 12M sodium hydroxide and sodium silicate. The authors 

added 10- 50% wood fibers to a geopolymer paste and concluded, that increasing the amount 

of wood leads to increased amount of water demand to achieve a given level of mix workability. 

However, this led to increased water absorption in GWCs with a high percentage of wood 

aggregates. Review of existing literature shows two major mixing technologies in the 

fabrication of GWCs: 

i) dry mixing the wood and aluminosilicate material, followed by addition of the 

activator solution with or without excess water  (Sarmin and Welling 2016; Sarmin 

2016; Furtos et al. 2021; Malenab et al. 2017; Alomayri and Low 2013).  

ii) activating aluminosilicate material before the addition of wood (Sá Ribeiro et al. 

2016; Tan et al. 2019; Berzins et al. 2017).  

 

Although the reasons behind these mixing technologies are not clearly stated by the authors, 

processing technologies in the production of composites has a profound effect on the final 

composites properties. In order to fully harness the potential of a geopolymer binder in wood 

composites, it is imperative that more research focuses on understanding the interactions 

between the properties of wood and the geopolymer binder. Understanding these interactions 

would help in the formulation of GWC products targeted at a specific end use. 

 

1.7 Wood as a filler or reinforcement in inorganic bonded wood composites 

In order to use fresh wood or post-industrial byproducts such as sawmill trimmings, logging 

trimmings, and chips for composites, the materials must be chipped and ground (Schwarzkopf 

and Burnard 2016). The wood structure is heavily altered during breakdown through 

mechanical and thermal treatment such as hammers, attrition mills, and refining aggregates. 
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The resultant wood geometry may take the form of particles or fibers, depending on the 

technology used. Despite this, the term “wood fiber” is often used in general as a general 

description for wood particles of any kind. From a biological or technical point of view, fibers 

can be defined differently. According to Schirp and Stender (2010) fibers are cell types that 

provide structural stability to trees, classified as softwood tracheids, hardwood tracheids and 

hardwood libriform fibers. Technically, wood fibers are derived through mechanical or 

chemical processes and contain single or bundles of anatomical fibers, whole fibers or fiber 

fragments. Fiber geometry varies according to the process (Mertens 2018). The present thesis 

uses the technical definition. 

 

Commercially, wood fibers are produced using refiners, while wood flour and particles are 

often processed from mill waste (Amiandamhen 2017). Schwarzkopf and Burnard (2016) 

stated that wood flour grains (size 100-500 µm) are less than 1mm in length and have a wide 

distribution of length to diameter ratio (aspect ratio or Length/Diameter ratio). When compared 

to particles, wood fibers have a higher ratio of length to width, i.e. aspect ratio. A significant 

amount of the composite strength and stiffness is influenced by particle size characteristics, 

including aspect ratio, according to Stark and Rowlands (2003) and Nourbakhsh and Ashori 

(2008).  This indicates that the different particle geometry is a crucial parameter influencing 

the mechanical properties. In addition to the hygroscopic nature of wood, mixing wood fibers, 

wood flour or wood particles with ever increasing wood content into an inorganic matrix may 

lead to wood distribution and orientation within the composite becoming unpredictable. For 

instance, mixing long fibers into a viscous inorganic matrix might lead to fiber entanglement 

and poor dispersion within the composite. During raw material mixing, the time of addition of 

raw materials (i.e. when to add what raw materials) may lead to effects such as: 
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i) particle to particle interaction and increasing viscosity accompanied by high shear 

force in the mixer; 

ii) wood component not completely encased in the inorganic matrix; 

iii) poor distribution of the wood component the inorganic matrix; 

iv) poorly activated precursor material as a result of water/activator solution not having 

enough contact with the precursor material. 

 

In spite of this, wood plays a very important role in inorganic bonded wood composites, acting 

either as an aggregate or reinforcing element. In addition to the geometry and size, wood 

characteristics, species and chemical compositions all have the capability of influencing the 

properties of the inorganic bonded wood composites (Jorge et al. 2004). Wood aggregates such 

as sawdust, flour and particles have all been used as fillers in geopolymer wood composites to 

reduce the density of the product (Sarmin 2016), while the addition of fibers improves tensile 

and flexural strength, toughness and energy absorption capacities through bridging cracks 

(Shaikh 2013). Halas et al. (2011) reported both positive and negative effects using sawdust as 

a filler in fly ash geopolymers. They also showed that a higher amount of sawdust had a 

negative effect on the compressive strength of the specimens. Duan et al. (2016) stated that 

wood residue had a positive effect on the main properties of fly ash geopolymer and showed 

that the addition of sawdust (without any special pretreatment) improved the cracking 

resistance while drying. 

 

Despite the fact that wood reduces the density and improves on the strength properties of GWC, 

the utilization of wood in a high alkaline environment causes leaching of non-structural 

polysaccharides/ low molecular weight carbohydrates, extractive and some structural 

components like hemicellulose. Various extracts, sugars and structural and non-structural 
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polysaccharides may leach out simultaneously. The cross-effects of these inhibitory substances 

in affecting the matrix, make the understanding of the hardening mechanism when untreated 

wood is used in an alkaline inorganic bonded wood composite more complicated. The effects 

of these leachates and extractives are well-known for OPC wood composites. For example, 

inhibitory substances such as hemicelluloses, sugars, starch and phenols, hinder the setting and 

the formation of crystalline bonds in OPC composites (Fan et al. 2012). The nature of the 

extractive determines the extent of the inhibitory effect (Jorge et al. 2004), while the grade of 

inhibition depends on the type and amount of sugars (Sandermann and Brendel 1956). 

However, there is little to no established research about the influence of these inhibitory 

substances on geopolymer composites.    

 

Among the structural components of wood, hemicellulose is the one that negatively affects the 

of geopolymer composites. Alkaline degradation of hemicellulose lowers the degree of 

geopolymerization (Ye et al. 2018). This drawback creates a necessity for different 

pretreatments and surface modifications of wood before utilization in high alkaline inorganic 

matrices. Different pretreatment and modification methods based on alkaline hydrolysis, 

extraction and retention of sugars and hemicelluloses, have been applied to minimize inhibition 

problems (Moslemi et al. 1983; Zhengtian and Moslemi 1985; Lee and Short 1989). Alkaline 

hydrolysis degrades hemicelluloses and sugars into non-inhibitory substances, while aqueous 

extraction removes inhibitory water soluble substances (Alberto et al. 2000). Retention 

treatment seals the inhibitory substances in the wood by forming a thin coating layer around 

the wood preventing the release of the inhibitory substances (Quiroga et al. 2016). 

 

In addition to the wood species and the chemical composition, wood as a hygroscopic material 

has the tendency to hold water. During composite preparation, this water (held in the wood) 
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may be available for the interaction during the mixing and consolidation of the composite. In 

a case where the wood is dry or not saturated with water, it is likely to absorb water from the 

inorganic paste. For this reason, when adding wood to a composite, extra water is needed to 

complete the mixing process. Finding the correct amount of additional water needed is key in 

developing the composite.  

 

Mixing wood particles directly with an inorganic mineral binder could potentially affect the 

water/solid ratio; this could limit the water available for geopolymerization due to migration 

of water into the wood particles (Alomayri and Low 2013). Hence, Tamba et al. (2001) 

proposed fully saturating the wood with water before use in inorganic bonded composites. 

However, this water from the wood adds up to the total water in the composite mixture. 

Nevertheless, it is a well-established fact the strength of most wood inorganic composite 

materials decreases with an increasing water/ solid ratio. This shows that wood moisture 

content (MC) may play a key role in the movement of water (containing ions) within the 

composite before the final hardening of the composite.  

 

1.8 Working Hypothesis and Integration of Publications 

Based on the introduction, there are indications that wood plays a very important role in 

inorganic bonded wood composites, acting either as aggregates or a reinforcing element.  The 

interaction between wood and geopolymer is very important, as this has the ability to determine 

the properties of the resulting composites. As important as the control and manufacturing of 

the geopolymer matrix is, the wood’s inherent characteristics and properties and their 

contributions to the composite manufacture are also of vital significance.  

 

27



The efficacy of wood filler/ fiber reinforcement is based on the wood–matrix interactions. The 

understanding of these interactions is a challenging problem. This problem is sophisticated 

because of the following nonlinear interactions between the wood–geopolymer matrix as a 

result of the: 

 

 Inherent properties of the wood such as wood species and wood chemical compositions, 

moisture content 

 Geopolymer matrix properties such formulations and precursor materials used 

 Interface/ interfacial de-bonding between geopolymer and wood 

 

Therefore, the following working hypothesis was drafted: 

 “Depending on raw material selection and processing parameters, the geopolymer wood 

composite will show a wide variety of physical and mechanical properties.” 

 

In order to confirm the drafted working hypothesis, this thesis is divided into two research 

scopes. 

1. Evaluation of how wood’s inherent properties such as wood species and wood chemical 

compositions affect properties of geopolymer wood composites. 

2. Evaluation of material preprocessing of geopolymer wood composites. 

 

The present thesis is primarily based on three peer-reviewed publications, which are: 

Paper I: Bright Asante, Goran Schmidt, Ronaldo Teixeira, Andreas Krause, Holmer Savastano 

Junior (2021). Influence of wood pretreatment and fly ash particle size on the performance of 

geopolymer wood composite (2021). European Journal of Wood and Wood Products. 

https://doi.org/10.1007/s00107-021-01671-9 
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Paper 2: Bright Asante, Hanzhou Ye, Martin Nopens, Goran Schmidt, Andreas Krause (2021). 

Influence of wood moisture content on the hardened state properties of geopolymer wood 

composites (2021). Composites Part A. https://doi.org/10.1016/j.compositesa.2021.106680 

Paper 3: Hanzhou Ye, Bright Asante, Goran Schmidt, Andreas Krause, Yang Zhang, Zhiming 

Yu (2021). Interfacial bonding properties of the eco-friendly geopolymer-wood composites: 

influences of embedded wood depth, wood surface roughness, and moisture conditions (2021) 

- Journal of Materials Science. https://doi.org/10.1007/s10853-021-05775-8 

 

Additionally, the thesis includes one submitted and one additional work (unpublished work), 

which are: 

Chapter 3.2: Influence of wood pretreatment, hardwood and softwood extractives on the 

compressive behavior of fly ash-based geopolymer composite (Submitted). 

Chapter 6, additional work: Effects of different mixing and processing designs on the 

strength and density of geopolymer wood composite (Unpublished work). 

 

Integration of the publications 

The peer-reviewed publications are integrated into the present thesis and refer to the defined 

scopes and following the below shown scheme. The discussion of the entire conducted research 

is unified finally in Chapter 7. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Materials  

2.1.1 Wood materials  

Wood materials used in this work are Scot pine wood (Pinus sylvestris), Norway spruce rotary 

veneer (Picea abies) and common beech rotary veneer (Fagus sylvatica); all from Germany. 

Wood flour (Arbocel C100) was obtained from Rettenmaier & Sohne ¨ GmbH + Co KG, 

Rosenberg, Germany. The other wood materials used in this study included alien invasive wood 

species. These wood species included Black wattle (Acacia mearnsii), Port Jackson (Acacia 

saligna) and Eucalypt camaldulensis. The Black wattle, Port Jackson and E. camaldulensis 

were harvested during the invasive clearing operations along the Berg river banks in Cape 

Town and supplied by Casidra, Paarl, Western Cape, South Africa. Eucalypt grandis and 

Pinus taeda was supplied by the Wood and Wood Structures Laboratory, São Carlos 

Engineering School of the University of São Paulo (USP).  

 

2.1.2 Geopolymer precursors  

Geopolymer starting materials used in this present thesis included commercial metakaolin 

(MK) (Metamax, BASF SE, Germany) and two low calclium fly ash (Class F fly ash) sourced 

from Pozo Fly, Brazil and the GK Kiel GmbH power plant in Kiel, Germany. The chemical 

compositions of these aluminosilicaterials materials are presented in Chapter 3-6.  

 

2.1.3 Alkaline solution and other reagents 

A combination of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) was used as the 

alkaline solution to activate the aluminosilicate materials. Sodium silicate solution (Betol 50 
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T, Woellner GmbH, Germany), Sodium silicate pellets (SiO2 63%, Na2O 18%), sodium 

hydroxide (NaOH) pellets (98.0%, VWR, Germany) and sodium hydroxide pellets (NaOH, 

98%) were supplied by Dinâmica (Brazil) were used in this present thesis. 1% NaOH solution 

was used for the extraction of wood extractives and wood particles pretreatment. 

2.2 Methods 

This section will give an overview on the methods used to confirm the hypothesis. However, 

detailed information about the methods can be found in both published and unpublished works 

of the present study in the corresponding Chapters. 

1. Evaluation of how wood’s inherent properties affect properties of geopolymer wood

composites

GWCs with a wood particle content of 20% (mass %) were produced by the dry mixing of fly 

ash and the wood before alkali activation and addition of water. Both softwoods and hardwoods 

particles and their extractives as well as wood flour were used. Hot water (Chapter 3 part 1) 

and 1% NaOH solutions (Chapter 3 part 2) were used for the pretreatment for wood particles. 

Accelerated solvent extraction method (ASE method) as well as Gas chromatograph mass 

spectrometry– flame ionization detection (GCMS–FID) – were used to quantify and identify 

the chemical composition of wood extracts respectively. In all the experiment conducted under 

this section, compressive strength, specific strength and scanning electron microscopy (SEM) 

were used as a means for comparison.  

2. Evaluation of material preprocessing of geopolymer wood composites

In order to confirm this scope of the study, both fly ash-based and metakaolin-based 

geopolymers were used as the binding agent for wood. Wood of different forms (i.e. wood 
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veneer, flour, fibers and particles) were used in this scope of the study. Softwood flours in five 

(5) different moisture content levels were used to investigate the influence of wood moisture

content on the hardened state properties of fly ash-based GWC (Chapter 4).  Rotary veneers 

were used to study the interfacial bonding properties of metakaolin-based GWC (Chapter 5), 

while wood particles and fibers were used for the influence of different mixing process on both 

fly ash-based and metakaolin-based GWCs (Chapter 6). Sanding of wood veneers with 

different grit sizes (sandpapers P60, P100 and P180) (i.e. mechanical treatment) and moisture 

conditioning of wood flour were used as treatment. Five (5) different mixing processes were 

tested and evaluated for fly ash based and metakaolin-based GWCs. Compressive strength 

testing, x-ray density profiling and SEM were used for the characterization of the composites. 

Pull out force and strength were used for accessing the interfacial bonding properties between 

wood veneers and metakaolin-based geopolymer (Chapter 5). 
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CHAPTER 3.1 

Influence of wood pretreatment and fly ash particle size on the performance of geopolymer 

wood composite (Paper 1) 

Authors’ contribution 

CD EX ED 

Bright Asante 75% 75% 60% 

Goran Schmidt 5% 5% 15% 

Ronaldo Teixeira 5% 10% 5% 

Andreas Krause 5% 5% 10% 

Holmer Savastano Junior 10% 5% 10% 

CD: Conceptual Design 

EX: Conducting experiments 

ED: Editing 

          ______________________ 

Prof. Andreas Krause 

         (Supervisor) 

Originally published in: European Journal of Wood and Wood Products. Volume 79. First 

published online 10 March 2021. https://doi.org/10.1007/s00107-021-01671-9. 
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Changes to original published work 

To conform to the systematic numbering in the present thesis, all figures and tables in the original 

published work are preceded by the thesis chapter number.  

The text ‘figure’ in full was shortened to Fig. Other than this, no changes were made to the 

text.  

NB: These changes might have moved some text positions. 
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Abstract
In search for greener building materials, geopolymer wood composites (GWC) were produced through alkali activation of 
fly ash, using pine and eucalypt wood particles. The study examined the influence of grinding fly ash, wood species and hot 
water treatment of wood particles on the physical properties and specific compressive strength of GWC before and after 
200 cycles of soaking and drying. Ash-grinding affected particle size distribution, as the hot water pretreatment of the wood 
affected its extractives. The particle size analysis showed that grinding decreased the mean particle size of raw ash by 55% 
and played a major role in the composite’s properties, as lower densities and specific strength with high water absorption 
were recorded for GWC from raw ash than from ground ash. The ash-grinding step doubled the specific strength of the 
composites before the aging test. A decrease in specific strength (15–32%) was observed for all composites after the soaking 
and drying cycles. Hot water washing of the wood resulted in a 47% and 67% reduction in the extractive content of the pine 
and eucalypt particles, respectively. An improvement of 27% and 3% was noted in specific strength values respectively for 
GWC with treated pine and eucalypt particles. In general, lower specific strength was recorded for pine-based composites 
than eucalypt ones, due to the fast impregnation and high water absorption from the mixture by pine particles. It was revealed 
that hot water treatment of wood improves GWC properties less compared to wood species or fly ash particle size.

1  Introduction

Current research aims at finding solutions to the ever-
increasing population and its demand for infrastructure and 
accommodation, coupled with high waste accumulation. The 
cascade use of secondary resources, such as postconsumer 
thermoplastic waste or combustion byproducts, helps avoid 
solid wastes, keeps carbon in the material cycle and upcycles 
low value resources by substituting imported virgin build-
ing products. The production of Ordinary Portland Cement 
(OPC) contributes to a significant amount of CO2 in the 

environment. These emissions from OPC production and 
the environmental awareness of climate change have com-
pelled society to seek for second generation materials with 
less environmental impact, with geopolymer being one of 
the prominent alternatives. Geopolymer (an alkali-activated 
cement) is estimated to produce about 55–75% less CO2 
compared to OPC (Yang et al. 2013). Since the discovery 
of geopolymer by Davidovits in 1970s, research has been 
ongoing to ascertain how best to utilize this cementitious 
building material.

Geopolymers are made-up of mineral compositions con-
taining high amounts of aluminium (Al) and silicon (Si) and 
they are amorphous. In general, they can be produced of any 
material source that is rich in Si and Al. Currently, major 
research efforts for this binder focus on utilizing industrial 
wastes such as slag and fly ash as an alternative to natural 
raw material minerals such as kaolinite (Kumar et al. 2010; 
Kielė et al. 2020). Geopolymer is produced by alkaline acti-
vation of any aluminosilicate source material (Bakharev 
2005). The reaction process results in the dissolution of 
the reactive aluminosilicate. The dissolved slurry under-
goes polycondensation to produce a material with desired 
mechanical properties (Sofi et al. 2007). During the reaction 
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process, there is a gradual release of water. The geopolymer 
forms an amorphous three-dimensional network of alumi-
nate and silicate units with charge balancing cation. Curing 
happens at ambient temperature and accelerates at elevated 
temperature (Sarmin et al. 2014).

Since geopolymer may be produced from many different 
raw material resources, specific characterization, pretreat-
ment and processing procedures need to be considered. Each 
source of raw material differs in composition (e.g. alkali 
metal content and ratio), particle size and morphology. The 
geopolymerization varies with its raw materials and hence 
results in different microstructure, chemical and mechanical 
properties (Vickers et al. 2015).

The annual production of fly ash in the world from coal 
combustion is estimated to be around 700 Mt (million tons) 
(Ferreira et al. 2003; Argiz et al. 2015). Fly ash has mainly 
been used as a replacement for OPC because of its beneficial 
properties, especially with respect to its high compressive 
strength compared to cement (Abdullah et al. 2011). The 
replacement of OPC with fly ash up to 60% by mass is a 
notable development (Kumar et al. 2007). At present, mul-
tiple researches are focused on fly ash utilization as a precur-
sor material for geopolymer, with large interest in cleaner 
production and minimizing waste.

In Brazil, about 4 Mt of fly ash are generated per year 
with the annual utilization for incorporation into cement and 
concrete accounting for about 30% of total fly ash produc-
tion (Izidoro et al. 2012) and serves as a major industrial 
application for this inorganic residue in the country (Rohde 
et al. 2006). The low utilization potential and the operation 
of new coal-based thermal power plants are likely to increase 
the quantity of fly ash (Izidoro et al. 2012). Fly ash mainly 
consists of Fe2O3, SiO2, Al2O3 with some potential toxic 
substances such as heavy metals from the coal and polyaro-
matic hydrocarbons that condense from the flue gas (Mis-
sengue et al. 2016). The large-scale storage and improper 
disposal of this waste act as a major source of air, water and 
land pollution (Ahmaruzzaman 2010). This present study is 
intended to not only mitigate and minimize the accumulation 
of fly ash but also to address the utilization of this waste in 
the synthesis of a high value added product.

The physical properties of fly ash—such as particle sizes 
and surface area—affect its reactivity, as well as the chemi-
cal and mechanical behavior of the geopolymer product 
formed (Erdoğdu and Türker 1998; Van Jaarsveld et al. 
2003). This indicates that particle size of the material is an 
important factor when it comes to the material selection, as 
it influences the reaction rate. According to Rosas-Casarez 
et al. (2018), it influences the rate of dissolution of alumino-
silicate in the precursor material as the smaller particle size 
requires less time, hence a faster polymerization reaction.

For this reason, Rosas-Casarez et al. (2018) proposed that 
the activation and reactivity of fly ash could be improved by 

adequate grinding. Mechanical grinding affects the micro-
structure of ash, causing a weakening in the vitreous chemi-
cal bonds of Si–O or Al–O. Beside the fact that it accelerates 
the dissolution of these bonds, it shortens the equilibrium 
time, gelation time, and the structuring of the new crystalline 
phases and the different reaction products, specifically the 
hydrated sodium aluminosilicate gel, which is known as the 
reaction product that gives the mechanical properties to the 
geopolymer (Rosas-Casarez et al. 2018).

Another way of steering geopolymer composite proper-
ties is the addition of lignocellulosic raw materials. Wood 
particles have been used as fillers in geopolymer wood com-
posites (GWC) to reduce the density of the product (Sarmin 
2016; Kielė et al. 2020). Halas et al. (2011) reported both 
positive and negative effects of the fly ash geopolymer with 
sawdust as filler. Halas et al. (2011) showed that a higher 
amount of sawdust had a negative effect on the compressive 
strength of the specimens. Duan et al. (2016) stated that 
lignocellulosic waste had a positive effect on the main prop-
erties of fly ash geopolymer and showed that the addition 
of sawdust (without any special pretreatment) improved the 
cracking resistance while drying. Wood as a lignocellulosic 
material mainly consists of lignin, cellulose, hemicellulose 
and extractives. Ye et al. (2018) studied the effect of lignin, 
cellulose and hemicellulose on geopolymer composites. The 
authors concluded that the degree of geopolymerization was 
clearly lowered by the alkaline degradation of hemicellulose, 
and higher concentrations of lignin and hemicellulose had a 
negative effect on the flexural and compressive strength of 
the geopolymer composites.

Although fly ash geopolymers have shown their applicabil-
ity to wood, the variation in wood species and the complexity 
of wood offer drawbacks such as compatibility and long-term 
durability issues for these composites. The wood component, 
upon contact with the high alkali environment in the fly ash 
geopolymer, will lead to the leaching of non-structural poly-
saccharides and extractives from the wood. This might affect 
the interfacial reactions between geopolymer and wood, and 
the GWC properties. However, the intensity and the compo-
nents (non-structural polysaccharides and extractives) that may 
leach out from the wood may differ among wood species. To 
avoid this negative impact from the non-structural polysac-
charides and extractives, Ferraz et al. (2011) suggested remov-
ing these inhibitors by hot water (100 °C) pretreatment; this 
remains one of the cheapest extraction methods for wood. The 
easy accessibility and availability of water (as a solvent) make 
this pretreatment method more sustainable compared to other 
pretreatment methods. Hot water alters the chemical compo-
sition and the surface morphology of the biomass (Therasme 
et al. 2018) by removing some of the components—mainly 
extracts. To date, no report has been found neither in relation 
to the effect of pretreating the raw materials nor a compari-
son of these effects (i.e. wood species, hot water treatment of 
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wood together with fly ash particle size) on the performance 
of GWC.

