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Abstract
The excellent properties of geopolymer composites and their ability to be synthesized from various industrial waste streams 
make them promising green binders in wood-based composite manufacturing. The study characterized 100% slag unary 
precursor-based geopolymers reinforced with lignocellulosic material residue. The residue included sugarcane bagasse 
(SCB), Port Jackson (Acacia saligna) and Black wattle (Acacia mearnsii). The production process was established based on 
a mixed factorial design using Statistica 13.3. The factors considered included a curing pattern at 2 levels, sodium hydrox-
ide concentration at 3 levels and lignocellulose material at 3 levels. Other parameters, such as precursor-activator ratio and 
sodium hydroxide-silicate ratio were constant. Statistical analysis revealed that curing temperature and sodium hydroxide 
concentration had a significant effect on the board properties and the addition of lignocellulose material improved the flexural 
strength. Curing at 40 °C influenced the reaction kinetics, enhanced microstructural properties, and produced a dense geo-
polymeric matrix which resulted in improved physical and mechanical properties. However, increasing the sodium hydrox-
ide concentration beyond 6 M caused efflorescence and deteriorated the mechanical property of A. mearnsii and bagasse 
boards. Partial degradation of the fibres was confirmed by Fourier transform infrared spectroscopy and thermogravimetric 
analysis, but the degraded products did not inhibit geopolymer setting. Scanning electron microscopy indicated a uniform 
board structure surrounded with micro crystals of calcium silicate hydrate (C–S–H). A. saligna boards produced with 6 M 
NaOH and cured at 40 °C met the technical specification of cement-bonded particleboards for outdoor applications accord-
ing to the British standard EN 634–2.

1  Introduction

Several industrial operations, such as coal power plants and 
iron smelters are based on a linear model of “take, make, 
dispose” leading to depletion of natural resources (Sariatli 
2017). The residues are usually landfilled, posing serious 
environmental challenges. However, the bulk of these resi-
dues can serve as resource material to produce secondary 
products. Fly ash and slag derived from coal burning and 
iron smelting, respectively have been used as precursor mate-
rials in the development of geopolymer binders, which can 

be an alternative, green substitute for cement and concrete 
products in different applications (Provis and Van Deventer 
2014), including inorganic-bonded wood composites (Korn-
iejenko et al. 2015; Olayiwola et al. 2021). Geopolymer 
binder is developed by alkali activation of naturally occur-
ring or industrial residues rich in amorphous aluminosilicate 
compounds (Alomayri 2017). The wood-cement industry 
is well established, but the intensive energy requirements 
during cement production and its impact on the environ-
ment are overshadowing the excellent properties of cement-
bonded products. About 60–130 kg of combustible material 
and 110 kWh of electricity are required to produce 1 ton of 
cement (Lamas et al. 2013), emitting an equivalent 1.1 ton 
of CO2 into the atmosphere (Aiken et al. 2017). The energy 
requirements of cement production and its accompanying 
effects on the population and the environment has resulted 
in intensified efforts at finding alternative green binders for 
wood composite manufacturing. Geopolymers derived from 
industrial residues do not only have comparable properties 
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to concrete products, but they also have a reduced energy 
requirement in their production with lower impact on the 
environment (Komnitsas 2011).

The inherent chemical or mineral characteristics of the 
precursors, activating medium and curing conditions influ-
ence the strength development and environmental impact 
of the geopolymer binder (Yazdi et al. 2018). In a previous 
study, fly ash/metakaolin-based geopolymer bonded prod-
ucts were produced for outdoor applications (Olayiwola 
et al. 2021). The mineral characteristics of the precursor 
materials required a high alkali concentration and elevated 
curing temperature to develop adequate strength properties. 
Products produced with 12 M NaOH and an elevated curing 
temperature of 100 °C had comparable properties to cement-
bonded particleboards for outdoor applications. However, 
the economic and environmental implications associated 
with high alkali dose, coupled with the energy consumption 
to obtain the necessary temperature could have a detrimental 
effect on the acceptance of geopolymer products as ‘truly’ 
green alternatives to cement products. From an environmen-
tal aspect, geopolymer composites, which require a lower 
alkali dose and are curable in ambient conditions are desir-
able. Many investigations have considered substituting fly 
ash with ground granulated blast slag (GGBS) in a bid to 
eliminate elevated temperatures for curing and reduce the 
alkali dosage requirement. The compressive strength of the 
composite products obtained ranged from 36 to 100 MPa, 
while the flexural strength ranged from 7 to 10 MPa (Allah-
verdi et al. 2011; Guo and Pan 2018; Yazdi et al. 2018).