This research investigates the influence of preparation of 
raw material on the physical properties, specific compres-
sive strength and durability of geopolymer wood composites 
(GWC). The study of raw material focused on fly ash particle 
size (pre and post grinding) and hot water treatment of wood. 
In addition, the effect of two wood species on the GWC prop-
erties was assessed.

2  Materials and methods

2.1  Materials

Sodium silicate  (Na2SiO3) pellets  (SiO2 63%,  Na2O 18%) 
and sodium hydroxide pellets (NaOH, 98%) were supplied by 
Dinâmica (Brazil), debarked sawn wood (Eucalyptus gran-
dis W.Hill and Pinus taeda L.) was supplied by the Wood and 
Wood Structures Laboratory, São Carlos Engineering School 
(LAMEM/EESC) of the University of São Paulo (USP). Class 
F fly ash was supplied by Pozo Fly (Brazil).

2.1.1  Fly ash composition

The fly ash was divided into two groups. One group was 
ground further using an Astecma (model mb 20) ball mill 
for 1 h, whereas the other group remained in its raw state. 
The composition of the chemical oxides of the starting mate-
rial (raw fly ash) was detected by X-ray fluorescence (XRF), 
using a PANalytical Axios Advanced. The results are shown 
in Table 3.1.1.

2.1.2  Characterization of wood particles and fly ashes

The morphology of the wood particles pre and post treatment 
was assessed using the field emission scanning electron micro-
scope (FESEM) Quanta FEG Type 250, FEI Electron Optics 
(SN: D9122), Netherlands. The wood samples were gold-
coated before imaging. Particle size distribution (PSD) and 
X-ray diffraction (XRD) studies were carried out on the raw
and ground fly ashes. The PSD and XRD studies were done in 
a Partica Laser Scattering Particle Size Distribution Analyzer
LA-950V2 and Rigaku Miniflex600 diffractometer, respec-
tively. The XRD was carried out using a Cu- Kα wavelength,
40 kV and 20 mA, in a 2θ range of 5°–70°. Scanning electron
microscopy (SEM) was conducted on both sets of ashes. SEM 
was carried out using the LEO 1525 GEMINI test machine.
The fly ash samples were carbon-coated before imaging.

2.1.3 � Lignocellulose materials processing and hot water 
pretreatment

Table 3.1.1  Chemical 
composition (% by mass) of 
fly ash from XRF test

Component Al2O3 SiO2 SO3 K2O Na2O CaO TiO2 Fe2O3

Share (%) 22.47 64.29 0.81 2.97 0.51 1.74 1.36 6.31

Sawn wood pine and eucalypt boards with densities 
of 0.39 g/cm3 and 0.56 g/cm3 respectively, were cut to 
dimensions of 25 mm × 30 mm × 50 mm. These pieces 
of wood were milled and later sieved with a Manupen 
sieve vibrator for 1 h to separate the wood into different 
particle size fractions. Wood particles that could pass 
through the 1 mm sieve but which were retained in the 
0.6 mm sieve were used for both pine and eucalypt. Hot 
water pretreatment was carried out on both sets of sieved 
particles according to the method described by Cabral 
et al. (2017). Water was heated up to 100 °C in a 3.5 L 
container and 31.25 g of wood particles were introduced 
per 1 L water for 30 min. Finally, the recovered particles 
were washed with 1 L of tap water and placed in an oven at 
60 °C, until a moisture content of around 10% was 
reached.

2.1.4  Chemical composition of lignocellulose materials

The extract content of the wood samples was analyzed 
using the Accelerated Solvent Extraction (ASE 350) from 
Thermo Fisher Scientific (Dionex). Extraction was done 
using 2 g of wood under the conditions stated in 
Table 3.1.2. Wood particles that could pass through the 
1 mm sieve but which were retained in 0.6 mm sieve were 
used for both pine and eucalypt in the extraction process. 
Extraction was first done using petrolether, followed by 
acetone/ water and lastly with water alone. The total 
extract was the summation of the extract content in 
these processes. The extractive-free wood was 
hydrolyzed for sugars using the method described by 
Lorenz et al. (2016). The extractive-free samples were 
then finely ground (vibrating mill, Duke).

Pre-hydrolysis Approximately 200  mg was 
weighed into a reaction vessel. The sample was mixed 
with 2 mL of 72% cold  H2SO4 after which it was 
hydrolyzed in a thermostat for 1 h at 30 °C. After one 

Solvent Petrolether Acetone/H2O 
(9:1)

H2O

Static [min] 10 10 10
Cycles 2 2 2
Pressure [bar] 100 100 100
Temperature [°C] 70 70 90

Table 3.1.2  Extraction conditions for extractive content
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hour, the reaction of the pre-hydrolysis was stopped by 
the addition of 6 mL of distilled water. Next, the 
suspension was transferred together with 50 mL of water 
into a volumetric flask and the samples were post-
hydrolyzed by autoclave at 120 °C under 1.2 bar pressure 
(40 min for pine and 30 min for eucalyptus). After cooling 
the volumetric flasks, the condensed lignin was filtered 
off as a hydrolysis residue by means of a G4 glass 
filter crucible. From the filtrate, about 1 ml was taken 
for the sugar analysis. The hydrolysis residue was washed 
thoroughly with distilled water, dried at 105 °C and 
determined gravimetrically.

2.2  Composite preparation

The alkaline solution for activation was prepared 
using molar solutions of 3 M  Na2SiO3 and 12 M NaOH in a 
weight ratio of 2.5:1. The solution was allowed to cool to 
ambient conditions prior to use. Fly ash was first dry-
mixed with 20 wt% wood particles for 2 min. Water was 
then added to the solid mixture of fly ash and wood for 
an additional 2 min. The ratio of water to solid material 
was kept constant at 0.16 for all mixtures. Finally, the 
mixture was activated for 2 min at an alkaline solution to fly 
ash ratio of 0.47 for all mixtures. The activated mixture 
was cast in a 50 mm × 100 mm cylinder mold and 
allowed to stand at 25 ± 2 ºC for 2 h before oven curing 
for 4 h at 103 ± 2 ºC. To avoid cracks forming due to 
rapid moisture loss, samples were kept in plastic before 
oven curing. The oven-cured samples were kept in the 
climate chamber (20 °C, 65% RH) for 7 days before all 
physical and compressive strength tests were carried out.

2.3  Composite testing

2.3.1  Water absorption, density and apparent porosity

In determining water absorption, dry bulk density and appar-
ent porosity, the recommendations based on Testing 
Meth-ods for Fiber Reinforced Cement-based Composites 
(RILEM 1984) were used. 7-day old 50 mm × 100 mm 
specimens were removed from the climate chamber (20 °C 
and 65% RH) and cut to ~ 50 mm × 25 mm (diameter x 
height). The specimens were submerged in water for 24 h 
at room temperature. The specimen was then suspended in 
water and the immersed mass (Mi) was measured. The wet 
mass (Mu) was measured by withdrawing the sample from 
the water and lightly wiping its surface to remove excess 
water using a clean, dry cloth. After drying the specimen (to 
a constant mass) in an oven with air circulation (105 ± 5 °
C), the dry mass (Ms) was obtained. The following equations 
were used to obtain the water absorption, apparent density 
and apparent porosity of the specimens.

2.3.2 � Specific compressive strength

The compressive strength of 7-day old cylindrical samples 
(50 × 100 mm) was measured using an Emic DL30000N. 
The samples were compressed using a 300 kN load cell and 
a constant loading rate of 1 mm/min. The specific compres-
sive strength (specific strength) was calculated by dividing the 
compressive strength by the sample density (mass per vol-
ume). An average of six samples was reported for each group.

2.3.3 � Accelerated aging testing

The accelerated aging test involved a comparative analysis 
of the mechanical performance of the composites, before 
and after 200 soak/dry cycles. Specimens were successively 
immersed in water at 20 ± 5 °C over the course of 170 min, 
followed by a resting phase of 10 min, after which they were 
exposed to a temperature of 70 ± 5 °C for 170 min in a venti-
lated oven; the final resting phase being 10 min. This proce-
dure was based on the recommendations of the EN 494 (1994) 
standards. Each soak/dry set represents one cycle and was per-
formed for 200 cycles (Teixeira et al. 2012).

2.4 � Statistics and data presentation

Statistical analysis was performed with JMP 14.2 software 
from the SAS Institute. All values presented in this study are 
mean values. Error bars are represented with the standard devi-
ations. Statistical analysis (ANOVA) was applied to identify 
differences in density, water absorption, porosity and specific 
compressive strength between pine-based and eucalypt-based 
GWC, hot water treated and untreated GWC and for GWC 
from ground and raw fly ash. Comparisons of means were 
performed using the Tukey test at 5% significance level.

(1)Water absorption(%) =
Mu −Ms

Ms
,

(2)Dry bulk density
(

g∕cm3
)

=
Ms

Mu −Mi
× d,

(3)Apparent porosity(% ) =
Mu −Ms

Mu −Mi
.
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3 � Results and discussion

3.1 � Characterization of raw materials

3.1.1 � Characterization of wood particles 
before and after treatment

The morphology and appearance of the pine and eucalypt 
wood particles before and after hot water treatment 
are presented in Fig. 3.1.1 From Fig. 3.1.1 it can be seen 
the major difference arose from the color change of 
wood particles. With hot water treatment of the 
particles, the wood color changed from light yellowish to 
dark yellowish for the pine and from light brown to dark 
brown for eucalypt particles. This color change might be a 
result of the removal of some extracts and drying of 
particles after treatment. FESEM images (Fig. 3.1.2) 
show that the pine particles appeared to be shorter in 
length while the eucalypt particles were slender and 
longer. The properties (density, fiber length, shear 

strength) of the wood itself might have influenced t he 
shape of the particles obtained with the same milling sys-
tem. No observable changes were seen on the surfaces of 
the wood particles, indicating that morphology effects due 
to mechanical interlocking do not affect strength changes. 

3.1.2  Characterization of raw and ground fly ashes

Fig. 3.1.3 shows the particle size distribution and SEM of 
raw (a, b) and ground (c, d) fly ash. In this work, the particle 
size distribution was determined by the mean diameter as 
well as the cumulative percentage below a certain grain 
diameter (CPFT). The CPFT was classified for the 
diameter below 10% (D10), 50% (D50) and 90% (D90). 
The mean size of raw fly ash was 28.54 µm and 12.95 µm 
for ground fly ash. Through grinding, there was a 54.6% 
decrease in the mean particle size.

The fine ash particle fraction in D10 shifted from 2.95 to 
1.78 µm. The major reason for the decreased mean 
particle size is found in the D90 class. Fig. 3.1.1a shows 

Fig. 3.1.1  Wood particles 
before and after hot water 
treatment: a untreated pine; b 
treated pine; c untreated 
eucalypt; d treated eucalypt
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a peak at roughly 100 µm, whereas this peak practically 
disappears after being ground (Fig. 3.1.3c). The grinding 
process might not only reduce the particle size of 
the fly ash but homogenize the grain structure, which 
may facilitate the alkaline activa-tor to access the 
aluminosilicate. The surface and particles were studied 
using a SEM test. At the same magnification, the 
ground fly ash showed a smaller shape and more 
uniform particles than the raw fly ash (Fig. 3.1.3b and 
d). XRD was used to identify the crystallinity of the 
ash materials (Fig. 3.1.4). The identification phases 
obtained (with Match Phase Identifica-tion 
3.8.0.137) showed that the main compounds in both the 
raw and ground ashes are mullite (M) and quartz (Q). 

1 3

There was no apparent change in the mineralogy of 
ground material; Rosas-Casarez et al. (2018) made similar 
observations.

3.2  Characterization of geopolymer wood 
composite

3.2.1 � Effect of species and pretreatment on physical 
properties

Table 3.1.3 shows the resulting water absorption, bulk 
density and apparent porosity of the GWC based on 
untreated and treated pine and eucalypt. The GWC based 
on pine gave a lower dry bulk density compared to those  

Fig. 3.1.2  FESEM images of wood particles before and after hot water treatment: a untreated pine; b treated pine; c untreated eucalypt; d 
treated eucalypt
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from eucalypt. The results indicate a significant difference 
in density between pine-based and eucalypt-based 
composites. Eucalypt had a higher apparent density 
(0.56 g/cm3) than pine (0.39 g/cm3), which might have 
contributed to the final bulk density of the GWC. Similar 
densities were obtained for hot water treated and untreated 
samples for both wood species. There was no significant 
difference between composites formed from hot treated 
and untreated wood species.

Comparable porosity was recorded for all samples, with 
no significant difference between species and treatments. 
This porosity measurement with water might work for pure 
concrete or mortar but is no good for mortar containing a 
high amount of wood, as in this case. This is because in pure 
geopolymer mortar, the water might easily fill up the voids 

after 24 h immersion. In a GWC, the wood might hold some 
amount of water, which adds up to the water in the void. 
This might have accounted for the higher porosity values in 
all samples. After 24 h water immersion, pine-based GWC 
had the greatest water absorption rates (about 53%), while 
eucalypt recorded the lowest water absorption rates (about 
46%). This difference in water absorption between the pine-
based and eucalypt-based composites seems to arise from 
the different densities of the GWC. This clearly shows an 
inverse relation between water adsorption and density, that 
is, an increase in the density of the composite made from 
eucalypt led to a reduction in its water absorption. Sarmin 
(2016) reported similar observations: that denser GWC from 
wood flour had a lower water absorption rate compared with 
a less dense GWC from wood particles.

Fig. 3.1.3  Particle size distribution and SEM for raw (a, b) and ground (c, d) fly ash
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compressive strength

Pine-based composites recorded a compressive strength of 
1.15–1.50 N/mm2 while eucalypt-based composites had 
2.49–2.59 N/mm2, untreated – treated GWC respectively. 

The eucalypt composite density is 16% higher than that of 
pine, which may have risen from the different wood s pe-
cies’ densities. The density difference affects the composite 
strength. Hence, density effects shall be eliminated for bet-
ter comparability of the species and pretreatment effect 
on strength. Fig. 3.1.5 shows the resulting specific 
compressive strength of the GWC based on untreated 
and treated pine and eucalypt particles. In this study, the 
selection of wood species was found to have a 
significant influence on the strength of composites 
formed. Eucalypt-based composites recorded significantly 
higher specific compressive strength compared to pine-
based composites. The hot water pretreatment increased 
specific strength by 27.4% for pine-based and 3.1% for 
eucalypt-based GWC. However, a significant difference 
was only observed between hot water treated and untreated 
pine-based GWC. This shows that the pretreatment was 
relatively effective for pine compared to eucalypt. GWC 
with treated wood had a higher specific strength, 
which could be due to the wood particle’s improved 
compatibility with the geopolymer, which resulted in 
effective bonding and increased maximum load transfer 
capacity.

The chemical composition of the treated and untreated 
wood particles is summarized in Table 3.1.4. It is a fact that 

hot 

Fig. 3.1.4  X-ray (powder) diffraction analysis of raw and ground fly 
ashes

Another possible reason for the differences in 
water absorption could be a property of the wood itself, as it 
is well known that lower density coniferous wood takes 
up more water than higher density broadleaved wood 
species. Hence, the lower apparent density of pine than 
eucalypt might have led to a higher water uptake in the 
pine-based composite than in the eucalypt. Moslemi et al. 
(1995) ascertained that wood cement incompatibility leads 
to a large amount of free internal spaces within the wood 
cement matrix and could be a possible cause for great 
moisture adsorption of composites. Mahzabin et al. (2013) 
further reported that, without proper encasing of wood 
particles by cement particles, the hygroscopic nature of 
wood complicates the water absorption outcome among 
poorly compacted composites. Therefore, the low water 
absorption of the eucalypt-based composite could be due to 
the greater compatibility of this species with the 
geopolymer matrix. However, there was no significant 
difference between hot water treated and untreated GWC 
within the same wood species.

3.2.2  Effect of species and pretreatment on specific 

Table 3.1.3  Mean comparison 
(standard deviation) of physical 
properties of geopolymer wood 
composites (GWC) from ground 
fly ash

Means in the same column with same letters are not significantly different (p > 0.05)

GWC​ Wood treatment Bulk density (g/cm3) Water absorption (%) Porosity (%)

Pine Untreated 0.88a (0.03) 53.53a (5.04) 47.21 (2.80)
Pine Treated 0.88a (0.01) 51.99a (2.80) 45.76 (1.96)
Eucalypt Untreated 1.03b (0.02) 46.01b (2.48) 47.13 (1.45)
Eucalypt Treated 1.02b (0.03) 45.93b (2.29) 46.79 (1.09)

Fig. 3.1.5  Specific compressive strength of geopolymer wood 
composites from ground fly ash
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hot water extraction alters the chemical composition of 
wood by fractionating accessible sugars and 
hemicelluloses (Pelaez-Samaniego et al. 2013, 2014). Due 
to the solvent polarity, it was expected that the hot water 
treatment would remove water-soluble extracts, such as 
non-structural carbohydrates, their saccharic acids, 
inorganic components and degrada-tion products 
(alcohols, ketones) (Sluiter et al. 2008, 2010; Davison 
et al. 2013). The xylose, glucose, mannose, galac-tose, 
arabinose and rhamnose however, remained unaffected. The 
main portion of those sugars form part of the structural 
macromolecules and the apparent perceptual increase after 
treatment is an effect of the removal of other extracts. The 
hot water treatment removed 1.32 and 2.75% for pine and 
eucalypt, respectively. The analytical extraction agents, 
water, acetone–water and petrol ether reflect the range 
of polar to non-polar solvents. Aprotic polar solvents 
such as acetone cover a wider range of reactions due to 
their inter-mediate polarity. The extracted substances 
might comprise tannins, gums, sugars, starches and color 
producing chemicals (TAPPI 2007). Although a 
difference in strength was observed for pine, the extract 
yield was twice as high in eucalypt. This indicates, that 
one of the above-mentioned pine specific extracts causes 
the lower incompatibility of this species with the 
geopolymer matrix. Further investigations must focus on 
identifying the exact substance interacting with the 
geopolymerization.

Hot water treatment of wood particles by boiling is a 
similar process to cooking of wood chips in pulping, which 

is largely influenced by wood density. Zanão et al. (2019) 
stated that the density differences between eucalypt and pine 
significantly affect the impregnation of these two woods. 
Low-density woods are impregnated faster than high-density 
woods when boiling in water. A similar phenomenon might 
have occurred in this study, as the fast impregnation and high 
water absorption by the pine particles might have decreased 
the amount of water available for ionic transport within the 
mixture and led to the lower specific strength. By this same 
principle, it was expected that pine-based GWC show 
higher water absorption (Table 3.1.3), with more 
advantages regarding specific strength increase with the 
hot water treatment than eucalypt-based GWC. Wilson 
and White (1986) reported that hardwoods are usually 
strong in compression, tension and shear, while softwoods 
are strong in tension but weak in shear. This might have 
contributed to the difference between the two composites. 
Since no observable changes were seen on the surfaces of 
the wood particles (Fig. 3.1.1) after treatment, it can be 
concluded that the morphology effects caused by 
mechanical interlocking did not affect changes in 
strength; rather, the wood species, shape of the wood 
particles and the removal of extracts did.

3.2.3  Effect of fly ash particle size on physical properties

For this test, the eucalypt-based GWC were used 
since they performed better than the pine-based GWC. 
Table 3.1.5 shows that composites made from ground fly 

Table 3.1.4  Chemical 
composition of treated and 
untreated wood particles (%)

Component (%) Species

Pine untreated Pine treated Eucalypt 
untreated

Eucalypt treated

Hydrolysis residue 29.20 29.20 28.10 29.20
Xylose 7.18 7.29 11.12 11.53
Glucose 42.42 42.61 47.89 50.05
Mannose 9.36 9.57 1.02 1.03
Galactose 2.00 2.07 0.79 0.90
Arabinose 1.22 1.27 0.20 0.22
Rhamnose 0.15 0.14 0.20 0.22
Acid soluble lignin 0.45 0.46 2.41 2.60
Other extracts 2.79 1.47 4.08 1.33

Table 3.1.5  Effect of fly ash 
particle size on the mean 
(standard deviation) of 
the physical properties of 
geopolymer wood composites 
(GWC) made with eucalypt

Means in the same column with same letters are not significantly different (p > 0.05)

Type of fly ash Eucalypt treatment Bulk density (g/cm3) Water absorption (%) Porosity (%)

Raw Untreated 0.91a (0.02) 53.13a (1.60) 48.11 (0.62)
Raw Treated 0.92a (0.02) 50.96a (2.17) 47.18 (1.11)
Ground Untreated 1.03b (0.03) 46.01b (2.66) 47.13 (1.57)
Ground Treated 1.02b (0.03) 45.93b (2.42) 46.79 (1.16)
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ash recorded greater densities than those from raw ash. 
After 24 h water immersion, composites from raw fly 
ash had the greatest water absorption rates while 
ground fly ash recorded the lowest water absorption 
rates. Significant differences were observed in densities 
and water absorption of composites from ground and 
raw fly ashes. The differences in water absorption 
may be attributed to the different densities of the 
GWC, owing to the smaller particles of the ground ash 
getting closely packed to fill up spaces within the 
composite thereby increasing the density with a 
reduction in water absorption. Another possibility might 
be the reduction of particle size through grinding, which 
resulted in an increased polymerization reaction and form-
ing of a dense structure, with decreased water absorption. 
However, within the same fly ash group no 
significant differences were found between hot water 
treated and untreated composites. The apparent 
porosity ranged from 46.79 to 47.13% for ground fly 
ash and 47.18–48.11% for the samples from raw fly 
ash (Table 3.1.5), with no significant differences 
between the composites.

3.2.4 � Effect of fly ash particle size on specific compressive 
strength

Compressive strength is 1.10–1.19 N/mm2 (composites from 
raw ash) and 2.49–2.59 N/mm2 (composites from ground 
ash), untreated—treated GWC, respectively. Hence, density 
effects shall be eliminated for better comparability of the 
grinding on the strength results. The ash-grinding step dou-
bled the specific compressive strength (Fig. 3.1.6). Using 
raw fly ash resulted in about 1 × 103 N m/kg whereas 
ground fly ash yielded about 2 × 103 N m/kg. With the 
same ash group, no significant difference was observed for 
hot water treated and untreated GWC. However, 
significant differences were observed between the GWC 
from ground and raw fly ash. The 54.63% decrease in the 
mean particle size by grinding led to a 94.9% (untreated) 
and 102.4% (treated) increase in the specific strength.

Grinding results in a larger surface area, which 
allows for a greater dissolution of alumina and silica in 
alkaline activation of the fly ash. In addition, smaller 
particle size requires less time to produce crystalline 
structures and gels that provide stability to the 
geopolymer, as well as more homogeneity in the matrix 
and more rigid bonds (Rosas-Casarez et  al. 2018). Kim 
and Lee (2017) who made a similar observation, 
discovered that geopolymer from finer ground bottom ash 
had the highest compressive strength compared to 
medium and coarse ground bottom ashes. The lower 
strength from the raw fly ash may be compensated by 
prolonging the reaction-mixing time to promote 
dissolution (Ziegler et al. 2016) and adding more soluble 
silica to dissolve the large particles (Kim and Lee 2017). 
Additionally, the particle fraction with diameters beyond 
100 µm could be sieved out prior to processing.

3.3  Effect of accelerated aging on specific 
​

The specific compressive strengths of eucalypt- 
based geopolymer composites after 200 cycles 
of soak/dry accelerated aging test are shown 
in Table 3.1.6. A significant difference was 
observed between the strength of composites 
from ground and raw ash. A similar pattern to the 
specific strength Fig. 3.1.6) was observed after the aging

Fig. 3.1.6  Effect of fly ash particle size on specific compressive 
strength of GWC made from eucalypt

Table 3.1.6  Mean comparison 
(standard deviation) of eucalypt-
based geopolymer wood 
composite before and after 200 
cycles of soak/dry conditions

Means in the same column with same letters are not significantly different (p > 0.05)

Species Type of fly ash Wood treatment Specific compressive strength ( 103× 
N m/kg)

% decrease

Before aging test After aging test

Eucalypt Raw Untreated 1.00a (0.20) 0.83a (0.22) 17.00
Eucalypt Raw Treated 0.99a (0.11) 0.84ab (0.16) 15.15
Eucalypt Ground Untreated 1.95b (0.15) 1.32bc (0.14) 32.31
Eucalypt Ground Treated 2.00b (0.17) 1.67c (0.10) 16.50
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test, as GWC from ground ash yielded higher strength 
before and after the 200 cycles than those from 
raw ash. This difference may be attributed to the 
difference in water absorption of the GWC samples. 
Water absorption by composites containing wood 
particles has several effects on their properties and 
affect the long-term performance. According to Lin et al. 
(2002), moisture penetration may degrade the 
mechanical proper-ties of composites by three 
different mechanisms. The first involves the 
diffusion of water molecules inside the micro gaps 
between the polymer chain, while the second involves 
capillary transport into gaps and flaws at fiber and 
matrix interface. Lastly, it may induce swelling of wood 
particles, which propagates microcracks in the matrix.

Water absorption is related to specific 
compressive strength as GWC from raw fly ash 
recorded the highest water absorption and lower specific 
strength values before and after the accelerated aging test. 
By increasing reactive surface through grinding, a denser 
composite material was formed with reduced water 
absorption and increased compressive strength. 
Thokchom et al. (2009), who studied the effect of water 
absorption on the durability of fly ash based geopolymer 
mortar, made similar observations. The authors found that 
samples with higher water absorption had the lowest 
compressive strength. A decrease in this specific 
strength could be observed for all composites after the cyclic 
test. However, the highest percentage decrease in 
strength was recorded for the GWC from ground and 
untreated wood. The specific strength after aging for ground 
fly-ash and water treatment decreased notably. In 
contrast to the previous results on specific strength, 
these results indicate that there are eucalypt-specific 
factors that affect the geopolymerization. Nevertheless, 
this effect is negligible compared to pine. Apart from this, 
no significant differences were observed between hot 
water treated and untreated composites.

4  Conclusion

This study analyzed the influence of grinding fly ash, 
wood species and hot water wood pretreatment on 
geopolymer wood composite (GWC) properties. It revealed 
that hot water treated wood improves GWC properties 
less compared to wood species or ash grinding.

Grinding decreased the mean particle size of raw fly 
ash by more than 50% and homogenized the particle size 
dis-tribution. There was an increase in the specific surface 
area of the fly ashes with grinding, which contributed to 
their reactiveness. Consequently, specific compressive 
strength doubled for all GWC made from ground ash.

The wood species significantly influenced the 
GWC’s specific compressive strength, as eucalypt-based 
composites yielded strength nearly double as high as 
pine ones. 

Furthermore, the wood species affected the composite’s den-
sities and played a vital role in the water absorption of the 
GWC. The eucalypt composite density was 16% higher than 
the pine counterpart, which rose from the different wood 
species densities. The lower apparent density of pine led to 
a higher water uptake in the pine-based composite than in 
the eucalypt-based composite.

The hot-water pre-treatment markedly increased (27%) 
the specific compressive strength of pine-based GWC, but 
not those of the eucalypt-based GWC. Washing out the 
pine-specific extracts led to a better compatibility between 
geopolymer and wood. Further investigations must focus 
on identifying the extract substance interacting with the 
geopolymerization. Alternative wood and non-wood (such 
as bamboo and bagasse) species shall be screened for their 
suitability.
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Influence of wood pretreatment, hardwood and softwood extractives on the compressive 

behavior of fly ash-based geopolymer composite (Submitted) 
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Abstract 

This paper investigated the specific compressive strength (specific strength) of fly ash-based 

geopolymer composites with four hardwood extractives and two softwood extractives, as well 

as specific wood extractives. Geopolymer paste was mixed with extractives before oven curing 

at 60 °C for 24 h. The hardened geopolymer paste was stored in a climate chamber (20 °C, 

65% RH) for 7 days before finally testing. From the results, the specific strengths of 

geopolymers with hardwood extractives were not significantly affected. However, 

geopolymers containing pine extractives showed the most significant reduction in specific 

strength. Geopolymers with polyphenols (i.e. pycogenol, tannin, and tannic acid) and resin acid 

(i.e. abietic acid) did not show significant differences in the specific strengths. Generally, 

geopolymers containing fatty acids (i.e. linoleic and oleic acids) recorded the lowest specific 

strengths. Since all extractive compounds investigated in this study reduced the specific 
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strength of the geopolymer, the combined effect of these specific extractives could even be 

greater. 

 

1.0 Introduction 

Inorganic bonded wood composites (IBWC) are one of the major building and construction 

components. Examples of IBWC include ceramic-bonded, gypsum-bonded, magnesia-bonded 

and Portland cement-bonded wood composites. Common applications of IBWC include 

flooring, tiling, prefabricated housing, façade, ceiling, and exterior and partition walls. Wood 

plays a very important role in IBWC, acting either as an aggregate or reinforcing element 

serving as to reduce the densities of the products (Sarmin 2016), while also improving tensile 

strength, flexural strength, toughness and energy absorption capacities through bridging cracks 

(Shaikh 2013); the inorganic matrix binds the wood particles, providing mechanical strength, 

low permeability, good chemical resistance, and excellent fire resistance behavior (Bakharev 

2005; Ryu et al. 2013; Shehab et al. 2016). Among the IBWC, Portland cement-bonded wood 

composites dominate the market share (Sarmin et al. 2014). Ordinary Portland cement (OPC) 

remains the main binding agent in these composites. It is an undisputed fact that the production 

of OPC continues to be one of the major contributors of CO2 emissions. With the keen search 

to finding suitable replacements for this binder, recent researches have shown that geopolymer, 

an alkali activated cement, serves as a possible alternative (Zhao et al. 2007; Giancaspro et al. 

2009; Giancaspro et al. 2010).  

 

Wood is a natural composite comprising mainly of cellulose, lignin and hemicellulose as 

structural components and non-structural polysaccharides and other extractives. Wood shows 

different characteristics, which differ in a wide range among species, and even between the 

same species (Stark et al. 2010). Wood is broadly categorized into softwood and hardwood. In 
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general, softwoods have a simpler basic structure with relatively less variation in structure 

compared with those of hardwoods.  

 

Among the structural components of wood, Ye et al. (2018) found that a lower content of 

cellulose, hemicellulose, and lignin (i.e. 5 wt. %) increases the flexural and compressive 

strengths of pure metakaolin-based geopolymer composites. Furthermore, the authors observed 

that both hemicellulose and lignin reduced the composites' compressive and flexural strengths. 

Alkaline degradation of hemicellulose lowered the degree of geopolymerization (Ye et al. 

2018). This drawback asks for different pretreatments and surface modification of wood before 

utilizing it in high alkaline inorganic matrices. Different pretreatment and modification 

methods based on alkaline hydrolysis, extraction and retention of sugars and hemicelluloses 

have been applied to minimize inhibition problems (Zhengtian and Moslemi 1985; Moslemi et 

al. 1983; Lee and Short 1989). Alkaline hydrolysis degrades hemicelluloses and sugars into 

non-inhibitory substances, while aqueous extraction removes inhibitory water-soluble 

substances (Alberto et al. 2000). Retention treatment seals the inhibitory substances in the 

wood by forming a thin coating layer around the wood preventing the release of the inhibitory 

substances (Quiroga et al. 2016). 

 

Despite the fact that wood reduces the density and improves on the strength properties of 

IBWC, their utilization in high alkaline environments causes leaching out of non-structural 

polysaccharides/low molecular weight carbohydrates, extractives and some structural 

components like hemicellulose. The kind and amount of these extractives differ by species and 

the portion of the tree (i.e. sapwood or heartwood), so they may have different inhibitory effects 

on setting, strength and geopolymerization process. Jorge et al. (2004) established, that the 

properties of inorganic bonded wood composites are influenced by the addition of wood as 
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well as the binder type. In the study of the influence of hot water wood pretreatment and fly 

ash particle size on the performance of geopolymer wood composites (GWC), Asante et al. 

(2021) determined that forming a GWC with Eucalypt grandis wood produced better 

mechanical and physical properties than those made with Pinus taeda. The authors recorded a 

3 and 27 % increase in specific strengths of the Eucalypt-based and pine-based GWCs 

respectively after hot water washing of the wood. This clearly indicates there were some wood 

extractives hindering the geopolymerization or causing the incompatibility between the wood 

and the geopolymer. The same authors concluded that the lower specific strength and physical 

properties of the GWC from pine wood was as a result of the poor incompatibility between the 

pine and the geopolymer matrix. However, the research was limited to one softwood and one 

hardwood and as to what group or type of extractives might be causing this incompatibility. 

Regardless, there is little or no established research about the influence of these inhibitory 

extractive substances on the properties of geopolymer composites.    

 

The understanding of how extractives from various hardwood and softwood species affect the 

properties of GWC will serve as the basis for better preparation of these composites, as well as 

a diverse application of environmentally friendly building materials. Using a fly ash-based 

geopolymer, extractives from four hardwood species and two softwood species were tested in 

order to understand how wood extractives affect the specific compressive strength (specific 

strength) of a geopolymer. Additionally, the effects of sapwood and heartwood extractives as 

well as specific extractives on the specific strength of fly ash geopolymer were studied. Lastly, 

the influence of the pretreating of sapwood and heartwood with NaOH on specific strength was 

also considered. 
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2. Materials and Methods 

2.1 Materials 

Class F fly ash (i.e., mass contents of SiO2 + Al2O3 + Fe2O3 ≥ 70%) was obtained from the GK 

Kiel GmbH power plant in Kiel, Germany. The chemical oxide compositions of the fly ash as 

detected by X–ray fluorescence (XRF) are shown in Table 3.2.1. Betol 50 T (Na2SiO3) was 

purchased from Woellner, Germany and NaOH (analytical grade) was purchased from VWR, 

Germany. Betol 50 T and NaOH were used as received to produce the activator solution. 

Pycogenol, tannic acid, linoleic acid, oleic acid and abietic acid (Sigma Aldrich, Germany) and 

condensed tannin (from Natural Resource Institute Finland) were used. For the study, four 

hardwood species (Eucalypt grandis, Eucalypt camaldulensis, Port Jackson, and Black wattle) 

and two softwood species (spruce and pine) were used. Fig. 3.2.1 shows the morphology and 

size of wood particle used for extraction.  

 

 

Fig. 3.2.1. The morphology of wood particle used for extraction of wood extractives 
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Table 3.2.1. Chemical composition of fly ash in weight percentage share (%) by XRF analysis 

Component Al2O3 SiO2 SO3 K2O Na2O CaO TiO2 MgO Fe2O3 P2O5 LOI* 

Share (%) 20.53 54.18 0.01 1.51 0.51 3.36 0.84 1.50 6.31 0.66 4.18 

Loss on ignition (LOI*) at 1000 oC. 

 

2.2 Extractives preparation 

To study the influence of hardwood and softwood extractives on the strength properties of a 

geopolymer, wood particles (4 hardwood and 2 softwood species) were mixed with 1% NaOH 

solution (Table 3.2.2). After 20 min of mixing in the 1% NaOH solution, the wood particle was 

filtrated to separate the liquid and solid phases. The mass concentration of extractives (i.e. 

liquid) was measured for each extractive by drying in the oven at 60 ºC for 36 h. The extractive 

was then used to study its effect on specific compressive strength of a pure fly ash geopolymer.  

 

Table 3.2.2. Extraction method  

Mass conc. of NaOH 

(%) 

Vol. NaOH 

(ml) 

Mass wood 

(g) 

Contact Time 

(mins) 

1 1000 100 20 

 

2.3 Sample preparation 

2.3.1 Geopolymer with softwood and hardwood extractives 

The alkaline activator solution for geopolymer was prepared according to the method described 

by Asante et al. (2022) using Betol 50T (i.e. Na2SiO3) and 10 M NaOH in a weight ratio of 

2.5:1. The solution was allowed to cool to ambient conditions prior to use. Fig. 3.2.2 shows the 

manufacturing process for the composites. Fly ash was mixed with the activator solution in a 

mass ratio of 2:1 for 5 min. Finally, 3% of the extractive solution (i.e. based on fly ash weight) 
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was added to the mixture for 5 min (Table 3.2.3). The mixture was cast in a cylindrical mold: 

50*100 mm2 and cured at 60 ºC for 24 h. To avoid rapid moisture loss leading to cracks, 

samples were kept in low density polyethylene plastic before oven curing. The oven-cured 

samples were kept in the climate chamber (20 °C, 65% RH) for 7 days before compressive 

strength tests were carried out.   

 

 

Fig. 3.2.2. Manufacturing process of hardened geopolymer paste and geopolymer bonded wood 

composite. 

 

Table 3.2.3. The mix design of fly ash geopolymer with wood extractives 

 Fly ash: Activator Na2SiO3: NaOH (Activator) % Extract 

Control 2: 1 2.5: 1 0 

Samples with Extract 2: 1 2.5: 1 3 

*For the control sample, 3% by mass of fly ash of the NaOH solution used for the extraction 

was added. 
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2.3.2 Geopolymer bonded wood composites 

To study the influence of the portion of pine wood pretreatment on the properties of a fly ash 

geopolymer, sapwood and heartwood particles were treated as shown in Table 3.2.1. After 20 

mins of mixing in the 1% NaOH solution, the wood particle was filtrated to separate liquid and 

solid phases. The sapwood and heartwood extractives, collected separately, were used in 

geopolymer preparation according to Table 3.2.3. The solid particles were dispersed in 2250 

mL distilled water (i.e. water: wood particles), before finally washing with 1000 mL distilled 

water. Finally, wood particles were dried in an oven at 60oC for 36 h and later kept in the 

climate chamber (20 °C, 65% RH) until the moisture content was, after 7 days, at 10-12%.  

 

The geopolymer wood composite was prepared in accordance with Table 3.2.4 (see Fig. 3.2.2). 

Fly ash was first mixed with wood (dry mass) for 3 min; water was added and then mixed for 

3 min and finally, the mixture was activated for 4 min with the alkaline activator solution. The 

activated mixture was cast in 50 mm3 molds and cured at 60 ºC for 24 h. To avoid rapid 

moisture loss leading to cracks, samples were sealed in plastic before oven-curing. The oven-

cured samples were kept in the climate chamber (20 °C, 65% RH) for 7 days, compressive 

strength tests being carried out on the 7th day.   

 

Table 3.2.4. Preparation of geopolymer wood composite 

Proportion Fly Ash: activator Fly ash: wood (dry mass) Fly ash: additional water 

Mass ratio 2:1 4:1 5.3:1 

 

2.3.3 Geopolymer with softwood specific extractives  

Pycogenol and condensed tannin were dissolved in water to form a concentration of 0.12%. 

More details about the condensed tannins can be found in the previous study (Asante et al. 
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2020). Then, 5 g of abietic and oleic acids were dissolved separately in 20 ml of ethanol, after 

which 20 ml of 1% NaOH solution was added prior to adding to the geopolymer mortar during 

sample preparation. 5 g of liquid linoelic acid was used as received, 35 ml of 1% NaOH solution 

being added hereafter. Next, 5 g of tannic acid was dissolved in 40 ml of 1% NaOH solution. 

(NB: To make easy comparisons to control samples, 1% NaOH solution was used for 

dissolving extract or added to the geopolymer paste after extract addition to keep sodium (Na) 

ions as close to that of the control samples as possible). The geopolymer paste samples were 

all prepared according to Table 3.2.3. 

 

2.4 Test conducted 

2.4.1 Fourier Transform Infrared Spectroscopy (FTIR)  

The FTIR spectra of the untreated and treated pine wood (i.e. sapwood and heartwood) samples 

were recorded by a Vertex 70 powder FTIR spectrometer equipped with a diamond ATR from 

(Bruker Optics, Germany) in the range of 4000−500 cm−1. 

 

2.4.2 Analysis of pine sapwood and heartwood extracts 

Aliquots (50 ml ea.) of the alkaline extractives of pine sap- and heartwood were acidified with 

o-phosphoric acid (VWR, purity 85 %) to a pH-value of 7 and extracted with dichloromethane 

(DCM, Th. Geyer) in a separation funnel by shaking out. The extraction of acidified aliquot 

was carried out at least three times and the organic phase was combined afterwards. A 

subsequential extraction stage starts with an additional acidifying step to a pH-value of 2 and 

extraction as described. After combining the sub-fractions of each extraction step, DCM was 

removed with a rotary evaporator (IKA RV 10 basic) at atmospheric pressure and a water bath 

temperature of 45°C. The extractives were removed to a weight flask and weighed out after 

removal of the residual DCM-phase. Two fractions called “pH 7” and “pH 2” were produced 
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by liquid-liquid-extraction. During the DCM-extraction, some of the extractive parts sediments 

due the acidic conditions of the solution. Therefore, a further aliquot (40 ml) of each alkaline 

extractive sample was precipitated in cold water (1:10, V:V) dropwise and filtered with a 

cellulose filter. Before weighing out, the residues were dried to mass constancy in a desiccator 

over silica gel and phosphorus pentoxide subsequently.  

 

The dried extractives were prepared for GC-MS/FID analysis by dissolution in an acetone 

solution with the internal standard fluoranthene (ß=200.06 µg/ml). The solutions with a 

concentration of 10 mg/ml DCM-extracts were filtered with a syringe filter (cellulose, 0.45µm) 

subsequently. GC/MS-FID analyses (Agilent 6890; Column: VF-1701 (60 m, 0,25 mm ID, 

0,25 µm Film); 2.0 ml/min He; 45°C, 4 min, 3 K/min, 280°C, 20 min; Split 15:1; FID 280°C, 

40 ml/min H2, 450 ml/min synth. Air; Recording: 20 Hz; MSD: Agilent 5975B, MSD-

Transfer: 280°C, mass range 19 - 550 m/z) were conducted for characterization of the pine 

wood extractives. Besides the standard characterization of the composition, additional 

measurements were done for more detailed insights into higher molecular structures which are 

not detectable by the described characterization. For this purpose, an online derivatization with 

tetramethylammonium hydroxide (TMAH) on DCM extracts (pH-value of 2) was carried out 

on a Py-GC/MS-FID system. 10 µl of DCM extracts were weighed into a small pyrolysis cup 

and 20 µl TMAH solution (10 wt%) was added. The GC/MS-FID measurements of derivatized 

samples were conducted under the following parameters: Agilent 6890; Column: VF-5ms 

(60 m, 0,25 mm ID, 0,25 µm Film); 1.9 ml/min He; 45°C, 4 min, 3 K/min, 325°C, 20 min; 

Split 15:1; FID 350°C, 40 ml/min H2, 450 ml/min synth. Air; Recording: 20 Hz; MSD: Agilent 

5975B, MSD-Transfer: 350°C, mass range 20 - 550 m/z). Quantification of the GC/MS-FID 

results were carried out using the relative area of the compounds relating the area of the internal 
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standard for standard measurements. The derivatized samples were evaluated by using the ratio 

of substance area to total area.   

 

2.4.3 Specific compressive strength testing 

The compressive strength of 7 day aged cylindrical samples (50 × 100 mm2) was measured 

using a hydraulic universal testing machine (UTM) by MTS Systems Corporation (Eden 

Prairie, Minnesota, US). The MTS UTM was equipped with a Zwick model 1485 control panel 

(ZwickRoell GmbH & Co. KG, Ulm, Germany). The samples were compressed with a load 

cell capacity of 250 kN and with a crosshead speed rate of 1 mm/min. The compressive strength 

was calculated by dividing the maximum force (N) by the cross–sectional area (mm2) of the 

sample. The specific strength was calculated by dividing the compressive strength by the 

density of the geopolymer composite. The average value of five samples was reported for each 

group. 

 

2.5 Statistical analysis 

The statistical analysis was performed using Origin Pro software. An analysis of variance 

(ANOVA) was conducted to identify differences between the samples' specific compressive 

strength. Comparisons of means were performed using the Fisher LSD at 5% significance level. 

The values presented in this study are all means and the error bars represent standard deviations. 

Means with same letters are not significantly different; p>0.05. 

 

3. Results and Discussion 

3.1 Yield of extractives  

The yield of all extractives is presented in Table 3.2.5. The yield ranges from 1.54 – 1.96%. 

Overall, B. wattle (more details of sample code are given in Table 3.2.5) had the highest mass 
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concentration of extractives with E. grandis recording the lowest. The percentage yield of 

extracts (i.e. dry matter content) of the pine sapwood was slightly lower than that from the 

heartwood. This comes as no surprise as the sapwood plays the role of sap conduction, storage 

of photosynthate and synthesis of extractives, the heartwood’s function being long-term storage 

of the extractives in living trees (Rowell 2013). In addition, heartwood is more soluble than 

sapwood, which suggests that a greater amount of substance can be leached out during the 

extraction process (Cabangon et al. 2000). 

 

Table 3.2.5. Dry matter content (%) of extractives. 

Wood species Code Yield (%) 

Eucalyt grandis E. grandis 1.54 

Eucalyt camaldulensis E. camal 1.58 

Port Jackson P. jack. 1.80 

Black wattle B. wattle 1.96 

Norway spruce Spruce 1.73 

Pinus sylvestris Pine 1.81 

Pine Sapwood Sap 1.61 

Pine Heartwood Heart 1.82 

 

3.2 Characterization of pine sapwood and heartwood particles before and after NaOH 

pretreatment 

3.2.1 Morphology  

The morphology and appearance of the pine wood particles before and after 1% NaOH 

treatment are presented in Fig. 3.2.3. Here it can be seen, that the major difference arose from 

the color change of the wood particles, which changed from pale yellowish to light brown for 
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the sapwood and from yellowish to dark brown for the heartwood. It is well known that 

treatment with aqueous NaOH solution removes wood extracts. The color change might be as 

a result of the removal of extracts and the drying of particles after treatment as a similar 

observation which was made by Asante et al. (2021).  

 

 

Fig. 3.2.3. Morphology of pine wood particles before and after NaOH treatment: a untreated 

sapwood; b treated sapwood; c untreated heartwood; d treated heartwood 

 

3.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The structural differences in pine sapwood and heartwood before and after NaOH treatment 

can be evaluated by Fourier transform infrared spectroscopy (Bhatia and Johri 2016). Fig. 

3.2.4 shows the FTIR spectrum for explicating the chemical changes which occur after treating 
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the pine wood samples with NaOH. In the spectra, the transmittance around 2910-2928 and 

1369-1371 cm−1 are attributed to the C–H stretching and bending vibration in cellulose (Zhong 

et al. 2010). The transmittance band of the C–O stretch vibrations in cellulose and 

hemicelluloses are around 1029- 1033 cm−1, which is the highest intensity band (Barman et al. 

2020). Furthermore, the vibrations around 1701 and 1733 cm−1   in both untreated sapwood and 

heartwood respectively, is attributed to the C=O stretching of methyl ester and carboxylic acid 

(Zhong et al. 2010; Barman et al. 2020). The absence of this spectrum in both the treated 

sapwood and heartwood represent the major difference in the Fig. 3.2.4. Similar observations 

were made by Zhong et al. (2010) and Barman et al. (2020) after treating Fir and pine wood 

respectively with NaOH solution. According to Zhong et al. (2010), this indicated the removal 

of pectin, waxy and natural oils covering the external surface of the cell wall by the alkali 

treatment. 