This study, aimed at finding beneficial use for the huge 
amounts of forest waste from the clearing of alien wood 
species and industrial residues such as slag being generated 
in South Africa, is a follow-up investigation to the previous 
study by Olayiwola et al. (2021). Biomaterial residues, ash 
and slag constitute about 74 million tons of waste landfilled 
in South Africa yearly (DEA 2012). These waste streams 
represent a valuable source of raw materials to produce 
geopolymer bonded products, which could find use in the 
provision of sustainable building components. The products 
were tested to technical specifications for cement-bonded 
particleboards according to EN 634–2 (2007).

2 � Materials

2.1 � Lignocellulosic materials and slag

Acacia wood samples (A. saligna and A. mearnsii) were 
provided by Casidra (SOC) Ltd, Paarl in the Western Cape, 
South Africa, while bagasse fibres were supplied by TBS 
Sugars Pty Ltd, South Africa. Wood preparation entailed 
debarking, chipping, and milling in a hammer mill fitted 
with a 1 mm sieve. Samples were stored in a conditioning 

room at 20 °C and 65% relative humidity (RH) for 96 h 
before use. The slag used was a ground granulated blast slag 
with a specific gravity of 1.54, supplied by Afrimax, Cape 
Town, South Africa.

2.2 � Chemical activator

Sodium silicate (SS), branded as Silchem 2008, with a silica 
modulus of 2, was supplied by PQ Silicas, South Africa. 
Analytical grade sodium hydroxide (SH) pellets of 98% 
purity were purchased from Merck Chemical (Pty) Ltd, SA. 
The two chemicals were mixed at a fixed weight ratio of 
SS:SH = 2.5:1 to form the chemical activator.

3 � Methods

3.1 � Material characterization

Determination of the chemical composition of the lignocel-
lulosic materials was carried out according to the National 
Renewable Energy Laboratory Analytical Procedure (NREL 
LAP 013). The ash content was calculated using TAPPI 
Standard (T211 2012), while the bulk density was deter-
mined as a ratio of the mass of oven-dry samples placed 
in a 25 ml cylinder to the volume of the cylinder (Miranda 
et al. 2012). The particle size distribution (PSD) of the slag 
material was analysed using Saturn Digitizer 5200 V 1.12 
operated at an ultrasonic intensity and flow rate of 60% and 
12.0 l/min, respectively. The chemical composition of the 
slag was determined with an X-ray fluorescence (XRF) spec-
trometer. Fourier transform infrared spectroscopy (FTIR) 
was used to qualify the nature of molecular bonds existing 
in the LMs and the slag. The FTIR was performed using 
Thermo Scientific Nicolet iS10 Spectrometer equipped with 
a Smart iTR attenuated total reflectance (ATR) accessory. 
X-ray diffraction (XRD) of the slag was carried out using a 
Bruker D2 Phaser diffractometer with CuKα (λ = 1.5418 Å) 
at 3 kV and 10 mA. The diffraction intensities were captured 
with a Lynxeye detector with 2θ scans in the range 4–50° 
with a 0.020° step size. Images of the samples were captured 
using a Zeiss EVO ® MA15 scanning electron microscope 
(SEM) in backscattered electron (BSE) mode for microstruc-
tural analysis.

3.2 � Chemical activation

A solution of sodium hydroxide was prepared a day before 
use since the dissolution of pellets in water is an exothermic 
reaction, evolving a great amount of heat. The ratio of slag 
to the chemical activator was kept constant at 2:1. The molar 
concentration of sodium hydroxide was varied between 4 
and 8 M according to the experimental design (Table 1).
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3.3 � Experimental design

The major factors considered in the experimental design 
included curing temperature (CT), molar concentration of 
sodium hydroxide (MCon) and the type of lignocellulose 
material (LM). A mixed factorial design was established 
using MCon and type of LM at 3 levels and CT at 2 lev-
els, with three replicates each. The LM content was kept 
constant at 25% of slag content. The design was laid out 
using the Statistica software version 13.3, and the details 
are shown in Table 1. Untreated LM was mixed with slag 
in a dry state for 3 min before a pre-determined amount 
of chemical activator was introduced and thoroughly mixed 
for 5 min. The control samples were made with 6 M NaOH 
and cured at 40 °C for 24 h. The mixture was moulded in a 
rectangular frame and cold-pressed at 100 psi for 5 min to 
obtain a final board dimension of 218 × 75 × 13 mm3.

Demoulded boards were left at ambient conditions for 
1 h and then wrapped with aluminium foil to prevent mois-
ture loss during curing. Due to the high calcium content 
of slag, relatively lower curing temperatures from room to 
40 °C have been reported to be sufficient to initiate setting 
and strength development (Li et al. 2018; Rashad 2015; Shi 
et al. 2018). In this study, the boards were cured at ambient 
conditions (25 ± 2 °C) and at 40 °C for 24 h. Thereafter, the 
boards were placed in a temperature and humidity-controlled 
environment for 27 days prior to testing.