 

 

Fig. 3.2.4. FTIR of untreated and NaOH treated pine sapwood and heartwood. 
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3.3 Effects of pretreatment and portion of pine wood used in geopolymer wood composite. 

Since pinewood was mostly affected negatively [see section 3.5], the sapwood and heartwood 

were used for further analysis. The effect of the portion (i.e. sapwood or heartwood) of pine 

wood used in geopolymer wood composite production is shown in Fig. 3.2.5. Due to the higher 

solubility of heartwood vs. sapwood suggesting that a greater amount of substance could be 

leached out (Cabangon et al. 2000) to disturb the geopolymerization, it was expected that the 

specific strength of these two composites would be different. This being said, the results in Fig. 

3.2.5 show that the specific strength of fly ash based GWCs in both untreated pine sapwood 

and heartwood was not significantly different.  

 

However, with the 1% NaOH pretreatment, a significant difference was observed between the 

GWCs from the sapwood and heartwood. The pretreatment of the sapwood and heartwood led 

to an increase in the specific strengths of both GWCs. Due to their ability to remove extractives 

and inhibitory contaminants from wood, NaOH increases surface roughness and increases 

surface wettability (Redzuan et al. 2019). As a result of the NaOH treatment, the wood surface 

area may have been increased for bonding with the geopolymer, due to the roughness being 

increased (Redzuan et al. 2019) and therefore the specific strength increasing. Be that as it may, 

the treatment led to a 21% and 10% increase in the specific strength of GWCs with sapwood 

and heartwood respectively. This indicates the NaOH treatment was more pronounced in the 

pine sapwood than the heartwood. In comparing the surface roughness of sapwood and 

heartwood in Acacia mangium after NaOH treatment,  Redzuan et al. (2019) observed that the 

surface roughness of sapwood increased more than that of heartwood (as the cells of sapwood 

are more permeable to liquid than the heartwood). The authors concluded that the NaOH 

treatment was more effective for the sapwood than the heartwood. This might have led to the 
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significant difference between the specific strength of the GWCs with sapwood and the 

heartwood in this present work.  

 

In contrast to these results, Sarmin et al. (2020) demonstrated with a NaOH treated Picea abies 

veneer, that the debonding strength between the veneer embedded in a blend of fly 

ash/metakaolin geopolymer was reduced compared to the untreated one. It is possible that the 

strength of sapwood and heartwood treated samples may increase not only due to the removal 

of extracts, but also due to the removal of hemicelluloses, as Ye et al. (2018) found that 

hemicelluloses act as one of the major components of wood that hinders geopolymerization. 

The increase in strength suggests that washing wood with NaOH solution is one possible way 

of removing inhibitory substances in wood before use in a GWC. However, this should be 

further confirmed in the future work.  

 

 

Fig. 3.2.5. Specific compressive strength of fly ash geopolymer wood composite with treated 

and untreated pine sapwood and heartwood 
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3.4 Influence of pine sapwood and heartwood extractives on the specific strength 

The effect of pine sapwood and hardwood extractives on the pure fly ash-based geopolymer is 

shown in Fig. 3.2.6. The specific strength of the control sample was significantly different from 

the geopolymers with pine extractives. This indicates that there are pine specific extractives 

which hinder the geopolymerization process thereby reducing the strength. However, among 

the geopolymers with extracts, no significant difference was observed between the specific 

strengths of the ones containing sapwood and heartwood extractives. According to Cabangon 

et al. (2000), heartwood has higher solubility than sapwood suggesting larger amounts of 

substance that could be leached out during the extraction process. Despite the fact that the 

diversity of compounds is higher in sapwood extracts than in hardwood extracts, some similar 

compounds were extracted from both the sapwood and the heartwood [section 3.6,], although 

the amount (i.e. the yield) of the extracts was different (see Table 5). The similar nature of the 

compounds extracted might have resulted in the strength behaviors of the geopolymer with 

sapwood extract and the heartwood extract. It is likely that one or a combination of these 

extracts might have caused the reduction in the specific strength of the geopolymer.  
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Fig. 3.2.6. Specific compressive strength of pure fly ash geopolymer with pine sapwood and 

heartwood extracts  

 

3.5 Effects of softwood and hardwood extract on the specific strength of fly ash 

geopolymer 

Fig. 3.2.7 shows the specific strength of a geopolymer with different hardwood and softwood 

extractives. Specific strength values of 11.11 kN.m/kg and 11.87 kN.m/kg were recorded for 

geopolymers with pine and spruce softwood respectively, while a range of 12.69 – 13.77 

kN.m/kg was recorded for geopolymers with hardwood extractives. In comparison with the 

control (13.51 kN.m/kg), it can be seen that the specific strength of the geopolymers with 

hardwood extracts was not significantly affected. However, the specific strength of 

geopolymers with softwood extractives was significantly affected; with geopolymers 

containing pine extractive recording the least strength. Similarly, Asante et al. (2021) found 

that a geopolymer wood composite made of eucalypt wood, would have a higher specific 

compression strength than one made of pine wood. The same authors concluded that there 
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might be pine specific extractives hindering the geopolymerization process and therefore 

causing a reduction in strength.  

 

 

Fig. 3.2.7. Specific compressive strength of pure fly ash geopolymer with hardwood and 

softwood extractives (Means with same letters are not significantly different; p>0.05). 

 

3.6 GC/MS-FID analysis of pine sapwood and heartwood extractives extracted with 

NaOH 

From the aliquots (50 ml) of alkaline extractive solutions, a portion of DCM-soluble 

compounds could be extracted in various amounts depending on the pH-value during liquid-

liquid extraction. The heartwood sample shows a higher amount of DCM-soluble with approx. 

0.6 g considering the aliquot volume. Thereof, 47 % of the DCM-extract from the heartwood 

sample is attributable to the first extraction step at pH-value 7, while 52 % is accounted to pH-

value 2. In the case of sapwood, the amounts of each pH-value step were allocated in reverse 
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order (pH-value 7: 57 %; pH-value 2: 43 %). Besides the DCM-soluble fractions, solid non-

DCM-soluble fractions were found due precipitation from the liquid phase. From these aliquots 

only small amounts of probably lignin-derived compounds were found (heartwood: 0.1 g, 

sapwood: 0.005 g).               

 

Table 3.2.6. Semi-quantification of DCM-extractable compounds of alkaline extractives from 

pine sap- and heartwood at pH-value 7 and 2 in relation to internal standard (IS) area 

Order of 

retention 
 Compound  relative Area  

    

Heartwood 

 

Sapwood 

        pH 2 pH 7   pH 2 pH 7 

1  Butanol, 2-methyl-2-  

 

0.032 0.032 

 

0.008 0.014 

2 

 

Butanone, 3-methyl-2-    

 

0.034 0.015 

   
3 

 

1,3-Dioxolane, 2,2,4-trimethyl-  

  

0.005 

  

0.005 

4 

 

Acetic acid 

 

0.041 

  

0.023 

 
5 

 

Isobutyl methyl ketone   

 

0.011 0.011 

 

0.013 0.011 

6 

 

Pentanol, 1- 

     

0.015 

7 

 

α-Pinene    

 

0.023 0.021 

   
8 

 

2-Heptanone    

     

0.040 

9 

 

3-Carene  

 

0.024 0.023 

   
10 

 

Hexanoic acid 

    

0.532 

 
11 

 

Fenchol  

  

0.030 

   
12 

 

Pinocarveol 

     

0.029 

13 

 

cis-Verbenol  

     

0.099 

14 

 

unknown Terpene 

  

0.026 

   

69



15 

 

(-)-4-Terpineol   

 

0.015 0.082 

  

0.029 

16 

 

endo-Borneol 

 

0.015 0.094 

  

0.029 

17 

 

similar to α-Terpineol  

  

0.024 

   
18 

 

α-Terpineol 

 

0.047 0.304 

  

0.027 

19 

 

p-Cymen-8-ol  

  

0.054 

  

0.182 

20 

 

similar to p-Cymen-8-ol 

  

0.054 

  

0.182 

21 

 

cis-Carveol  

     

0.043 

22 

 

Guaiacol, 4-vinyl- 

 

0.042 

    
23 

 

α-Muurolene    

 

0.018 0.012 

   
24 

 

β-Cadinene   

 

0.010 

    
25 

 

α-Calacorene    

 

0.006 

    
26 

 

Vanillin 

 

0.015 0.158 

  

0.705 

27 

 

α-Campholenaldehyde 

     

0.055 

28 

 

Ethanone, 1-(4-hydroxy-3-

methoxyphenyl) 

     

0.027 

29 

 

Pimara-8(14),15-diene 

 

0.010 

    
30 

 

Isobutyl phthalate (softener) 

 

0.010 

   

0.018 

31 

 

13-Epi-Manoyl oxide 

 

0.005 

    
32 

 

Fluoranthene (IS) 

 

1.000 1.000 

 

1.000 1.000 

33 

 

Pimaral   

 

0.123 0.095 

  

0.034 

34 

 

Naphthalene, 1-phenyl- (impurity IS) 

 

0.013 0.013 

 

0.012 0.014 

35 

 

Isopimara-7,15-dienal  

 

0.053 0.040 

  

0.017 

36 

 

Pimarol (spectrum not confirmed) 

 

0.074 0.055 

  

0.125 

37 

 

Dehydroabietal 

 

0.016 0.012 

  

0.012 

38 

 

trans-3,5-Dimethoxystilbene  

 

0.027 0.022 
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39 

 

Dehydroabietic acid methyl ester   

 

0.037 0.028 

   

  

Methyl dehydroabietate 

     

0.014 

40 

 

Abietal (spectrum not confirmed) 

 

0.019 0.013 

   
41 

 

Methyl abietate 

 

0.012 

    
42 

 

Dehydro-4-epiabietol 

     

0.017 

43 

 

4'-Methoxy-2-hydroxystilbene  

 

0.684 1.309 

   
 

Table 3.2.6 shows the composition of the DCM-soluble extracts from the alkaline extractives 

corresponding to their pH-value. It can be seen, that the alkaline extractives consist of terpenoic 

compounds like pinene, carene as monomeric terpenes, terpineol and borneol as representatives 

of alcohols of monocyclic and bicyclic terpenes respectively. Aside from this, nonspecific low 

molecular weight substances like alcohols, ketones and acids (only in pH=2 samples) also 

occur in each sample. Furthermore, typical compounds for pine wood extractives like salts and 

esters of abietic acid and stilbenes, also occur predominantly in the heartwood samples, 

whereas high amounts of vanillin, p-Cymen-8-ol and pimarol were found at the acidic fraction 

of sapwood extractives.  

 

Table 3.2.7. Semi-quantification of DCM extractable compounds of alkaline extractives from 

pine sap- and heartwood at pH-value 2 after derivatization with TMAH 

No.  Compound  relative Area (%) 

        Sapwood Heartwood 

      
1 

 

Methyl dehydroabietate 

 

26.0 33.6 

2 

 

Methyl sandaracopimarate 

 

4.5 19.7 

3 

 

Methyl abietate 

  

15.7 
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4 

 

trans-3,5-Dimethoxystilbene  

  

9.0 

5 

 

Nonanedioic acid dimethyl ester 

 

10.3 

 
6 

 

7-Oxodehydroabietic acid methyl ester  

 

7.7 2.9 

7 

 

x-Octadecenoic acid, methyl ester 

 

6.7 

 
8 

 

Cyclotrisiloxane, hexamethyl- 

 

4.2 0.2 

9 

 

Cyclotetrasiloxane, octamethyl-  

 

3.9 0.3 

10 

 

Methyl 7-methoxyabieta-6,9(11),8(14),12-tetraen-18-oate 

 

3.7 3.7 

11 

 

Nonanoic acid, methyl ester  

 

3.7 0.3 

12 

 

Hexanoic acid, methyl ester  

 

3.6 0.7 

13 

 

Hexadecanoic acid, methyl ester 

 

3.4 2.8 

14 

 

Octanoic acid, methyl ester    

 

2.3 0.2 

15 

 

Cyclopentasiloxane, decamethyl- 

 

1.9 0.4 

16 

 

Methyl abieta-8,13(15)-dien-18-oate  

  

1.8 

17 

 

Hexadecanoic acid, 14-methyl-, methyl ester 

 

1.8 0.4 

18 

 

Stigmasta-3,5-dien-7-one  

 

1.7 

 
19 

 

similar to Methyl sandaracopimarate 

  

1.7 

20 

 

Benzaldehyde, 3,4-dimethoxy-  

 

1.7 0.4 

21 

 

Hexanal  

 

1.3 

 
22 

 

Octanedioic acid, dimethyl ester  

 

1.1 

 
23 

 

Decanedioic acid, dimethyl ester  

 

1.0 

 
24 

 

Octadecanoic acid, methyl ester 

 

1.0 0.7 

25 

 

Cyclohexasiloxane, dodecamethyl- 

 

1.0 0.6 

26 

 

Heptanoic acid, methyl ester   

 

0.9 

 
27 

 

Benzoic acid, 3,4-dimethoxy-, methyl ester  

 

0.9 0.2 

28 

 

Undecanedioic acid, dimethyl ester  

 

0.8 
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29 

 

Cycloheptasiloxane, tetradecamethyl- 

 

0.7 0.2 

30 

 

Cyclooctasiloxane, hexadecamethyl- 

 

0.6 

 
31 

 

Decanoic acid, 9-oxo-, methyl ester  

 

0.5 

 
32 

 

Decanoic acid, methyl ester  

 

0.5 0.2 

33 

 

Tetradecanoic acid, methyl ester  

 

0.5 0.2 

34 

 

Cyclononasiloxane, octadecamethyl- 

 

0.4 

 
35 

 

Benzoic acid, methyl ester  

  

0.4 

36 

 

Siloxane compound 

 

0.3 

 
37 

 

Heptadecanoic acid, methyl ester  

 

0.3 

 
38 

 

Cyclodecasiloxane, eicosamethyl- 

 

0.3 

 
39 

 

alpha-Terpineol 

  

0.3 

40 

 

x,y-Octadecadienoic acid methyl ester 

 

0.3 

 
41 

 

Acetophenone, 3,4-dimethoxy- 

 

0.2 

 
42 

 

Tetradecanoic acid, x-methyl-, methyl ester 

 

0.2 

 
 

Table 3.2.7 shows the distribution of higher molecular compounds, which are detectable due 

derivatization of the alkaline pine wood extractives. For this method, mainly aliphatic 

carboxylic acids can be detected by forming the corresponding methyl esters. Thereby a typical 

distribution between the composition of the heartwood and the sapwood extractives can be 

seen. The GC-detectable compounds of sapwood extractives consist of up to 39 wt% of 

saturated and unsaturated fatty acids while terpenoids and resin acids accounts for an amount 

of 26 wt%; in the extractives from heartwood, terpenoids and resin acids occur predominantly, 

with an amount of up to 51 wt% of the GC-detectable substances. Meanwhile aliphatic 

carboxylic acids represent only a small amount (up to 5 wt%) of the extractives. The diversity 

of compounds is higher in sapwood samples than in hardwood samples. The five compounds 
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with the highest amounts represent, in the case of heartwood, up to 78 wt% of the GC-

detectable compounds, these compounds representing only 41 wt% in the sapwood samples.        

 

3.7 Effect of softwood specific extracts on the specific compressive strength of pure fly 

ash geopolymer 

It is a well-established fact that in high alkaline environments, non-structural wood compounds 

such as polyphenolics (tannins), dyes, simple sugars, resin and fatty acids are dissolved from 

wood (Doczekalska and Zborowska 2010; Huang and Yan 2013). One of the major differences 

in extract composition between the sapwood and heartwood of pine is their proportion of fatty 

and resin acids (section 3.6). The sapwood contains more fatty acids while the heartwood 

contains more resin acids as was also observed by Back and Allen (2000). For these reasons, 

in order to understand the influence of specific extractives on the strength of a fly ash based 

geopolymer, the authors of the present work considered two fatty acids (linoleic and oleic 

acids), one resin acid (i.e. abietic acid) and three polyphenols (i.e. condensed tannins, 

pycogenol and tannic acids).  

 

A lower specific strength was recorded for all the tested specific extractives when compared to 

the control group (Fig. 3.2.8). There was no significant difference between geopolymer 

composites containing polyphenols (i.e. pycogenol, tannin and tannic acid) and resin acids 

(abietic acid). Generally, geopolymers containing linoleic and oleic acids (fatty acids) recorded 

the lowest specific strengths. Although Portland cement differs from a geopolymer in some 

ways, similar observations were made by Tugrul Albayrak et al. (2005), who found that oleic 

acid and sunflower oil (containing oleic and linoleic acids) decrease the compressive strength 

of concrete. 
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Fig. 3.2.8. Specific compressive strength of pure fly ash geopolymer with softwood specific 

extracts  

 

In a process called saponification, Shill et al. (2020) and Shill et al. (2022) found that esters of 

fatty acids reacted at high temperatures with free sodium hydroxide in a fly ash geopolymer to 

produce sodium carboxylate, which is a salt. Furthermore, Shill et al. (2020) determined that 

soap and salt compounds, such as sodium carboxylate and sodium phosphates, were present in 

the fly ash geopolymer mortar after saponification had occurred. The authors defined this 

process of the formation of soap compounds on a geopolymer as saponification of a 

geopolymer. It is believed that the formation of soap compounds on the geopolymer took place 

when the fatty acids (i.e. linoleic and oleic acids) were exposed to the geopolymer at 60 ºC, 

resulting in the saponification of the geopolymer.  This caused the geopolymer to weaken and 

lose its specific compressive strength, as was also observed by Shill et al. (2020).  

 

75



It was discovered that geopolymers containing fatty acids and resin acid/polyphenols differed 

significantly in specific compressive strength. Since all extractive compounds investigated in 

this study reduced the specific strength of the geopolymer, the combined effect of these specific 

extractives could even be greater. However, this might depend on other factors, such as the 

amount and nature of wood extractives present in the mixture as observed in cement   

(Sandermann et al. 1960; Biblis and Lo 1968; Fischer et al. 1974; Liu and Moslemi 1985). 

 

4. Conclusions 

In this study, fly ash based geopolymer composites were produced to investigate the influence 

of four (4) hardwoods and two (2) softwoods extractives on the specific compressive strength. 

The following conclusions were made from the study: 

 The specific compressive strengths of geopolymers with hardwood (i.e. E. grandis, E. 

camaldulensis, P. jackson and B. wattle) extracts were not affected, while those with 

softwood (i.e. spruce and pine) were reduced. 

 The highest specific strength reduction was observed in geopolymer composites with 

pine extracts.  

 The diversity of compounds is higher in sapwood extract than in hardwood extract. 

 All the tested specific extracts (i.e. pycogenol, tannin, tannic acid, abietic acid, linoleic 

and oleic acids) recorded lower specific compressive strengths when compared to the 

control, suggesting that the combined effect of these specific extractives could even be 

greater on the GWC strength and geopolymer-wood compatibility.  

 Among the single pure compounds investigated in this present study, the fatty acids 

(i.e. linoleic and oleic acids) led to the greatest reduction in specific strength in the 

geopolymer. 
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 With NaOH pretreatment of pine wood prior to its use in a geopolymer wood 

composite, the specific strength of a geopolymer sapwood composite was higher than 

that with heartwood.  
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A B S T R A C T

Geopolymer wood composites (GWC) serve as an emerging green alternative to Portland cement wood com
posites in the construction sector. The wood’s moisture content upon being introduced into the GWC formulation 
alters the content of water, which is one of the key factors influencing the strength and structure in the geo
polymerization process. This study investigates the influence of initial wood moisture content on the material 
properties of GWC. The prepared GWC were made using 20 wt% wood flour with five different wood moisture 
contents (i.e. 1, 12, 27, 60 and 90 wt%). Generally, the GWC had structurally bound water, free water and cell 
wall water; the latter two waters can evaporate with time or temperature. Forming GWC with wood of a higher 
moisture content led to 30–wt% of the initial water being structurally bound. Density and compressive strength 
of the GWC were higher when using dry wood while porosity was reduced.   

1. Introduction

Geopolymer consists of aluminosilicate raw material (such as meta
kaolin, coal fly ash, high calcium containing slags) and activator solu
tion (e.g. sodium hydroxide and sodium silicate) [1]. In combination 
with wood (fibers, particles, flour) it forms geopolymer wood compos
ites (GWC). During the manufacturing process, the aluminosilicate, 
upon contact with the activator solution, undergoes dissolution, hy
drolysis of Al3+ and Si4+ compounds and a subsequent polycondensation 
reaction forms an amorphous to semi-crystalline solid geopolymer 
network [2]. The wood component binds mechanically to the geo
polymer surface and forms a solid based composite [3]. 

The wood in GWC serves as a means for reducing density and thermal 
conductivity [4,5], whereas the geopolymer matrix binds the wood 
particles, providing mechanical strength, low permeability, good 
chemical resistance and excellent fire resistance behavior [6–8]. The 
alkali activator solution commonly used in the geopolymer binder syn
thesis is sodium hydroxide (NaOH), with or without sodium silicate 
(Na2SiO3) [9]. Different molar concentrations of NaOH/ Na2SiO3 have 
been used in geopolymerization, where the alkali hydroxide pellets have 
been dissolved in water. However, the diverse concentrations introduce 
different amounts of water into the mixture [10,11], which can have 

adverse effects on the formation and properties of the GWC. 
Water is essential in the geopolymerization process as it plays an 

important role in the strength and geopolymer product development. 
Pure water cannot activate aluminosilicate particles, except for those 
containing a considerable OH–anion concentration. Water provides an 
environment for dissolution of aluminosilicates, movement of ions, hy
drolysis of Al3+ and Si4+ compounds and polycondensation of various 
aluminum and silicon hydroxyl compound groups [12–14]. Therefore, 
water has a high influence on the geopolymer gel structure and product 
characteristics. Even though water provides a suitable environment and 
medium, too much water could reduce the geopolymerization rate 
during the period of dissolution to hydrolysis for its dilution effect [14] 
and contribute to the porosity of the material, making it too loose to use 
it for construction. 

Perera et al. [15] studied the disposition of water in meta
kaolinite–based geopolymer and showed the existence of water in cured 
geopolymer in three forms. First, the intergranular water, also called 
free water: existing as a thin nanoscale surface layer, which is removed 
between room temperature and 150 ◦C. The authors stated that most of 
the water exists as free water constituting about 60% of the initial water. 
Secondly, interstitial water, which is related to the activating cation and 
can be removed between 150 ◦C and 300 ◦C. Lastly, the bound water 
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originating from OH–groups, which may remain in the hardened geo
polymer. It was shown that almost all three forms of water are lost at 
about 700 ◦C [15]. In contrast to the 60% of free water stated earlier 
[15] that could be removed between room temperature and 150 ◦C,
Pouhet et al. [16] showed that 90% of the initial water mass could be
removed after drying at 105 ◦C. However, the amount and mechanism of
water removal is expected to be more complex in geopolymer wood
composites.

Wood consists mainly of cellulose, hemicellulose and lignin. These 
main compounds possess an abundant number of OH-groups. Therefore, 
wood is a hydrophilic material, which is capable of holding water. Below 
the so-called “fiber saturation”, water is only located within the cell 
walls, above the fiber saturation threshold (moisture content of around 
30%, depending on species) water is located in the porous structure as 
free water [17]. During composite preparation, this water (held in the 
wood) may be available for the interaction during the mixing and 
consolidation of the composite. In a case where the wood is dry or not 
saturated with water, it is likely to absorb water from the inorganic 
paste. For this reason, when adding wood to a composite, extra water is 
needed to complete the mixing process. Finding the correct amount of 
additional water needed is key in developing the composite. Mixing 
wood particles directly with inorganic mineral binder could potentially 
affect the water/binder ratio; this could limit the water available for 
geopolymerization due to migration of water into the wood particles 
[18]. Hence, Tamba et al. [19] proposed fully saturating the wood with 
water before use in mineral bonded composites. This shows that wood 
moisture content (MC) may play a key role in the movement of water 
(containing ions) within the composite before the final hardening of the 
GWC. In addition, Berzins et al. [20] stated that the high proportion of 
liquid in the GWC moistens the wood and allows for better compression 
of the composite. 

The role of water in geopolymerization has been studied previously 
for fly ash– and kaolinite–based [21], metakaolinite–based [15,22,23], 
calcined kaolin–based [14], fly ash based [24] and flash calcined met
akaolin based [16] with none of the studies focusing on the GWC as a 
whole. Several studies report on the properties of GWC where the re
searchers increased the amount of water or liquid activator with in
crease in wood content. The main purpose of the increase in water or 
liquid activator was to facilitate workability of the mix. However, these 
studies did not consider the influence of wood MC, additional liquid 
activator or water in the composite mixture [18,20,25,26]. Unlike 
Portland cement, water is considered not to be incorporated directly in 
the geopolymer. However, a small percentage of water remains as 
interstitial water in the geopolymer [27]. This fact combined with the 
water requirement of wood to mix the GWC can easily alter the amount 
of water available for geopolymerization or influence the amount of free 
or bound water in the composite. 

Porosity as a pore structure feature is known as the important 
property to describe a porous ceramic material as it allows indicating the 
volume of voids or cavity [28]. According to Khalili et al. [29] porosity 
quantification is essential to obtain parameters such as thermal con
ductivity, mass transfer, diffusion coefficient and permeability. How
ever, the composition of the ceramic matrix, as well as heating are 
factors that influence the porosity [30,31]. It is a well-established fact 
that an increase in the porosity reduces the strength of geopolymer; 
nevertheless, the magnitude of this effect depends greatly on inner 
structure properties such as pore size, shape and distribution [32–34]. 

One potential option to gain information about the inner structure of 
materials is the application of thermoporosimetry (TP). Fully water- 
saturated samples are cooled down below the freezing temperature of 
water and then heated up; the size and shape of the inner pores influ
encing the melting behavior of the water. This technique is common for 
inorganic materials like silica materials and organic ones like cellulose 
[35–37]. Within the wood cell wall no pores exist which can be detected 
by TP [38]. However, the TP is expected to detect the pores occurring in 
the geopolymer matrix. The pore analysis is based on the fact that the 

water held in a porous geopolymer material will have a depressed 
melting point [39]. The basic principle is that the known relationships 
between the pore size and the melting temperature depression, and the 
pore volume and melting enthalpy can be exploited to determine the 
pore size distribution [37]. Therefore, TP is ideal for investigating the 
porosity of GWC. 

This study tested the hypothesis that the MC of wood has a significant 
effect on the properties of the formed GWC. This was done by producing 
GWC using softwood flour (dry to wet wood MC). The strength, porosity 
(i.e. using TP method) and density of the resulting GWC were assessed. 
In addition, the composite mass loss and water released over time from 
the GWC and the interface between wood and geopolymer matrix were 
evaluated. 

2. Materials and methods

2.1. Materials

Class F fly ash (SiO2 + Al2O3 + Fe2O3 ≥ 70%) was obtained from the 
GK Kiel GmbH power plant in Kiel, Germany. The chemical oxides 
compositions of the fly ash as detected by X–ray fluorescence (XRF) are 
shown in Table 4.1. Betol 50 T (Na2SiO3) was purchased from 
Woellner, Germany and NaOH (analytical grade) was purchased from 
VWR, Ger-many. Betol 50 T and NaOH were used as received to 
produce the activator solution. Wood flour (Arbocel C100) was 
obtained from Rettenmaier & Söhne GmbH + Co KG, Rosenberg, 
Germany. Deionized water was used throughout the experiment. 

2.2. Sample preparation 

Liquid alkaline solution for activation was prepared using solutions 
Betol 50 T (Na2SiO3) and 10 M NaOH in a weight ratio of 2.5:1. The 
solution was mixed and cooled to ambient condition at least a day prior 
to use. For the influence of wood MC on the composites, no additional 
water was added to the mixture. The mixtures were designed in such a 
way that all contained equal mass of fly ash, wood, and activator solutes, 
with the differences arising from the water in the wood. The samples 
were formed by mixing 80 wt% fly ash and 20 wt% wood flour (dry 
matter) with different MC (1.3, 11.6, 26.8, 58.5 and 89.6%) for 3 min, 
followed by alkaline activation of the mixture for 5 min. The ratio of fly 
ash to activator was kept constant at 1.6 for all mixtures. The mixture 
was cast in 50 mm cube molds, cold pressed at 80 bars. The pressure was 
held for 20 s after which the mold with the sample was sealed in a low- 
density polyethylene bag. The sealed samples were oven cured at 60 ◦C 
for 24 h. The cured samples were conditioned in the climate chamber 
20 ◦C and 65% relative humidity (RH) for further tests. For easy iden-
tification and description, the composite samples were given the iden-
tification code as in Table 4.2. 

2.3. Test conducted 

2.3.1. Composite mass loss and residual water 
The water content of each mixture was determined using the oven 

dry method to compare with the calculated water content. Calculated 
water content was estimated based on the assumption that the total 
initial water in the mixture is the sum of water in the activator solution 
and that in the wood (as no additional water was introduced to the 
mixture). 

Whilst storing at under 20 ◦C/65% RH, the composite mass changes 
were monitored to study the water released (as moisture) from the 
composites. The mass of each sample cast (day 0), after oven curing i.e. 
before climate conditioning (day 1), and every day during storing in 
climate chamber (day 2–day 61) was measured. The mass changes as a 
result of water released (NM) was normalized based on the initial mass 
of material cast since a different initial amount was cast for the GWC 
group during sample preparation (Eq. (1)). After 60 days of climate 
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chamber aging, the measurement of total evaporable and residual water 
(g) was measured by oven drying GWC at 103 ± 2 ◦C until the change in
mass was less than 0.01% within 48 hrs. Seven replicates were used for
each variant. The total composite mass loss over time (ML) at 60 days
and after oven drying was calculated using Eq. (2).

NM (\%) =
Mt
Mi

× 100 (1)  

ML (\%) =
Mi − Mt

Mi
× 100 (2)  

where Mi and Mt were the initial mass of the sample cast and mass of the 
sample at the day of measurement, respectively. 

2.3.2. Density 
Climate chamber cured (20 ◦C/65% RH) GWC was used for the 

density estimation. The average of four samples per group was used for 
determination of density. Density of the samples was found by 
measuring the mass (Mo) of the samples on a balance. The length, width 
and height of the samples were measured with a caliper. The volume 
(Vo) was calculated by multiplying the length, width and height of the 
samples. The density of 7 and 28 days old GWC was calculated by 
dividing the Mo by the Vo. 

2.3.3. Porosity (Thermoporosimetry) 
Thermoporosimetry measurements were performed with a Mettler 

Toledo (DSC 3+ STARe System). A cylindrical sample of size 4 mm 
diameter and 4 ± 1 mm height was prepared by cutting out of the GWC 
material by punching. Measurements were carried out in sealed Mettler 
Toledo aluminum pans. All GWC groups were measured, each having 
three samples. Instrument calibration was performed with an indium 
metal standard. Afterwards, the DSC measurement sample mass was 
determined by storing the opened pan at 103 ◦C for 72 h. Measurements 
were performed in the isothermal step mode according to Park et al. [35] 
in the range between 198 nm and 2 nm (corresponding temperature –20 
to –0.2 ◦C). Melting enthalpy was determined by integrating each 
endothermal peak with left starting horizontal baseline and following 
summation of all peaks. 

2.3.4. Compressive strength 
The compressive strength of 7 day aged GWC samples cubes (50 ×

50 × 50 mm3) was measured using a hydraulic universal testing ma
chine (UTM) by MTS Systems Corporation (Eden Prairie, Minnesota, 
US). The MTS UTM was equipped with a Zwick model 1485 control 
panel (ZwickRoell GmbH & Co. KG, Ulm, Germany). The samples were 
compressed with a load cell capacity of 250 kN and with a crosshead 
speed rate of 1 mm/min. The compressive strength was calculated by 
dividing the maximum force (N) by the cross–sectional area (mm2) of 
the sample. The average of four samples was reported for each group. 

Specific strength with structurally bound water was calculated by 
dividing the compressive strength by the density of the samples at the 
time of testing. Specific strength without structurally bound water was 
calculated by dividing the compressive strength by the density, which 
was reduced by the mass of structurally bound water. 

2.3.5. Microstructure analysis 
The morphology and microstructure of the different composites was 

assessed using a field emission scanning electron microscope (FESEM) 
Quanta FEG Type 250, FEI Electron Optics (SN: D9122), Netherlands. 
Specimens for surface analysis were prepared by cutting a 3–5 × 2 mm2 

piece from the GWC samples with a diamond saw. The specimens were 
oven dried and gold coated before imaging. 

3. Results and discussion

3.1. The state transformation of initial water in the hardened GWC

Fig. 4.1 shows the changes occurring in the state of initial water to 
final composite structure after the two different curing conditions 
(i.e. climate chamber aging and oven drying). From Fig. 4.1, the cast 
shows the initial water arising from the activator and wood in the 
composite mixtures. However, after 60 days of climate chamber aging, 
this water was reduced in all composites. After drying until no 
change in com-posite’s mass, the remaining water is no longer defined 
as water but as a structural component, as it constitutes part of the 
final product formed. 

From Table 4.3, composite mass loss increases with increasing wood 
MC for both curing conditions. After 60 days of aging in the climate 
chamber, the greatest mass loss occurs in GC90 while the least change 
was recorded in GC1. With drying, the same trend of mass loss was 
recorded as in climate chamber (Table 4.3). Assuming the solid content 
(i. e. masses of wood and geopolymer) remain the same from casting to 
the final drying at 103 ◦C, then composite mass loss over time is 
attributed to the moisture released through the state transformation of 
the initial water in the composite.

A conceptual model was developed in connection with the water 
forms and state transformation of the initial water in the geopolymer 
wood composites during a curing process, illustrated in a schematic in 

Component Al2O3 SiO2 SO3 K2O Na2O CaO TiO2 MgO Fe2O3 P2O5 LOI* 

Share (%)  20.53  54.18  0.01  1.51  0.51  3.36  0.84  1.50  6.31  0.66  4.18 

LOI* at 1000 ◦C. 

Table 4.2 
Composites with their code.  

Code Geopolymer wood composite (GWC type) 

GC1 GWC formed with wood MC 1.3% 
GC12 GWC formed with wood MC 11.6% 
GC27 GWC formed with wood MC 26.8% 
GC60 GWC formed with wood MC 58.5% 
GC90 GWC formed with wood MC 89.3%  

Fig. 4.1. State transformation of initial water in the final composites after 
aging and drying conditions. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

B. Asante et al.

Table 4.1 
Chemical composition of fly ash from XRF.  
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Fig. 4.2. The authors estimated three water types in the GWC: namely 
free water, cell wall water and structurally bound water (Fig. 4.2). 
Free water is physically bonded in the geopolymer [40]. Free water 
in the GWC exists in the liquid state but in two different locations. It 
originates partly from the wood (i.e. when the wood is wet enough / 
above the FSP of wood) [41] and the geopolymer matrix [15]. Removal 
of free water from the GWC induces pores in the geopolymer matrix 
[22] and causes a significant reduction in the mass of the composite,
as the majority of the water in the GWC exists in this state [15].
Hence, more free water leads to higher the amount of pore structures
in the composite as this water was already filling up the voids in the
composite. With long-term drying at ambient conditions or at
temperatures up to 200 ◦C, all free water will be removed [22,42].
However, how fast this water is removed depends on the conditions of
curing or temperature during removal.

Cell wall water is the water bound in wood cell walls. Under 
ambient conditions, such as those used in a climate chamber, this 
water will interact with its surroundings and the percentage of MC of 
this water will be between 0% and 30% [43]. However, this water will 
be zero after drying of the GWC at 103 ◦C. Reduction of this water 
leads to wood shrinkage. The shrinkage would cause drying 
stresses, eventually resulting in the delamination of the wood from the 
geopolymer matrix or a gap at the interface between the wood and 
geopolymer matrix [3] (i.e. the part of the wood with weaker 
bonding to the geopolymer matrix becomes separated). The third 
type of water in the GWC is the struc-turally bound water. It is 
important to note that the authors used the term ‘structurally bound 
water’ to mean water that could not escape after drying at 103 ◦C. 
Structurally bound water is somehow bound to the composite 
material. 

Table 4.3 and Fig. 4.1 suggest that composite mass loss and wt% of 
water forming a structurally bound water after curing and aging/ 
drying is dependent on the wood MC used in composite formulation. 
Also the results in Fig. 4.1 suggest that the amount of water that could 
not escape after drying at 103 ◦C (i.e. structurally bound water) is 
higher in samples with higher wood MC. Table 4.3 and Fig. 4.1 show 
that most of the water was expelled out of the composite structure 
after drying at 103 ◦C. Re-searches by Davidovits [40] and White et al. 
[42] show that most of the water that evaporates at temperatures
lower than 200 ◦C is free water or physically bound water that exists in 
cured geopolymer when water is entrapped in large pores. 
Approximately, there was a relative loss of about 70–75% of the 
initial water mass in all GWC. 

It was expected that after drying at 103 ◦C, the amount of structurally 
bound water would be the same for all GWC irrespective of the initial 
wood MC as reported for pure geopolymer paste (i.e. geopolymer 
without wood) [16,22]. Contradictorily, it was found that this water 
tends to increase with increasing wood MC. Since all mixture composi-
tions were kept constant with the only difference arising from the 
wood MC, this behavior might be from the different contribution of the 
wood MC. Recent publication by Davidovits [1] has shown that water 
is pre-sent in geopolymer at temperatures only below 150–200 ◦C. The 
author further explained that this water is essentially in the form of 
–OH groups associated with SiQ3 (3Si, 1OH) and SiQ2 (2Si, 2OH)
species. These –OH groups are located primarily on the surface of 
the nano-–particulates, and each particulate is surrounded with some 
physically bonded water and some siloxonate hydrate molecules. 
Davidovits [40] showed that water remains entrapped in the pores or 
bonded to the developed 3–D geopolymer network and/or possibly 
to silanol and aluminol groups within the structure, after 
geopolymerization is completed.

White et al. [42] showed by Neutron Pair Distribution Function that 
this water might be entrapped in the small framework pores and/or as 
terminal hydroxyl groups. The authors also found that with varying 
initial water content the amount of interstitial water entrapped in the 
small framework pores and/or as terminal hydroxyl groups remained 
the same for all geopolymers. They further explained that all free water 
entrapped in pores or intergranular space can be completely lost by 

Composite mass loss (%) Type of geopolymer wood composite (GWC) 

GC1 GC12 GC27 GC60 GC90 

60 days  6.2  7.6  10.0  14.1  17.6 
103 ◦C  17.3  18.6  20.4  23.3  25.8  

Fig. 4.2. Illustration of water forms and state transformation of initial water in the geopolymer wood composites. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

B. Asante et al.

Table 4.3 
Composite mass loss due to water evaporation from casting −  60 days aging in 
climate chamber and drying at 103 ◦C.  
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y = A*exp( − kx)+ y0 (3)  

where y0 is the dry mass of the material cast, A is the water released 
(predominantly free water with some cell wall water), k is the drying 
rate constant that dictates the rate of decrease of A + y0 into y0, with x 
being the time of measurement and y0 the final weight of GWC after 
water removal (i.e. solid material, structurally bound water and partly 
cell wall water that could not be removed after 60 days of aging). 

The decay rate constant (k) shows the rate at which a quantity will 

Fig. 4.3. Water released from a GWC from casting-60 days of aging in a 
climate chamber. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

disappear, a larger k value signifying more rapid drying [45]. In Table 
4.4 it can be seen, that the higher the rate constant (k) is, the faster 
the drying of the composite will be, while a lower k, leads to slower 
drying. This supports why the water loss curve stabilized earlier in 
GWCs with lower wood MC compared to the others. The k values 
showed that it took a shorter amount of time for water to disappear in 
the GC1 > GC12 > GC27 > GC60 > GC90. However, the amount of 
free water released (A) was greater in GWCs with a higher wood MC. It 
can be deduced that when the amount of free water was increased, the 
decay rate constant was reduced. 

It was expected that the GWCs with a higher wood MC would 
release water at a faster speed (i.e. yield higher k value) due to more 
spaces (pores) occupied by water. Our results, however, suggest that 
this is not the case. Even though, GWCs with a higher wood MC had 
higher pore volume after drying, these pores were only present after the 
water had left the composite and did not contribute much at the time of 
moisture release. Thus, it can be said, that a high porosity (i.e pore 
volume) does not essentially imply a high permeability. There are pores, 
but they do not necessarily form a continuous path for water to move 
from the core to the edge. The differing water release speeds means 
the material structure and behavior is different for the composites. 
The speed and amount of water released might be a function of the how 
much water is present, as well as the location and state of the water in 
the GWC and not just the spaces (pores) occupied by water in the GWC. 

3.3. Density 

Density reduced with increasing wood MC in the composites at all 
ages (Fig. 4.4). Density of the GWC ranged from 1.22 to 1.25 g/cm3 (7 
days) and 1.19–1.24 g/cm3 (28 days). The differences in densities at 7 
days of age was less compared to after 28 days. There was a formation 
of new phase material (–Si–O–Al–O–) as a result of the 
continuous dissolution of residual solid ash particles with its 
associated poly-condensation reaction in the geopolymer matrix [14]. 
However, there was also a continual release of water (free and cell wall 
water) from the whole composite (i.e. the matrix and the wood). In 
general, forming a GWC with a higher wood MC led to a less dense 
composite material. After geopolymerization free water consisting as a 
majority of the water are entrapped in large pores [15,40]. During 
prolonged aging, the water evaporates [22] and the spaces previously 
occupied by water, become pores, making the composite less dense. 
Furthermore, observed differ-ences in densities between 7 and 28 days 
composites can be explained by the different amount of water that was 
present at the time of measure-ment. In view of the results below, the 
wood MC was one dominant factor affecting the GWC density. 

3.4. Porosity 

The cumulative pore volume of the different sample groups can be 
seen in Fig. 4.5. The pore volume (displayed as pore water in gg-1 

sample) increased with the increasing wood MC in the GWC. This 
result was in accordance with the decrease in density seen when the 
moisture content of the initial state was increased. The higher porosity 
of the GWC with a higher wood MC could be explained by the empty pores

Model One phase exponential decay (Orthogonal distance regression Pro) 

Plot GC1 GC12 GC27 GC60 GC90 

y0 93.79 ±
0.05 

92.41 ±
0.06 

90.09 ±
0.07 

86.42 ±
0.11 

83.23 ±
0.16 

A 6.55 ±
0.33 

8.09 ±
0.34 

10.61 ±
0.47 

13.77 ±
0.71 

17.27 ±
0.71 

k 0.46 0.39 0.38 0.31 0.31 
Reduced Chi- 

Sqr 
0.018 0.019 0.025 0.063 0.106 

R-Square 0.999 0.999 0.999 0.999 0.999  

B. Asante et al.

drying the geopolymer at 200 ◦C. It is likely that the interstitial water 
was the same for all the GWC, however, the wood MC contributed 
different amount of additional water to the composites. Thus, increasing 
wood MC increased the amount of water and drying at 103 ◦C did not get 
rid of all the free water, as 200 ◦C is required. The different amount of 
the residual free water might have added to the interstitial water causing 
an increase in the water entrapped in the GWC with increase in wood 
MC. The residual free water and the interstitial water together forms the 
structurally bound water in this present research.

These findings indicate that the tightly incorporated water molecules 
(i.e. about 25–30% of the initial water) are partly inaccessible and 
cannot be completely removed from the GWC. Kobera et al. [44] also 
found that the immobilized water that does not leave the aluminosilicate 
network forms amorphous aluminosilicate hydrates in which water 
molecules are strongly bound to the matrix. However, Davidovits [40] 
and Perera et al. [15] showed that additional weight loss (due to water 
removal) could occur in the geopolymer at temperature 300 ◦C and 
above. Thus, the structurally bound water might be removed at elevated 
temperatures; however, said temperature increase might lead to greater 
mass loss due to decomposition of the wood. Generally, the GWC had 
structurally bound water, free water and cell wall water; the latter two 
waters can evaporate with time or temperature. 

3.2. Water released from GWC from casting – 60 days of aging in a 
climate chamber 

The normalized mass changes from casting to 60 days of aging of 
the GWC in the climate chamber are shown in Fig. 4.3. The percentage 
mass of all GWCs decreased sharply with age from casting to 10 days 
of aging in the climate chamber. However, this decrease was sharper in 
GWCs with a higher wood MC signifying that higher initial wood MC 
allowed for a greater quantity of water to be removed with the climate 
chamber aging. After 10 days, the masses of GC1, GC12 and GC27 
stabilized, while there was a gradual decrease in GC60 and GC90. 

The observed relationship between the water released from casting – 
60 days of aging in the climate chamber, was well fitted to a first order 
exponential decay function with a high determination (R2 > 0.99). 

Table 4.4 
Exponential decay function fitted to composite mass loss data.  
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Fig. 4 .4. Density development of geopolymer wood composites with wood 
of different MC. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4.5. 7 days cumulative pore volume of geopolymer wood composites with 
different wood MC. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

created from the additional spaces initially occupied by water (i.e. 
predominantly free water). Additionally, at a later curing age, the 
release of water might have not only created pores but also 
microcracks through contraction and cracking [46–48], which might 
make the material more porous and reduce the strength properties of 
the composite (Section 3.5). 

Due to the mixture of inorganic raw materials within the GWC, the 
usage of TP to determine precise pore size distributions was limited. 
Inorganic compounds diluted in water change the corresponding 
melting points. Additionally, the presence of structurally bound water 
limits TP measurements as the water bound in confined spaces was not 
detectable by the melting behaviour due to pore sizes below 2 nm 
[49,50]. 

3.5. Compressive strength 

Fig. 4.6a shows the compressive strength of 7 day old GWC 
formulated with different wood MC. Generally, compressive strength 
reduced with increasing wood MC as the highest strength (9.25 MPa) 
was recorded for GC1 and the lowest (5.92 MPa) for GC90. The 
strength of the GWC reduced gradually in composites with wood MC 
of approximately 12% to 60% and decreased sharply after increasing 
the wood MC from 60% (GC60) to 90% (GC90). The strength 
difference of the GWC might be attributed to the wood MC and its 
contribution to the different struc-turally bound water, and to some 
extent the density of the composite at the time of strength testing. 

Fig. 4 .6a. 7 days compressive strength of geopolymer wood composites with 
different wood MC. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

In this work, all mixture compositions were kept the same, with 
the only difference arising from the water held in the wood. At 
constant activator to binder ratio, the increasing wood MC as in GC1–
GC90, means increasing water to total solid ratio. The increasing 
water content in the wood can interfere in the mechanical 
performance because of combined effects such as (i) higher porosity/
pore volume (including porous size distribution) of the composite 
because of the water gradually released by the wood particles. An 
increase in porosity reduces the strength in ceramic or concrete-like 
materials [32–34]; (ii) poor adhe-sion with the hardened matrix due 
to the shrinkage of the wood particles during the water release. Ye et 
al. [3] found out that during GWC curing process, wood experience 
dimensional changes (first swelling and later shrinkage) while the 
geopolymer is transformed from paste to geopolymer solid. However, 
the magnitude of dimension change in the wood is dependent on the 
moisture content. Wood shrinkage in the geopolymer causes an 
interfacial weakening or a gap at the interface between the 
geopolymer matrix and the wood [3]; (iii) contamination of the 
released water with water–soluble wood extractives that could 
interfere in the polycondensation kinetics of the geopolymer, as 
Asante et al. [51] observed that leached extracts led to lower strength 
in GWC. 

Water has become part of the structural component of the composite 
to a certain degree. Compressive strength has not gone down solely due to 
density or porosity differences. Fig. 4.6b shows the specific strength with 
and without the structurally bound water. Specific strength lowered in all  

Fig. 6b. 7 days specific strength of geopolymer wood composites with and 
without structurally bound water. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

B. Asante et al.
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The FESEM images illustrate that more micro cracks occurred in GWC 
formulated with a higher wood MC. The movement of free water out of 
the composites might have created these pathways for water removal 
and hence the existence of micro cracks. The enhanced geopolymer- 
wood interface bonding, combined with a lower amount of micro 
cracks in GWCs with a lower wood MC, are believed to have increased 
the maximum load transfer capacity [52,53] and hence contributed to 
the higher strength (also see Fig. 4.6a). 

4. Conclusion

Stability and the long–term properties of composites are very
important when considering the application and use of materials. This 
study investigated for the first time, the effect of wood MC on the 
hardened properties of a GWC. The prepared GWCs were made using 20 
% dry wood with five different wood MC. 

Water became part of the GWC structure. Part of the initial water 
could not be removed by drying at 103 ◦C. Forming a GWC using a 
higher wood moisture content led to a greater amount of structurally 
bound water in the composite, irrespective of the porosity of the GWC. 

Early–stage density was less affected by the wood MC, as a range of 
1.22–1.25 g/cm3 was recorded for GC1 → GC90. However, increased 
aging time showed that the density was greatly affected by the wood 
MC, as more water was lost from both matrix and wood, which can also 
be seen by an increase in cumulative porosity. The results also revealed 
that the composite mass loss in hardened GWC increased with increasing 
wood MC. 

Compressive strength reduced when the initial wood MC was 

Fig. 4.7. FESEM images of geopolymer wood composites (GWC) interfaces formed with different wood MC. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

B. Asante et al.

GWC with increasing wood MC. It comes as no surprise that specific 
strength with the structurally bound water was lower than without the 
structurally bound water. However, it was expected that the GWC with 
a higher wood MC would produce higher specific strength (without 
structurally bound water) than the GWC with a lower wood MC since 
their compressive strength was divided by lower density. This clearly 
shows that 24.5–30% of the initial water forming a structural 
component (i.e. structurally bound water), contributed to the weight of 
the GWC but not to the strength. Too much water increased the GWC 
mass, causing an increase in the density but a reduction in strength, as 
the water does not contribute to the strength of the GWC. This 
response occurs with a higher wood MC as more water is structurally 
bound to the GWC. 

3.6. Microstructure analysis 

Over the course of the curing process, the geopolymer was trans-
formed from a geopolymer paste (gel) to a geopolymer solid, while the 
wood experienced some dimensional changes (first swelling and later 
shrinking) due to a change in the moisture content [3]. The 
morphology of the composites with different initial wood MC was 
assessed using a FESEM (Fig. 4.7). It can be seen on all images that 
parts of a wood particle remained attached to the geopolymer matrix, 
while a gap due to wood shrinkage was found in other parts of the very 
same wood particle. However, the gaps tended to increase with 
increasing wood MC in the composite formulation. This phenomenon 
might be due to the non- uniform shrinkage of wood particles within 
the geopolymer matrix. Fig. 4.7 shows that GWC formulated with a 
lower wood MC had a compact and better geopolymer-wood bonding 
interface with fewer micro cracks. 
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increased, as the range of 9.25–5.92 MPa was recorded for GC1 → GC90. 
The structurally bound water contributed to the weight of the GWC but 
not the strength. This water weakened the GWC materials and reduced 
the strength. 

Forming GWCs using a higher wood MC led to inferior interface 
bonding (gaps) between the geopolymer matrix and the wood. This 
decreased the maximum load transfer capacity and led to a lower 
strength. 

Initial wood MC, climate chamber aging and drying conditions all 
affected the rate of water loss from the GWC. The differing water release 
speeds and the amount of structurally bound water in the GWC, in
dicates different composite material structures. 

Generally, GWCs manufactured with a low amount of initial wood 
MC performed better than those with a high MC. Density, porosity and 
the specific compressive strength of the geopolymer wood composites 
(GWC) were favorable with dry wood. When producing GWC with high 
strengths, a low wood moisture content should be introduced in prac
tice. However, the wood component does not have to be completely pre- 
dried, saving energy and production costs. For optimal endurance of the 
GWC, it is important to keep the raw materials as dry as possible. 
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ABSTRACT

With environmental friendliness, the sustainability of natural resources, and

sustainable utilization of geopolymers considered in the building industry,

interfacial bonding strength of geopolymer-wood composites was enhanced

environmental-friendly by increasing embedded depth of wood, sanding wood

surface, and controlling moisture conditions during curing process. Beech and

spruce were compared as different wood species. Pullout test was modified by

using a wood veneer to determine the interfacial bonding strength of

geopolymer-wood composites. It was found that geopolymer exhibited higher

interfacial bonding strength with spruce rather than with beech. Interfacial

bonding strength increased with an increase in the embedded depth of the wood

veneer, but reaching a plateau when the depth exceeded 25 mm. A higher

interfacial bonding strength caused by strong mechanical interlocking at the

interface was successfully created by improving the wood surface roughness via

sanding with 60-grit sandpaper. Interfacial bonding strength was higher by

curing under wet conditions comparing to dry conditions. However, the influ-

ence of initial wood moisture content on the interfacial bonding strength can be

ignored. The results of this study serve as the basis for better preparation of

geopolymer-wood composites and a diverse application of environmentally

friendly building materials.
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GRAPHICAL ABSTRACT

Introduction

With growing concerns about the finite resources and

the environmental impact of the building industry,

synthetic reinforcements are being substituted by the

lignocellulose fibers due to their sustainable, low

cost, non-toxic, lightweight, and biodegradable

properties [1–4]. Inorganic bonded wood composites

have been widely used in various building material

applications [5]. Different from traditional wood-

based composites made with formaldehyde or iso-

cyanate-containing resins, inorganic composites do

not release volatile toxic substances and have become

attractive building materials, especially for the inte-

rior uses [6]. Commercial products, such as wood-

wool cement board (WWCB), wood cement-bonded

board (WCB), and cement-bonded particleboard

distinguish themselves from wood-based materials

by high durability, dimensional stability, toughness,

strength, rapid and low-cost production, good

acoustic and thermal insulation properties, and a

great fire resistance [5–9].

The widely used Ordinary Portland Cement (OPC)

contributes 5–8% of CO2 to the global emission [10].

Geopolymers, the potentially low impact alternative

to the OPC, cause less CO2 emissions and offer con-

siderable economic benefits, while at the same time

possessing the advantages of cement-based materials

[11–14]. Geopolymers can be derived from a wide

range of little-used secondary resources, such as

mineral soils (metakaolin [15], red mud [16, 17], and

clay waste [18]), industrial wastes (fly ash [19, 20],

bottom ash [21], aluminum-waste [22], quarry dust

waste [23], and furnace slag [24–26]), and biomass

ashes (wood [27], coconut [28], and rice husk [29]).

Geopolymers are brittle materials that have low

toughness and poor crack resistance properties. To

prevent the crack generation, restrain crack-propa-

gations, and enhance the mechanical properties of the

geopolymer, fibers from metals, polymers, minerals,

animals, and natural plants have been widely incor-

porated as the reinforcements into the geopolymer-

based matrices [30, 31]. Specifically, the composites

with a geopolymer matrix were successfully rein-

forced with a range of lignocellulosic fibers, such as

bamboo [32], luffa cylindrical fiber [33], cotton, and

flax [34], and they can also be used as environmen-

tally friendly inorganic binders and flame-resistant

coatings for wood-based composites [35–38].

A weak interfacial bonding was detected between

geopolymer and high-content wood in our previous
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works [39]. Mechanical characterization of the inter-

face is an important part of the composite research,

since the interface between the two components

(geopolymer and wood) plays a key role in the per-

formance of the geopolymer-wood composites [37].

Interface properties of composites are routinely

measured by various tests: the fiber pullout test, the

microbond test, fiber fragmentation test, microten-

sion test, microcompression test, fiber push-out test,

the microdebond test, and the microindentation

[40–42]. Among them, the fiber pullout test, espe-

cially the single fiber pullout test, is the most popular,

direct, and reliable method for developed interfacial

bonding strength (interfacial shear strength) [43].

Nevertheless, it is difficult to evaluate and represent

the whole wood material based on a single fiber

pullout test due to the naturally non-uniform mor-

phology of the wood fibers.

Pullout test was developed by using a wood veneer

for this study to determine the interfacial bonding

strength of geopolymer-wood composites. Influences

of wood embedded depth, wood species, surface

roughness, and moisture contents on the interfacial

bonding strength of the geopolymer-wood compos-

ites were mainly studied. A conceptual model was

then proposed for the interfacial bonding mechanism

during the curing process in the geopolymer-wood

composites.

Materials and methods

Materials

A commercial metakaolin (MK) (Metamax�, BASF

SE, Germany) was used as the aluminosilicate source.

Sodium silicate (Na2SiO3) solution (Betol 50 T,

Woellner GmbH, Germany) and sodium hydroxide

(NaOH) pellets (98.0%, VWR, Germany) were used as

the alkaline activator for geopolymer. The activator

and geopolymer paste were prepared as described in

our previous studies [39, 44].

Norway spruce (Picea abies) and common beech

(Fagus sylvatica L.) veneers were used in this work.

The two veneer surfaces were sanded by a sanding

machine (Bütfering Schleiftechnik GmbH, Germany)

using 180 grit sandpaper (#180). For wood sample

preparations (as used in Sect. ‘‘Influence of surface

roughness on bonding between geopolymer and

wood’’), the surfaces were sanded to obtain different

surface roughness by #60, #100, and #180 sandpapers, 
respectively.

After sanding, the wood veneers were cut into 
same size pieces (117 mm 9 20 mm 9 1 mm) and 
stored in a climate chamber (Pharma 1300, Weiss 
Technik, Germany) at a constant temperature of 
20 ± 2 �C and 65 ± 5% relative humidity (RH) for at 
least two weeks. Different initial wood moisture 
conditions before the curing process and various 
environmental humidity conditions during the cur-
ing process are shown in Table 5.1. The different initial 
wood moisture conditions of the spruce and beech 
veneers used in Sect. ‘‘Influence of moisture on 
bonding between geopolymer and wood during 
curing’’ were achieved with four different pretreat-
ment processes:

(1) Dry condition (-d): oven-dried at 103 ± 2 �C for

48 h and stored in a dry desiccator before use;

(2) Wet condition (-85): stored in the climate

chamber at 20 ± 2 �C and 85 ± 5% RH for

more than 2 weeks;

(3) Room condition (-65): stored in the climate

chamber at 20 ± 2 �C and 65 ± 5% RH for

more than 2 weeks;

(4) Condition of wood cell wall fully water-satu-

rated without compounds leaking (-w): wood

veneers were spread on a plastic net above

water in a sealed plastic box to absorb moisture

without touching water for several days

(around 7 days for spruce and 5 days for beech)

until the wood moisture content was 30 ± 2%.

Sample preparations for the pullout testing

Geopolymer paste (320 g) was poured into an open

cylindrical plastic mold (d = 50 mm, h = 100 mm).

The wood veneer was embedded into the geopoly-

mer paste at a certain depth to prepare the samples.

The same embedded depth (50 mm) of wood veneer

in the geopolymer matrix was applied to the sample

preparations used for investigating the influence of

surface roughness and wood moisture content on the

interfacial bonding strength.

A cap was fixed on the plastic mold to keep the

wood veneer in a vertical position. The molds were

sealed with a cap to prevent any surface cracks of the

geopolymer matrix at an early stage and improve the

initial strength of the geopolymer by slowing the

water escape from the geopolymer matrix. The cap
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was removed when the samples were cured in the 
climate chamber for 1 day.

The samples were then cured in a plastic mold 
without the caps in an RH climate chamber at 
20 ± 2 �C/65 ± 5% for another 6 days (total of 
7 days curing time) before the pullout testing. At this 
stage, different curing conditions were used for the 
samples described in Sect. ‘‘Dimensional change 
analysis’’ in the climate chambers for 7 days with the 
same temperature (20 ± 2 �C) but different relative 
humidity (dry condition: 35 ± 5% RH, indoor 
humidity: 65 ± 5% RH, and wet condition: 85 ± 5%
RH, respectively) as shown in Table 5.1.

Pullout testing

Pullout testing was used to evaluate the interfacial 
bonding strength between wood veneer and 
geopolymer matrix with a Zwick/Roell universal

testing machine (Zwick/Roell, Germany). A gripping 
jaw clamped the wood veneer and a purpose-built 
fixed base (illustrated in Fig. 5.1) held down the 
geopolymer block. The crosshead speed rate was set 
at 1 mm/min. The maximum pullout force was 
recorded with a 5-kN load cell. Only the pullout force 
value of the intact wood was recorded; the value of 
damaged wood was discarded. The test of each 
group of samples was repeated at least five times. 
The interfacial bonding strength in this study is 
defined by the pullout force per unit of the interfacial 
attached area of wood veneer in the geopolymer 
matrix. The interfacial attached area of wood veneer 
is related to the depth of wood embedded in the 
geopolymer matrix.

Table 5.1 Initial moisture conditions before curing and the environmental humidity conditions during curing of the spruce and 
beech veneers

Samples Initial wood moisture conditions before curing Environmental humidity conditions during curing

Beech (Spruce)-d-35 Dry Dry

Beech (Spruce)-w-35 Fully water-saturated Dry

Beech (Spruce)-d-85 Dry Wet

Beech (Spruce)-w-85 Fully water-saturated Wet

Beech (Spruce)-85-85 Wet Wet

Beech (Spruce)-65-65 Room condition Indoor humidity

Figure 1 Pullout testing setup for the geopolymer-wood composites.
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Surface roughness measurements

The parameters of average roughness (Ra), mean

peak-to-valley height (Rz), and maximum roughness

(Rmax) are commonly used for determining surface

roughness. The surface roughness (Ra, Rz, and Rmax)

of both front and back surfaces of wood veneers after

sanding was measured according to the standard ISO

4287 [45] by a surface roughness tester (TR200, TIME,

China). Measurements were made perpendicular to

the wood fibers at five different points on each

sample at 20 ± 2 �C and 65 ± 5% RH environment

conditions. The detailed descriptions of the surface

roughness measurements are available in previous

studies [46, 47]. The parameters of the device were set

to the measurement length (kc) = 0.8 mm with five

measurement numbers as a cut-off value, and the

surface roughness profile treated with a Gaussian

filter.

Moisture content (MC) measurements
of wood veneer

A wood veneer without the visible geopolymer was

taken out from the geopolymer matrix immediately

after a certain time of curing. The wood samples for

MC measurements were cut from the portions of the

wood veneer that were embedded in the geopolymer

matrix. The initial weight (W0) of the wood veneer

was measured immediately. After the weight mea-

surement was taken, the samples were dried in an

oven at 103 �C for 48 h. The dry weight (Wd) of the

samples was measured after they cooled in a dry

desiccator for 2 days. The measurement was repli-

cated with at least three specimens per group, and

the average of the values was used. The moisture

content of the wood veneer was calculated using the

following equation:

MC ¼ W0 �Wd

Wd

� �
� 100% ð1Þ

Dimensional change rate measurements

The dimensional change rate (DCR) was measured

for the pure geopolymer samples and the embedded

wood veneers. The DCR of geopolymer (DCRG) was

calculated with the following equation:

DCRG ¼ d� d0
d0

� �
� 100% ð2Þ

where d0 is the inner diameter of the plastic mold and

d is the diameter of solid pure geopolymer after the

curing process.

After being embedded and cured in the geopoly-

mer, the wood veneer was removed, and its thickness

was measured immediately. The dimensional change

rate of wood veneer (DCRW) was calculated with the

following equation:

DCRW ¼ THK� THK0

THK0

� �
� 100% ð3Þ

where THK0 is the initial thickness of the wood

veneer measured before testing and THK is the

thicknesses of the wood veneer after curing.

The dimensional change rate difference (Dd) of the

samples was calculated with the following equation:

Dd ¼ DCR7d� DCR4d ð4Þ

where the DCR4d and the DCR7d are the dimensional

change rates of the wood veneer and the geopolymer

cured for 4 and 7 days, respectively.

Morphology characteristics of the interface

Samples with a 2-mm thickness were cut from the

cross section of the geopolymer-wood block for

observation. The samples were then polished with

800-grit sandpaper to investigate the influences of

wood surface roughness on the interface morphology

properties. Morphology images of the interface

between wood and geopolymer were acquired with a

stereomicroscope (SZX16, Olympus, Japan) equipped

with a 1 9 objective lens (SDF PLAPO 1XPF, Olym-

pus, Japan) and a camera (Axiocam 208 color, Zeiss,

Germany).

Scanning electron microscopy (SEM, LEO 1525,

Oberkochen, Germany) was also applied to evaluate

the microstructures of geopolymer and wood at the

interface. The geopolymer surface at the interface and

the cross sections of the wood veneers (both spruce

and beech) after pullout testing were used for the

examinations. All the samples were coated with

platinum (Pt) before using. The detailed description

of the methods is presented in the previous studies

[39, 44].
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Influence of embedded depths on interfacial bonding 
strength

The relationships between the embedded depths and 
the interfacial bonding strengths for spruce and beech 
veneers are shown in Fig. 5.3. A similar trend to the 
influence of embedded depths on pullout force was 
detected for the interfacial bonding strength for both 
spruce and beech samples. Both spruce and beech 
gained interfacial bonding strength as the embedded 
depth increased from 2 to 10 mm, reach-ing peak 
values at roughly 1.2 and 0.7 MPa, respec-tively. Then, 
the interfacial bonding strengths gradually declined 
as the depth of the wood veneers increased. The 
lowest interfacial bonding strength for both spruce 
and beech was detected at the maximum embedded 
depth of 75 mm. The nonlinear distribu-tion between 
the interfacial bonding strength and the depth of the 
embedded wood veneers was due to the concentration 
of stress near the top surface of the geopolymer 
matrix (circled in Fig. 5.3). This concentration

Fig. 5.2 Pullout force of spruce and beech veneers at different 
embedded depths.

Results and discussion

Interfacial bonding strength analysis
by pullout testing

Influence of embedded depths on pullout force

Pullout testing was used to investigate the interfacial 
mechanical properties of the geopolymer-wood 
composites. Relationships between the embedded 
depth of the veneer and the pullout force for both 
spruce and beech are shown in Fig. 5.2. Spruce 
showed consequently higher pullout force than beech 
due to the better interfacial bonding caused by the 
rougher surface (illustrated in detail in Sect. 
‘‘Influence of surface roughness on bonding between 
geopolymer and wood’’). Further, in both spruce and 
beech samples, the pullout force had a steeper slope at 
an embedded depth \ 25 mm. The slope then 
flattened and approximated constancy at an 
embedded depth [ 50 mm. A comparable 
relationship between the pullout force and the 
embedded depth was detected in the pullout testing 
of steel fiber from an asphalt binder, showing plateaus 
around the peak pullout force [48]. The contribution of 
the end-grain wood cross-sectional area to the pullout 
force was negligible. It means that the relevant load 
during the pullout was transferred to the geopolymer 
matrix through the faces of the veneer and not 
through its end-grain. As the depth of embedment 
increased in both beech and spruce, the interfacial 
bonding force asymptotically approached a constant.

Fig. 5.3 Relationship between embedded depth and interfacial 
bonding strength for spruce and beech.
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of stress presumably reduced with an increase in 
embedded length, and the stress distri-butions 
became generally flatter [48]. A similar stress 
concentration phenomenon in pullout testing was 
also reported for fiber (steel and wood) and cement 
[49, 50]. The stress concentration could be caused by a 
stronger bond between the wood and geopolymer at 
the top surface resulting from the denser structure 
and higher strength of the geopolymer surface due to 
a lower water content [51, 52].

Influence of surface roughness on bonding 
between geopolymer and wood

Sanding is an easy and common way to steer the 
surface roughness in the actual wood veneer pro-
duction. Surface roughness parameters of spruce and 
beech veneers sanded with grit sizes of 60, 100, and 
180 are presented in Table 5.2. The highest surface 
roughness was detected after being sanded with grit 
size 60, whereas the lowest value was detected with 
grit size 180. Based on the values of Ra, Rz, and Rmax 

determined from the surface of spruce and beech 
veneers, the surface roughness of the wood veneers 
was improved significantly by decreasing the grit 
size of sandpaper. Further, in all samples, the 
roughness parameters of the back surfaces of the 
wood veneers measured consistently higher than 
those of the front surfaces. This occurred due to the 
fabrication method. The back surface of the veneer 
experienced superficial cracks that formed as a result 
of compression tearing on one side of the wood sur-
face during rotary peeling [53]. Also, when sanded 
with the same grit size, beech samples presented a 
smoother surface than spruce samples, which is 
consistent with results reported in other research [54].

Table 5.2 Surface roughness values of spruce and beech veneers

Samples Parameters of surface roughness (lm)

Front surface of wood veneer Back surface of wood veneer

Ra Rz Rmax Ra Rz Rmax

Spruce-60 9.00 ± 0.89 50.64 ± 5.72 66.97 ± 9.07 11.57 ± 0.83 62.02 ± 6.06 79.40 ± 17.62

Spruce-100 6.40 ± 0.62 38.74 ± 4.30 47.52 ± 7.12 6.64 ± 0.71 38.96 ± 3.41 48.01 ± 7.89

Spruce-180 2.23 ± 0.85 15.69 ± 5.70 18.84 ± 5.88 4.97 ± 1.21 32.47 ± 7.85 44.89 ± 13.84

Beech-60 6.37 ± 0.49 39.18 ± 7.09 52.39 ± 15.95 9.99 ± 0.77 56.64 ± 5.63 71.38 ± 11.60

Beech-100 3.28 ± 0.05 24.91 ± 0.97 31.31 ± 1.84 6.22 ± 0.53 34.60 ± 4.32 45.77 ± 8.49

Beech-180 2.51 ± 0.13 19.13 ± 2.46 24.88 ± 2.82 3.20 ± 0.16 24.07 ± 2.85 29.64 ± 3.36

Fig. 5.4 Interfacial bonding strength between geopolymer and 
wood veneers sanded with grit sizes 60, 100, and 180.

This is because compared to spruce, beech generally 
has higher density and more regular distribution of 
anatomical elements, such as libriform fibers [55].

The interfacial bonding strengths of geopolymer 
and wood veneers sanded with different grit sizes are 
shown in Fig. 5.4. Under the same general 
sanding treatment, the interfacial bonding 
strength of the geopolymer is higher with spruce 
than with beech. The surface of the spruce 
samples was generally rougher than that of the 
beech sanded with the same grit size (also see 
Table 5.2). The higher interfacial bonding strength 
of spruce was presumably due to the stronger 
mechanical interlocking between the rougher 
wood surface and the geopolymer. This could 
also be seen in the microscope images of the 
interface morphology between the geopolymer and 
wood sanded by grit sizes 60 and 180, respectively 
(see Fig. 5.5a–b). Grit sizes had little effect, however, 
on the enhancement of interface bonding between 
beech and geopolymer due to the slighter roughness
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differences created by different sandpapers. 
Specifically, samples sanded with 180 grit size showed 
a visible gap between the geopolymer matrix and the 
wood veneer after 7 days of climate chamber curing. 
Interestingly, those gaps only occurred between 
geopolymer and the finer surfaces of wood veneers. 
The veneer detachment due to the asymmetric 
bonding behavior between the finer wood surfaces 
and cement was also detected in prior research [49].

The rough-cut surfaces of the spruce and beech 
veneers presented in Table 5.2 have led to 
robust interfacial interlocking between 
geopolymer and wood, with the geopolymer 
hooking solidly into the cracks of the back 
surfaces of the wood veneers (Fig. 5.5c).

The SEM images of the interfaces of geopolymer 
and wood after the pullout tests are presented in Fig. 
5.6. It was found that wood fibers were attached to the 

Figure 5 Microscope images of the interface between wood and geopolymer: a spruce-60; b spruce-180; c beech-180.

Fig. 5.6 SEM images of geopolymer and wood surfaces at the interface after pullout tests: a spruce fibers attached to the geopolymer; b 
geopolymer penetrated the spruce veneer; c beech fibers attached to the geopolymer; d geopolymer penetrated the beech veneer.
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geopolymer (narrowed in Fig. 5.6a and c); in an adjacent 
area, the geopolymer was embedded in both the 
rough and smooth surfaces of the wood veneer 
(pointed out in Fig. 5.6b and d). Also, contact between 
the fiber and the matrix can be evidenced by the 
imprint of the fibers on the geopolymer matrix after 
the fiber pullout [56]. In this study, the imprint of 
spruce and beech fibers (circled in Fig. 5.6a and c) was 
detected on the geopolymer. Interestingly, a gap 
between the finer wood surface and geopolymer was 
then detected after 7 days of curing. A possible rea-
son for this is that the finer wood and geopolymer 
were once attached, but later separated from each 
other.

Influence of moisture on bonding
between geopolymer and wood
during curing

Moisture content analysis

Moisture content (MC) of spruce and beech based on 
the curing time of 0–7 days and its magnification of 0–
4 h are shown in Fig. 5.7. The dimensional change of 
wood was influenced by its moisture content during 
the curing process. The wood moisture content 
around 30% is considered to be a fiber saturation 
point (FSP), where the wood cell wall is saturated 
with bound water and without free water in lumens 
[57]. Wood shrinks when the moisture content of its 
cell walls drops below the FSP and swells until the 
MC passes the FSP [58]. The following illustrations 
about the relationship between the moisture content 
and the dimensional change in wood were based on 
this theory. Figure 7 shows that initially, while below 
FSP, the water absorption was faster in spruce than in 
beech, leading to a faster swelling (20 min for spruce 
and 60 min for beech). After that, the MC of both 
wood samples stayed continually above the FSP as 
the excess water entered into the wood lumens, and 
there were no dimensional changes during the 4 days 
of curing. The MC of spruce and beech increased 
gradually within 1 day of curing and reached its 
highest value of above 100% mainly due to the seal-
ing effect of molds. Once the cap on the mold was 
released in the climate chamber after 1 day of curing, 
MC started to decrease. At this stage, the water 
evaporated mainly from the wood lumen. Wood 
veneer dimensions remained the same, while their 
MC stayed above the FSP. After curing for 3 days, it 
was noticed that MC decreased faster in spruce than 
in beech. After 4 days of curing, the MC of both 
reached the FSP. This could be defined as the starting 
point of the shrinking of wood during the curing 
process. After that, the MC of the wood samples 
continued to decrease until it reached a balance with 
the surrounding environment, while the wood 
experienced a deeper degree of shrinking after 7 days 
of curing.

Water in liquid form was detected on the surface of 
geopolymer samples at the curing age of 24 h due to 
the condensation process during geopolymerization 
that expels interstitial water that cannot stay within 
the framework of geopolymer [10, 59]. Indeed, more 
than 90% of the initial mixing water in the

Figure 7 Influence of curing time on the wood moisture content

in the geopolymer matrix: a from 0 to 7 days and b the

magnification from 0 to 4 h.
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around 10% and 31%, respectively. It was detected 
that both spruce and beech veneers swelled slightly 
in the geopolymer paste during the curing that took 
place between day 4 and 7 of the process compared to 
the initial veneers before embedding. Geopolymer 
shrank slightly from day 4 to 7 of the curing process. 
The drying shrinkage of the geopolymer resulted 
from the high capillary pressure generated between 
the wet and dry areas of the micropore network due 
to the excessive free water evaporation [61]. The Dd of 
the samples was used to illustrate the dimensional 
change rate differences between days 4 and 7 of 
curing. It was found that spruce-w and beech-w 
veneers shrank slightly less than spruce-65 and 
beech-65. The shrinking of the geopolymer was neg-
ligible in comparison with wood.

A conceptual model was developed about the 
influence of moisture on bonding at the interface 
between geopolymer and wood during a curing 
process, illustrated in a schematic in Fig. 5.8. During 
the curing process, wood experienced some dimen-

sional changes (first swelling and later shrinking) due 
to a change in the moisture content, while geopoly-
mer transformed from geopolymer paste (gel) to 
geopolymer solid. The initial and final setting times 
of pure geopolymer were around 100 min and 
145 min, respectively, as investigated in the previous 
studies [38]. Although introducing wood veneer 
could prolong the setting time of geopolymer, it was

Table 5.3 Dimensional change rate of geopolymer and 
embedded wood after curing for 4 and 7 days

Samples Initial MC % DCR4d % DCR7d % Dd %

Spruce-65 9.31 ? 13.89* ? 9.56 - 4.33*

Spruce-w 31.95 ? 6.20 ? 5.03 - 1.17

Beech-65 10.42 ? 7.84 ? 4.54 - 3.30

Beech-w 30.48 ? 2.08 ? 1.98 - 0.10

Geopolymer - 0.14 - 0.30 - 0.16

*Positive (?) and negative (-) symbols mean the swelling and 
shrinking of the samples, respectively

geopolymer was not bonded to its structure but 
remained free and related to the voids and the high 
transfer coefficients on the geopolymer [60]. The free 
water that leached from the geopolymer could be 
absorbed by the wood and then evaporated into the 
environment under low relative humidity at ambient 
temperature.

Dimensional change analysis

Table 5.3 shows the dimensional changes in geopoly-
mer and the embedded wood veneer after 4 and 
7 days of curing, respectively. The dimensional 
changes in wood were influenced by the wood MC 
during the curing process. For the wood veneers 
prepared wet or at 65% RH, the initial MC was

Figure 8 Schematic diagram of the influences of moisture on bonding at the interface between geopolymer and wood during the curing

process.
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bonding strength of the samples under the same

environment conditions during the curing process.

No visible gaps were detected at the interface of the

geopolymer and wood veneer when the samples

were cured under a wet condition (20 �C/85% RH). A

visible gap, however, was detected in the spruce-d-

35, beech-d-35, spruce-w-35, and beech-w-35 samples

after curing in a dry environment (20 �C/35% RH)

for 7 days. The similar interfacial bonding strength

was detected in the samples cured under 65% RH

(common indoor humidity condition) as compared to

the samples cured under 85% humidity. Thus, con-

trolling wood moisture conditions before the curing

process is not necessary for the improvement of

higher interfacial bonding properties of wood and

geopolymer.

Conclusions

In this study, interfacial bonding strength of the

geopolymer-wood composites were improved envi-

ronmental-friendly by increasing embedded depth,

sanding wood surface, and controlling curing con-

ditions. Beech and spruce were compared as different

wood species. A pullout test method was developed

for the analysis of interfacial bonding strength

between the geopolymer and wood. It was found that

the pullout force increased with an increase in

embedded depth of the wood veneer, and a plateau

was detected at the depth of 25 mm. The bottom end

of the wood veneer carried only a negligible load

during the pullout testing. Compared to beech,

spruce showed a higher interfacial bonding strength

between wood and geopolymer. Strong mechanical

interlocking at the interface was successfully

achieved by sanding wood surface with grit size 60

sandpaper. Moreover, interfacial bonding strength

was increased under wet curing conditions (20 �C/
85% RH). Weak interface was mainly caused by the

wood shrinking under dry conditions (20 �C/35%
RH) during curing process. Influence of initial wood

moisture content, however, can be ignored on the

interfacial bonding strength between wood and

geopolymer. A conceptual model was proposed

explaining the moisture influence on the interfacial

bonding mechanism of the geopolymer-wood com-

posites during the curing process.

Figure 9 Interfacial bonding strength of geopolymer-wood 
composites under different curing conditions.

noticed in the experiment that geopolymer became 
solid within 1 day of curing. Wood shrank, however, 
beginning on the fourth day of the curing process. 
The dimensional changes in geopolymer between 
days 4 and 7 can be ignored in comparison with the 
wood shrinkage because when the wood started to 
shrink after curing for 4 days, the dimension of 
geopolymer was nearly consistent. Thus, the interfa-
cial weakening (i.e., the gap at the interface between 
wood and geopolymer) was mainly due to the 
shrinking of the wood veneer.

Applications of the moisture content control

Spruce and beech veneers with different initial 
moisture conditions were further used to investigate 
the interfacial bonding strength between wood and 
geopolymer under different curing conditions. Dif-

ferent environmental humidity conditions at 35%, 
85%, and 65% were applied during the curing process 
to simulate different manufacturing conditions like 
dry, wet, and common indoor humidity conditions, 
respectively. The interfacial bonding strengths of 
geopolymer-wood composites under different curing 
conditions are shown in Fig. 5.9. Lower interfacial 
bonding strength values were detected in spruce-d-
35, beech-d-35, spruce-w-35, and beech-w-35 cured 
under dry environmental conditions. Nevertheless, 
taking the groups of spruce-d-85, spruce-w-85, and 
spruce-85-85 as an example, it was shown that pre-
treatments of different wood moisture conditions 
before curing had a slight influence on the interfacial
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Abstract 

Class F fly ash and metakaolin aluminosilicate materials were used as separate precursor 

materials in the preparation of geopolymer wood composites (GWC). Different mixing 

parameters were investigated, as to what stage during the manufacture of GWC to add alkaline 

activator solution, wood (fibers or flour) and/or water. Using compressive strength and density 

profiles, the properties of the resulting GWC were characterized. From the results, the five 

different mixing parameters did not influence the strengths of fly ash-based and metakaolin-

based GWCs with wood fibers or flour. In addition, fly ash-based and metakaolin-based 

GWCs showed a nearly constant density profile. The density profiles show that the wood fibers 

were evenly mixed in the both geopolymer matrices. In conclusion, the similar density profiles 

and strengths give more flexibility in mixing during the manufacture of fly ash-based and 

metakaolin-based GWCs. 

 

1.0 Introduction 

Geopolymers are produced by alkali activation of aluminosilicate materials such as slag, 

metakaolin, coal ash etc. Geopolymer wood composites (GWC) consist of aluminosilicate raw 
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material, wood particles and alkaline solution. When all materials are mixed, the 

aluminosilicate material, upon contact with the activator solution, undergoes dissolution, 

hydrolysis and a polycondensation reaction to form a solid product that encases the wood 

particles/ fibers.  

 

Water provides a suitable environment for the dissolution of aluminosilicates, movement of 

ions, hydrolysis of Al3+ and Si4+ compounds and polycondensation of various aluminum and 

silicon hydroxyl compound groups i.e. indicating a great influence on the geopolymer gel 

structure and product characteristics (Hanzlicek and Steinerova-Vondrakova 2002; Sagoe-

Crentsil and Weng 2007; Zuhua et al. 2009). Nevertheless, adding water to the geopolymer 

binder or mixture of aluminosilicate and wood could also reduce the geopolymerization rate 

during the period of dissolution to hydrolysis for its dilution effect (Zuhua et al. 2009). Owing 

to these reasons, the need to determine when (what stage) and how to add water as well as the 

proper amount of additional water needed is key in developing a geopolymer wood composite.  

 

Wood and inorganic binders have a long history, where wood fibers are used mostly for 

reinforcement, and flour and particles as fillers in inorganic bonded wood composites. Wood 

is a hydrophilic material, capable of holding water. In composite preparation, this water may 

or may not be available to the mixture during the mixing. For this reason, when adding wood 

fiber or particles to a composite, extra water is sometimes needed to complete the mixing 

process. Mixing wood directly with a geopolymer could potentially affect the 

water:geopolymer binder ratio; this could limit the water and ions available for 

geopolymerization due to migration of water/ions into the wood (Alomayri and Low 2013). 

Direct mixing of wood with the aluminosilicate material could also limit the amount/ area of 

contact between the activator solution and the aluminosilicate precursor material. These 
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indicates that when to add what material during GWC fabrication may be critical for the 

resulting composite.  

 

Throughout literature, two different mixing technologies in the fabrication of geopolymer 

wood composites are displayed. The first pertains to dry mixing of the wood and 

aluminosilicate source before alkaline activation (Alomayri and Low, 2013; Sarmin and 

Welling, 2016; Sarmin, 2016; Malenab et al., 2017; Furtos et al., 2021). In these cases, this 

mixing is to allow homogeneity in solid materials before binding by the geopolymer. The 

second involves the activation of the aluminosilicate source with the alkaline activator before 

adding the fibers (Sá Ribeiro et al. 2016; Tan et al. 2019; Berzins et al. 2017). This is to activate 

as many particles from the precursor source as possible, making them available for the binding 

of fibers. The activation of both ordinary Portland cement and geopolymer cement occur under 

an alkaline environment, however, each chemical reaction and binding effect is different. 

Amongst the key factors affecting the quality of a cement wood composite are the organic filler 

type, type of binder and technological and manufacturing factors such as method of fabrication 

of the composite (Sanaev et al. 2016; Yel et al. 2020).  

 

Although simple processing technology is required for cement bonded wood composites (Fan 

et al. 2012), the aforementioned reasons make it clear, that the smallest mistake in the process 

technology of geopolymer wood composite fabrication can affect the properties of the resulting 

product. Wood of every size and form are used in the manufacture of cement wood based 

composites. However, the geometry of the wood has a strong effect on the properties of the 

product formed (Frybort et al. 2008). This implies that the appropriate process technology may 

vary among wood flour/ particles and fibers.  GWC process technology leading to poor or low 

composite properties may limit the practical application of the geopolymer wood composite. 

112



Therefore, maximizing the best composite properties through research on the appropriate 

mixing technologies attract extensive attention.   

 

Until now, no account has been found in relation to analysis on the influence of varying the 

mixing parameters of a geopolymer wood composite with wood fibers/particles or flour. This 

paper aims at providing fundamentals and an essential database for process technologies for 

geopolymer wood composites used in construction. In this study, we report the results of the 

impact of wood type (wood fibers and flour) and how variation in the mixing parameters affects 

the properties of the geopolymer wood composite. On route to achieving this, five different 

mixing procedures and the addition of water at different stages in composite formation were 

assessed. In addition, the research was conducted using both fly ash and metakaolin as separate 

aluminosilicate precursor materials. 

 

2.0 Materials and Methods 

2.1 Materials 

Class F Fly ash was obtained from GK Kiel GmbH power plant in Kiel, Germany. Betol 

50T (Na2SiO3) from Woellner, Germany and analytic grade of NaOH pellets from VWR, 

Germany were used for the activator solution. Wood flour (Arbocel C100, Rettenmaier & 

Söhne GmbH + Co KG, Rosenberg- Germany) and wood fibers. Deionized water was used 

throughout the experiment. The chemical compositions of the fly ash are tabulated in Table 

6.1. 
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Table 6.1. Chemical composition of fly ash from XRF 

Component Al2O3 SiO2 SO3 K2O Na2O CaO TiO2 MgO Fe2O3 P2O5 LOI* 

Share (%) 20.53 54.18 0.01 1.51 0.51 3.36 0.84 1.50 6.31 0.66 4.18 

LOI* at 1000 oC. 

 

2.2 Mixture proportion and sample preparation 

The alkaline solution for geopolymer was prepared using solutions Betol 50T (Na2SiO3) and 

10 M NaOH in a weight ratio of 2.5:1; it was subsequently allowed to cool to ambient 

conditions prior to use. For the study of the variation in the mixing procedure, mixed softwood 

wood flour and fibers were used. Table 6.2a-b shows the proportion of materials used in 

preparation of the composite. Five (5) types of mixing variations (Mix A- E) were used for the 

study. The variations were done in relation to when to add what material during the composite 

preparation. Sample preparations were done according to Table 6.3. For Mix D and E, the water 

was added to the wood and the mix then sealed in low-density polyethylene (LDPE) plastic for 

7 days before using in the composite preparation. This was to help the wood attain equilibrium 

prior to its use. Water to solid ratio and total mixing time were kept at constant for all mixtures. 

Samples were casted in 50 mm cube mold, cold pressed at 80 bars for 30 s and sealed in LDPE 

plastic. The sealed samples were oven cured at 60 degrees in the plastic for 24 h. The cured 

samples were conditioned in the climate chamber 200C/ 65% RH for further testing.  

 

Table 6.2a. Composite mixture by mass ratio for geopolymer wood flour composites. 

Proportion Fly Ash: Wood flour Fly Ash: Activator Fly Ash: water 

Ratio 9:1 1.5:1 27:1 
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Table 6.2b. Composite mixture by mass ratio for geopolymer wood fiber composites. 

Precursor aluminosilicate: Wood fiber aluminosilicate: Activator aluminosilicate: water 

FA 19:1 2:1 23:1 

MK 19:1 1.5:1 4:1 

*NB: FA = fly ash aluminosilicate material and MK= metakaolin aluminosilicate material 

 

Table 6.3. Manufacturing process for geopolymer wood composites 

Mix A Mix B Mix C Mix D MIX E 

Fly ash and 

wood are mixed 

for 3 min. 

 

Add alkaline 

activator and 

mix for 4 mins 

 

Add water and 

mix for 3 min. 

Fly ash and 

wood are mixed 

for 3 min. 

 

Add water and 

mix for 3 min. 

 

Add alkaline 

activator and 

mix for 4 min. 

Activate fly ash 

for 4 min. 

 

Add wood and 

mix for 3 min. 

 

Add water and 

mix for 3 min. 

 

Fly ash and the 

moist wood are 

mixed for 3 min. 

 

Add alkaline 

activator and 

mix for 7 min. 

 

Activate fly ash 

for 4 min. 

 

Add the moist 

wood and mix 

for 6 min 

 

2.3 TEST CONDUCTED 

2.3.1 Density profile 

Density profiles were measured using a DENSE-LAB X made by Electronic Wood Systems 

GmbH. Geopolymer wood fiber composites of dimensions 50 mm3 were used for the 

measurements. Before loading the samples into the machine, an electronic caliper was used to 

measure all three dimensions of each sample, and an electronic scale was used to determine 
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their weight. Using these measurements, the overall density of each sample was calculated by 

dividing the samples mass by volume. 

 

2.3.2 Compressive strength and specific compressive strength  

The compressive strength of 28 day aged cube samples (50 mm3) were measured using a 

hydraulic universal testing machine (UTM) by MTS Systems Corporation (Eden Prairie, 

Minnesota, US). The MTS UTM was equipped with a Zwick model 1485 control panel 

(ZwickRoell GmbH & Co. KG, Ulm, Germany). The samples were compressed with a load 

cell capacity of 250 kN and with a crosshead speed rate of 1 mm/min. The compressive strength 

was calculated by dividing the maximum force (N) by the cross–sectional area (mm2) of the 

sample. The average of four samples was reported for each group. 

 

3.0 RESULTS AND DISCUSSION 

3.1 Effect of mixing variations on the specific compressive strength 

The specific strength of geopolymer wood composites with mixing variations are shown in Fig. 

6.1- 6.3. Here it can be seen, that specific strength ranges from 6.8- 7.36 kN.m/ kg for the fly 

ash based geopolymer wood flour composites, 26.38- 28.10 kN.m/ kg for fly ash based 

geopolymer wood fiber composites and 9.01- 9.51 kN.m/ kg for the metakaolin-based 

geopolymer wood fiber composites. The minimal differences in the strength ranges shows that 

there is more flexibility during mixing or composite formation. Even though Asante et al. 

(2022) found that using wood with low moisture content gives a higher strength, Mix D and E 

recorded similar strength as Mix A- C. This shows practically, that in order for Mix D and E 

to achieve a strength similar to Mix A- C, there is no need to completely dry the wood to a very 

low moisture content prior to composite formation. This might help cut down production cost 

in both fly ash-based and metakaolin-based geopolymer wood composites. It can be concluded 
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that the water in the wood adds up to the total water content in the mixture and, as much as the 

total water to solid content and other mixing parameters are the same, will lead to similar 

strength. 

 

Fig. 6.1. Effect of different mixing procedures on fly ash-based geopolymer wood flour 

composite. 

 

 

Fig. 6.2. Effect of different mixing procedures on fly ash-based geopolymer wood fiber 

composite. 
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Fig. 6.3. Effect of different mixing procedures on metakaolin-based geopolymer wood fiber 

composite. 

 

3.2 Density profiles for the different mixing variations 

Due to the discrepancy in density between the less dense wood fiber and the denser 

geopolymer, the different mixing and distribution of fibers in the fly ash-based and metakaolin-

based geopolymer wood fiber composites can be assessed using density profiles. The higher 

the density is, the higher the ratio of geopolymer to wood. Similar density profiles were 

observed across the five different mixes for both fly ash-based and metakaolin-based 

geopolymer wood fiber composites (Fig. 6.4 and 6.5). The high peaks in density at the edges 

(i.e. about 2-3 mm) of the samples confirm the presence of geopolymer close to the surface, 

which can be seen in all mix groups (A-E). However, the distances between the edges showed 

evenly mixed and fairly distributed wood fibers within the mixes across all sample groups and 

can be explained by the surface roughness, as the x-rays used to measure the local densities 

only intersect with parts of the uneven surfaces. 
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                         Mix A       Mix B 

  

     Mix C           Mix D 

 

 

        Mix E 

Fig. 6.4. Density profiles of fly ash-based geopolymer wood fiber composite (Mix A-E) 
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  Mix A       Mix B 

  

         Mix C         Mix D 

 

       Mix E 

Fig. 6.5. Density profiles of metakaolin-based geopolymer wood fiber composite (Mix A-E) 
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4.0 Conclusion 

This study presents the influence of different raw material mixing on the strength and density 

of both fly ash-based and metakaolin-based geopolymer wood fiber composites. Specific 

compressive strength and density profiles were used as a means of comparing the influence of 

the mixing variations. From the study, similar strength and density profile were recorded for 

both fly ash-based and metakaolin-based geopolymer wood fiber composites. It can be 

concluded that when to add what raw material does not really matter in the formulation of 

geopolymer wood fiber/ flour composites, on the condition that the mixing time and amount of 

raw materials remain the same. This gives more flexibility during composite formulation or 

production. 
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CHAPTER 7 

DISCUSSION OF THE CONDUCTED RESEARCH 

be compared to other GWCs and cement wood composites from other research works. 

Discussion in this chapter is based on the two research scopes stated in the introduction part. 

7.1 Evaluation of how wood’s inherent properties affect properties of geopolymer wood 

composites 

Overall, the effect of wood’s inherent properties were identified in Chapters 3 (3.1 and 3.2). 

Based on the findings, it can be concluded that wood’s 

physical and compressive strength properties of fly ash based geopolymer wood composites. 

However, in this present studies, the extent of these effects depend on:  

 Wood species

 Portion of wood

 Type of extractives

7.1.1 Effect of wood species on the properties of geopolymer wood composite 

To achieve appropriate and acceptable composite properties in IBWC, the wood has to be 

properly mixed with an inorganic matrix and has to be properly encased in the matrix. This 

calls for proper compatibility between the matrix and the filler/reinforcement. The results from 

 

significantly higher dry bulk density and lower water absorption compared to those from pine. 

A plausible reason for this behavior can be explained by the roles of the densities of eucalypt 

and pine. Eucalypt wood used in the study had an apparent density of 0.56 g/cm3 while pine 
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Since there are no commercially available products of GWCs, the results of this work will

inherent properties affect both the

Chapter 3.1 (Fig. 3.1.5, Table 3.1.3) showed that Eucalypt was more compatible for  fly ash-

based GWCs than Pine. The geopolymer wood composites (GWCs) based on eucalypt  had  a



had 0.39 g/cm3. These densities contributed to the overall bulk density of their respective 

GWCs. Wood density, which is a measure of the quantity of cell wall material contained in a 

specific volume, had been found to be one of the factors influencing the overall density and 

water absorption of the IBWC’s (Amiandamhen 2017). However, with hot water pre-treatment 

of both eucalypt and pine wood, the bulk densities and water absorption remained the same 

with no difference between the treated and untreated GWCs. A chemical analysis of the wood 

after the treatment showed that the extracts in both eucalypt (from 4.08% to 1.33%) and pine 

(from 2.74% to 1.47%) were reduced. However, the structural components of the wood 

remained the same (Chapter 3.1, Table 3.1.4).  In addition, wood density is known to affect the 

permeability of wood and wood based products (Syofuna et al. 2012). It has been reported that 

extractives in wood can range from 1 – 20 % of the dry weight and can there affect the wood 

density (Singleton et al. 2003). It is possible that the change in the extracts’ content (67.4% and 

46.4% for eucalypt and pine respectively), did not affect the density of the wood materials after 

the hot water pre-treatment and therefore had no influence on the bulk densities of the GWCs. 

Although high amount of extracts were removed from eucalypt wood as compared to pine after 

the hot water extraction, the water absorption of GWCs with eucalypt was lower. This 

resistance could be attributed to their high densities, meaning that they are able to remain 

durable even after extractive removal (Syofuna et al. 2012). It has also been reported that the 

crystalline regions of the cellulose increase with wood density (El-Osta 1971) and these 

crystalline regions of the cellulose are inaccessible to water molecules (Hernández 2007). 

These might have contributed to the reduced water absorption for the GWC with eucalypt 

wood.  
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7.1.2 Effect of wood extractives on the properties of geopolymer wood composite 

The reduction in extracts content by the hot water treatment (Chapter 3.1, Table 3.1.4) led to a 

significant difference in specific compressive strength of the composites with untreated and 

treated wood. There was a 3% and 27% increase in specific strength of the GWC with eucalypt 

and pine wood respectively, indicating improved compatibility after the extract removal. 

Although the matrix properties of cement are different from a geopolymer (see Chapter 

1, section 1.6.2), Garcez et al. (2016) found that eucalypt wood was more compatible with 

cement than pine. Even though softwoods have been found to be more compatible with 

cement than hardwoods (Weatherwax and Tarkow 1964), this was not in the case with the 

fly ash-based geopolymer. To clarify these notions, four hardwoods (two eucalypt species 

and two acacia species) and two softwoods extractives (i.e. extracts from pine and spruce) 

were used in pure fly ash-based geopolymers (Chapter 3.2). It could be seen that the addition 

of spruce and pine extractives lowered the compressive strength, while the four hardwoods 

However, the greatest strength reduction was observed in samples with pine extractives. This 

leads to the conclusion that there were pine specific extracts causing the reduction in strength.  

A GC-MS/FID analysis was performed on pine sapwood and heartwood extracts extracted 

with NaOH. The GC-detectable compounds of sapwood extractives consist of up to 39 wt

% of saturated and unsaturated fatty acids while terpenoids and resin acids accounts for an 

amount of 26 wt%; in the extractives from heartwood, terpenoids and resin acids occur 

predominantly, with an amount of up to 51 wt% of the GC-detectable substances. The 

diversity of compounds is higher in sapwood extract than in hardwood extract (Chapter 3.2, 

Table 3.2.7). From the GC-MS/ FID analysis, one of the major difference in extracts 

composition between the sapwood and heartwood of pine is their proportion of fatty and 

resin acids. 
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 extractives geopolymer had similar strength compared to  the control (Chapter 3.2, Fig. 3.2.7).



The sapwood contains more fatty acids while the heartwood contains more of resin acids 

(Back and Allen 2000). This was also confirmed in these present studies (Chapter 3.2, Table 

3.2.7). Both fatty acids and resin acids are composed of different compounds and 

molecules. Owing to this, in order to understand the influence of specific extractives on 

the strength of fly ash-based geopolymer, the present work considered two fatty acids 

(linoleic and oleic acids), one resin acid (i.e. abietic acid) and three polyphenols (i.e. 

condensed tannins, pycogenol and tannic acids). All the geopolymers with specific 

extractives recorded lower specific strengths when compared to the control (Chapter 3.2, Fig. 

3.2.3). Geopolymers with pycogenol, tannin and abietic acid (resin acid) recorded similar 

strength to the geopolymers with sapwood or heartwood extract. Nonetheless, 

geopolymers with linoleic and oleic acids (Fatty acids) recorded lower strengths. Although 

Portland cement is different from a geopolymer, similar observations were made by Tugrul 

Albayrak et al. (2005), who found that oleic acid and sunflower oil (containing oleic and 

linoleic acids) decreases the compressive strength of concrete. 

Shill et al. (2020) and Shill et al. (2022) found that esters of fatty acids reacted with free 

NaOH in fly ash geopolymers at high temperatures to produce sodium carboxylate, which is a 

salt, in a process known as saponification. Shill et al. (2020) also identified the presence of 

soap and salt compounds, e.g., sodium carboxylate and sodium phosphates in the fly 

ash based geopolymer mortar after the saponification occurrence. The authors defined this 

process of the formation of soap compounds on geopolymer as saponification of a 

geopolymer; this occurred when fatty acids (linoleic and oleic acids) were exposed to 

the geopolymer at a high temperature. Saponification significantly weakened the top layer 

of the geopolymer mortar and resulted in a reduction in the compressive strength (Shill et al. 

2020).  
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As all the tested specific extracts had an influence on the strength property investigated, the 

combined effect of these specific extractives could even be greater. Nevertheless, the extent of 

this variation might depend, among other factors, on the amount and nature of wood extractives 

present in the mixture (Sandermann et al. 1960; Biblis and Lo 1968; Fischer et al. 1974; Liu 

and Moslemi 1985) as observed in cement and the combination of the specific extracts and 

compounds. 

7.1.3 Effects of the portion of wood and pretreatment on the properties of geopolymer 

wood composite 

The portion of wood (i.e. sapwood or heartwood) is another influencing factor for the 

interaction between the geopolymer and the wood. Due to the higher solubility of heartwood 

vs. sapwood suggesting that a greater amount of substance could be leached out (Cabangon et 

al. 2000) to disturb the geopolymerization, it was expected that the strength of the GWC formed 

with the sapwood and heartwood would be different. In contrast, the results in Chapter 3.2 (Fig. 

3.2.4) showed that forming a fly ash-based GWC with both untreated pine heartwood and 

sapwood yielded the same specific strength. This contradicts the findings by (Semple and 

Evans 2000), who found that the heartwood of radiata pine severely inhibited cement hydration, 

and the wood-cement boards made with the heartwood had little structural integrity, while 

boards made from the sapwood have been made industrially and commercialized. However, 

with pretreatment a clear difference was observed between the GWCs made from sapwood and 

heartwood.  

Hot water pretreatment of pine wood led to an increase in the strength of the composites 

(Chapter 3.1). Similar observations were made when the pine sapwood and heartwood were 

pretreated with a NaOH solution (Chapter 3.2). These increases in strength might be related to 
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the enhanced compatibility between the wood and the fly ash geopolymer matrix. In contrast 

to these results, research by (Sarmin et al. 2020) showed that NaOH pretreatment of wood 

decreases compatibility between the wood and geopolymer matrix. The authors worked with 

spruce (Picea abies veneer) and a blend of fly ash/metakaolin geopolymer, which might be the 

reasons for these differences with NaOH pretreatment. However, compared to cement wood 

composites, both hot water and NaOH pretreatment are known to increase strength properties, 

with the latter being most effective (Sutigno 2000). This suggests that the issues of pretreatment 

for compatibility as well as interface problems are much more complicated when dealing with 

GWCs compared to other IBWCs. Hence, pretreatment for improved compatibility and 

strength in GWCs might directly relate to the wood species, portion of wood as well as the 

geopolymer matrix material. 

7.2 Evaluation of material preprocessing of geopolymer wood composites 

In the present thesis, it is indicated, that there is a lack of systematic processes in place to fully 

exploit the potential use of wood fibers and particles as reinforcement and fillers respectively 

in geopolymer wood bonded composites. Chapters 4, 5 and 6 show the effect material 

preprocessing and the effect of different mixing processes during the manufacturing of GWC. 

The results of the conducted study, are summarized as follows: 

a) Water molecules become part of the fly ash-based GWC structure, which could not be

removed by drying. The different wood moisture contents used in the GWC manufacture

contributed differently to the amount of water that remained after GWC drying.

b) Preparation of wood veneer surface by sanding led to an increase in interfacial bonding

strength between the wood and the metakaolin-based geopolymer matrix.

c) The different mixing and processing technologies had no effect on the properties of both

fly ash-based and metakaolin-based GWCs, as long as the amount of raw materials and
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mixing time for the different processes was kept constant. That is to say, it did not matter 

when to add what raw material during composite formulation as all the different processes 

resulted in the same density and compressive strength.  

7.2.1 Effect of wood moisture content on the properties of geopolymer wood composite 

The differing amount of water held in the wood (wood moisture content) contributed differently 

to the structural bound water (i.e. water that could not be evaporated and remained in the final 

GWC), density, porosity, compressive strength and the specific compressive strength of the fly 

ash-based GWC (Chapter 4, Fig. 4.1, 4.3, 4.4, 4.5 and 4.6). Wood consists mainly of cellulose, 

hemicellulose and lignin as structural components. These components possess an abundant 

number of hydroxyl (OH-groups) (Wang and Piao 2011). Thus, wood is a hydrophilic material, 

which is an intrinsic property of wood and its affinity for water (Wang and Piao 2011). Water 

is only found in the cell walls below fiber saturation (i.e. bound water), yet it is located in the 

pores of cells, cell lumens or cavities as free water above fiber saturation threshold (moisture 

content of about 30%, depending on species) (Engelund et al. 2013). The hydrophilicity and 

porosity of wood cause it both to absorb liquid water and absorb moisture vapor from the air. 

According to Wang and Piao (2011) the interactions between wood and water vapor, and wood 

and liquid water have profound impacts on the physical properties, mechanical properties, and 

utility in wood and wood-based products. As a result, controlling moisture in wood is crucial 

for ensuring fly ash-based GWC performance. 

Generally, composites manufactured with a low amount of initial wood moisture content 

performed better than those with a high moisture content i.e. density, porosity, compressive 

strength and the specific compressive strength of the composites were favorable with dry wood 

(Chapter 4). Lizcano et al. (2012) stated that in a Na-activated pure metakaolin-based 
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geopolymer, about 15–20 wt% remained as residual or non-evaporable water with most of the 

water evaporated during 21 days curing and aging in ambient conditions. However, this could 

not be confirmed in the present study. Even with heating to 103oC, the present findings indicate 

about 25–30% of the initial water molecules were tightly incorporated and partly inaccessible 

and could not be removed from the fly ash-based GWC. Kobera et al. (2011) also found that 

the immobilized water that does not leave the aluminosilicate network, forms amorphous 

aluminosilicate hydrates in which water molecules are strongly bound to the matrix. 

Contrastingly, Davidovits (2008) and Perera et al. (2006) showed that additional weight loss 

(due to water removal) could occur in the geopolymer at temperatures of 300 °C and above. 

Thus, the tightly incorporated water molecules might be removed at elevated temperatures. 

However, said temperature increase might lead to greater mass loss due to decomposition of 

the wood, as wood product's performance is affected by the thermal degradation of its chemical 

components as it reaches elevated temperatures. Between 100 °C and 200 °C, the wood 

components in wood products dehydrates, generating water vapor and other noncombustible 

gases and liquids, such as CO2, formic acid, acetic acid, and water. With prolonged exposures 

at higher temperatures, wood can become charred. As the temperature rises above 200 °C, 

thermal decomposition (i.e. pyrolysis) occurs for hemicelluloses (between 200-300 °C) and for 

lignin components (between 225- 450 °C) (White and Dietenberger, 2001). 

7.2.2 Effect of wood surface roughness on the properties of geopolymer wood composite 

The process of bonding wood to geopolymer is essentially completed after transition of the 

geopolymer binder from gel or slurry to solid form. In bonding wood to other materials such 

as geopolymer, penetration and surface roughness are among the most important factors to 

consider (Cheng and Sun 2006; Sulaiman et al. 2009). Cheng and Sun (2006)  stated an 

appropriate penetration depth into the wood surface is necessary for a strong bond to be formed. 
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In wood, penetration occurs when a binding agent enters the lumen/ cavities, or cell wall as a 

result of fluid, gel, or slurry movement (Marra 1992). The interface region of the bond is 

defined as the volume containing both wood cells and binding agent. It is created when the 

binding agent penetrates into the wood's cavities and partially fills them. In addition to wood-

related parameters such as the diameter of the lumen/ cavity and the portion of the bisected 

lumen/ cavity on the wood surface, the properties of the binding agent (Kamke and Lee 2007), 

the bonding processing parameters, hardening time and curing rate of the binding agent (Resnik 

et al. 1997) all play a role. 

The surface texture of wood is composed of anatomical roughness (such as the presence of 

extracts and oil, waxes etc.) as well as the roughness due to processing (such as cutting, peeling 

and planning) (Okumura and Fujiwara 2007; Sulaiman et al. 2009). According to Petri (1987), 

surface roughness affects the bonding because it increases the total contact area between 

binding agent and substrate. It could also provide an interlocking effect, trapping the binding 

agent in the cavities and acting as an anchor. The roughness of wood surface could be improved 

to a certain extent by sanding; Taylor et al. (1999) mentioned that surface roughness is 

influenced by its anatomical structure, particularly the cell cavities. That could be caused by 

its non-homogeneous structure. Cross grain, annual ring width, rays, knots, reaction wood, and 

the proportion of earlywood to latewood were other factors that affected it. 

According to Coelho et al. (2008.), sanding is the operation that makes the wood surface more 

homogeneous, reducing the influence of the anatomical structure on the roughness profile. It 

has the ability to make the wood surfaces more uniform and later to absorb or allow for better 

penetration of the binding agent (Sulaiman et al. 2009). However, Moura and Hernández 

(2006) stated that in sanding the wood, the sanding grains act as small knives on the wood 
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surface producing dust with different exit angles. Hernández and Cool (2008) showed in a 

visual analysis, the occurrence of raised fibers caused by the abrasive action of sanding on the 

sanded surface. For Meijer (2004), sanding could negatively affect wood bonding by reducing 

the number of open cell capillaries.  

In this present thesis, the highest surface roughness was detected after being sanded with grit 

size 60, whereas the lowest value was detected with grit size 180. Based on the roughness 

values (Chapter 5, Table 5.2) determined, from the surface of spruce and beech veneers, the 

surface roughness of the wood veneers was improved significantly by decreasing the grit size 

of sandpaper. It is probable that the P60 grits size sandpaper might have created deeper cavities 

on the wood surfaces as reported by Gurau et al. (2019). The increased surface roughness of 

the wood when using P60 sandpaper might have caused enough penetration into the wood 

cavities and improved mechanical interlocking (i.e. between the wood and the metakaolin-

based geopolymer), leading to a higher interfacial bonding strength as observed in this present 

thesis (Chapter 5,  Fig. 5.5). Additionally, beech samples showed a smoother surface than 

spruce samples when sanded with the same grit size, which is consistent with the findings of 

earlier studies (Papp and Csiha 2017). This is due to the fact that beech, as compared to spruce, 

typically has a higher density and more regular distribution of anatomical components, like 

libriform fibers (Kminiak and Gaff 2015). Moreover, Magross (2015) observed that sanding 

caused a clogging effect on the surface and decreased the number and size of the beech’s 

anatomical cavities. 

Several authors have also reported an inverse relationship between wood density and surface 

roughness, that is, the lower the density, the greater the roughness, which is in line with the 

results obtained in this study (Aguilera and Muñoz 2011; Dias Júnior et al. 2013; Laina et al. 
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2017; Silva et al. 2016). Although density may be a rough indicator, it can be used to estimate 

the bondability of a wide range of wood species, as was previously mentioned (Forest Products 

Laboratory 1999). High density woods are difficult to bond for several reasons. Binding agents 

cannot easily penetrate due to thicker cell walls and a smaller lumen volume. Therefore, 

significant mechanical interlocking of binding agents and wood is only possible to a depth of 

one or two cells (Forest Products Laboratory 1999). To attain the highest interfacial bonding 

strength, the geopolymer must penetrate and mechanically interlock several cell cavities 

(Chapter 5, Fig. 5.5a–b). In conclusion, both the type of wood and sanding under different 

conditions have an effect on the surface roughness and interfacial bonding strength between 

the wood and the metakaolin-based geopolymer. 

7.2.3 Effect of dimensional instability in wood on the interfacial bonding strength 

Moreover, interfacial bonding strength was increased under wet curing conditions (20 °C / 85% 

RH), while a weak interface was mainly caused by the wood shrinking under dry conditions 

(20 °C /35% RH) during the curing process. Another key factor affecting the interfacial 

bonding strength is wood shrinkage and swelling (i.e. dimensional instability in wood). As 

already mentioned above, water exists as free or bound in wood. Instabilities in wood’s 

dimensions (swelling and shrinking) result from changes in bound water. The total amount of 

bound water depends on the ambient temperature and relative humidity, and as a result of 

hysteresis whether the water is being absorbed or adsorbed. It is worth mentioning that water 

sorption is a time-dependent process, and the amount of bound water will also depend on the 

conditioning time and size of the piece of wood being conditioned.  As a result of constant 

temperature and relative humidity, wood eventually reaches equilibrium moisture content 

(EMC), a constant moisture content. Wood swells and shrinks because of changes in the 
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amount of bound water, but does not develop dimensional instabilities when the amount of free 

water changes (Arzola-Villegas et al. 2019).   

 

During the curing of the metakaolin geopolymer wood composites, the wood experienced some 

dimensional changes (first swelling and later shrinking) due to a change in the moisture content, 

while the geopolymer transformed from paste (gel) to solid (Chapter 5, Table 5.3 and Fig. 5.7). 

In the swollen state, the wood veneer was incorporated optimally in the geopolymer with no 

evidence of a visible gap between the interface of geopolymer and wood. However, the wood 

shrank, beginning on the fourth day of the curing process. The dimensional changes in the 

geopolymer between days 4 and 7 can be ignored in comparison with the wood shrinkage, as 

when the wood started to shrink after curing for 4 days, the dimension of the geopolymer was 

nearly consistent. Thus, the interfacial weakening (i.e. the gap at the interface between wood 

and geopolymer) was mainly due to the shrinking of the wood veneer. However, when the 

geopolymers with the veneer were cured at a higher relative humidity, the dimensions of the 

wood might have been stable or experienced minimal to negligible change and therefore 

resulted in a higher interfacial bonding strength. 

 

7.2.4 Influence of different mixing and manufacturing process on the density and strength 

of geopolymer wood composite  

Mixing wood directly with a geopolymer could potentially affect the water:geopolymer binder 

ratio; this could limit the water and ions available for geopolymerization due to migration of 

water/ions into the wood (Alomayri and Low 2013). Direct mixing of wood with the 

aluminosilicate material could also limit the amount/ area of contact between the alkaline 

activator solution and the aluminosilicate precursor material. This indicates that when to add 

what material during GWC fabrication may be crucial to the resulting composite. GWC process 
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technology leading to poor or low composite properties, may limit the practical application of 

a geopolymer wood composite. However, the results in Chapter 6 show that the five (5) 

different mixing variations resulted in similar strength/ minimal difference in strength and 

density profile. The minimal differences in the strength ranges shows that there is more 

flexibility during mixing or composite formation.  

 

Even though the results in Chapter 4 showed that using wood with a high moisture content 

results in a GWC with a lower strength, saturating the wood flour and fibers (Chapter 6) prior 

to mixing led to similar strength as when the water was added separately to the mixtures. These 

same phenomena were recorded for the fly ash-based geopolymer wood flour/fiber composites 

and metakaolin-based wood fiber composites. Practically speaking, in order for Mix D and E 

to achieve similar strength to Mix A- C, there is no need to completely dry the wood to a very 

low moisture content prior to composite formation. This might help cut down production cost 

in both fly ash-based and metakaolin-based geopolymer wood composites. It can be concluded, 

that the water present in the wood adds up to the total water content in the mixture and, as much 

as the total water to solid content and other mixing parameters are the same, will lead to similar 

strength results. 
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CHAPTER 8 

GENERAL CONCLUSION FROM THE RESEARCH 

From the results and discussion of the present thesis, the following conclusions were made: 

 The wood species used significantly influenced the fly ash-based GWC’s specific

compressive strength, as eucalypt-based composites yielded a strength nearly double

that of pine ones. Furthermore, the wood species affected the composite’s density and

played a vital role in the water absorption of the composite. The hot-water pretreatment

markedly increased the specific compressive strength of pine-based fly ash-based

GWCs, but not those of the eucalypt ones. Hot water washing out the pine-specific

extracts led to a improved compatibility between wood and fly ash geopolymer matrix.

 Forming a fly ash-based GWC with both untreated pine heartwood and sapwood

yielded the same specific strength. However, NaOH pretreatment of both pine sapwood

and heartwood increased the specific strength of fly ash-based geopolymer wood

composites. With NaOH pretreatment of pine wood before its use in a geopolymer

wood composite, the specific strength of geopolymer sapwood composites were higher

than those with heartwood, indicating that the pretreatment was more effective for the

sapwood than the heartwood.

 The specific strengths of fly ash-based geopolymers with hardwoods (i.e. E. grandis,

E. camaldulensis, P. Jackson and B. wattle) extracts were not affected, while those with

the softwoods (i.e. Norway spruce and pine) were reduced. Specific strengths of fly 

ash-based geopolymers with pycogenol, tannin, tannic acid, abietic acid, and fatty acids 

(i.e. linoleic and oleic acids) were reduced. However, the greatest reduction in specific 
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strengths was observed in the fly ash-based geopolymer containing fatty acids (i.e. 

linoleic and oleic acids). 

 

 After drying the fly ash-based GWCs at 103 degrees, water became part of the GWC 

(i.e. structurally bound water). Different wood moisture contents (MC) contributed 

differently to structurally bound water amounts. Forming fly ash-based GWCs using a 

higher wood MC led to inferior interfacial bonding (gaps) between the fly ash 

geopolymer matrix and the wood. This decreased the maximum load transfer capacity 

and led to a lower compressive strength.  

 

 Initial wood MC, climate chamber aging and drying conditions all affected the rate of 

water loss from the composites. When producing a fly ash-based GWC with high 

strengths, a low wood moisture content should be introduced in practice. However, the 

wood component does not have to be completely predried, saving energy and 

production costs. For optimal endurance of the GWC, it is important to keep the raw 

materials as dry as possible. 

 

 It was found that the pullout force increased with an increase in embedded depth of the 

wood veneer, and a plateau was detected at a depth of 25 mm. Compared to beech, 

spruce showed a higher interfacial bonding strength between the wood and metakaolin-

based geopolymer. Strong mechanical interlocking at the interface was successfully 

achieved by sanding the wood surface with a grit size 60 sandpaper. A weak interface 

was mainly caused by the wood shrinking under dry conditions during the curing 

process.  
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 Varying the mixing parameters i.e. the timing and order of the addition of the raw 

material components, does not really affect the density and specific compressive 

strength of both fly ash based and metakaolin-based GWCs. This allows for more 

flexibility during the manufacturing of both fly ash based and metakaolin-based GWCs.  

 

Finally, it can be stated, that according to the presented results and conclusions, the geopolymer 

wood composite behavior is a result of a purposeful raw materials selection, accounting for the 

mechanical and physical properties of both the geopolymer matrix and the wood, and of their 

interaction. 
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