3.4 � Physical and mechanical tests

The physical and mechanical properties of the boards were 
tested following the ASTM D1037 standards (ASTM 2013). 
The physical tests included apparent density, water absorp-
tion, thickness, and volumetric swelling. A 3-point bending 
test was conducted with an Instron machine fitted with a 5 
kN load cell and operated at 5 mm/min to evaluate the mod-
ulus of rupture (MOR) and apparent modulus of elasticity 
(MOE) of the boards. The dimensions of the test samples for 
mechanical and sorption tests were 218 × 75 × 13 mm3 and 
75 × 50 × 13 mm3, respectively. The thermal stability of the 
boards was investigated using thermogravimetric analysis 
(TGA). The test was performed under nitrogen gas purge, at 
a flow rate of 40.0 ml/min and a ramp rate of 10 °C/min to 
600 °C using a TA Instruments model Q500.

4 � Results and discussions

4.1 � Chemical composition and bulk density 
of lignocellulosic materials

The chemical composition of the different lignocellulosic 
materials (LMs) is presented in Table 2. The compositions 
of the Acacia species (A. saligna and A. mearnsii) are 
quite different from the sugarcane bagasse (SCB). SCB 

Table 1   Details of the 
experimental design

Runs Slag (g) LM (g) Na2SiO3 (g) NaOH (g) MConc Curing (°C, h)

1 160 40 57.14 22.86 4 25, 24
2 160 40 57.14 22.86 6 25, 24
3 160 40 57.14 22.86 8 25, 24
4 160 40 57.14 22.86 4 40, 6
5 160 40 57.14 22.86 6 40, 6
6 160 40 57.14 22.86 8 40, 6
Control 190 – 67.86 27.14 6 25, 24

Table 2   Chemical composition 
of the lignocellulosic materials

Values in parentheses are the standard deviations

Parameters (%) Lignocellulosic materials
A. saligna A. mearnsii SCB

Lignin 24.41 (2.52) 23.85 (1.25) 26.84 (2.18)
Hemicellulose 19.05 (0.86) 20.29 (0.11) 10.75 (1.01)
Cellulose 31.54 (0.48) 33.72 (0.13) 23.78 (0.46)
Water Extractives 5.51 (0.17) 5.52 (0.75) 9.72 (0.10)
EtOH Extractives 0.54 (0.04) 0.61 (0.09) 1.72 (0.02)
Total Extractives 6.08 (0.11) 6.37 (0.58) 11.49 (0.07)
Ash 0.67 (0.02) 0.71 (0.03) 3.99 (0.62)
Moisture content 6.94 (0.09) 7.43 (0.01) 5.90 (0.04)
Bulk density (kg/m3) 181.43 (5.48) 162.38 (2.59) 119.66 (3.48)
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had a higher extractives, ash, and lignin content than the 
two Acacia species. Similar observations were reported 
by Amiandamhen et al. (2018a). The Acacia species also 
had higher holocellulose content and bulk density, which 
could be responsible for their superior board properties 
compared to SCB boards.

4.2 � Characterization of slag material

The particle size distribution of the slag is presented in 
Table 3. The slag had fine particle sizes, with 50% less 
than 16.554 µm. Figure 1 shows that most of the particles 
are in the size range of 10–40 µm. This conforms with the 
particle size requirements proposed by Fernandez-Jimenez 
et al. (2008) for geopolymer precursors. Table 4 shows the 
chemical composition of the slag. The main components 
were SiO2 (38.90%), CaO (33.92%), and Al2O3 (15.76%).  

4.3 � Physical properties of the boards

The physical and mechanical properties of the geopoly-
mer boards are shown in Table 5. The boards had densities 
between 1 and 1.5 g/cm3 and were hence classified as high-
density boards according to the American National Standard 
for composite panels ANSI-A208.1 (1999). The unit weights 
of the boards ranged from 11.59 to 14.53 kN/m3, 11.78 to 
14.33 kN/m3, and 12.47 to 14.44 kN/m3 for A. mearnsii 
(AM), A. saligna (AS), and SCB boards, respectively. These 

values are lower than those typically reported for geopoly-
mers in the literature (Andini et al. 2008; Chen et al. 2014; 
Cioffi et al. 2003). The values are in the range reported in 
a similar study by Olayiwola et al. (2021) using acacia and 
SCB particles in geopolymer matrix formulated with a com-
bination of fly ash and metakaolin.

The sorption properties, indicated by water absorption 
(WA), thickness and volumetric swelling (TS/VS), were 
evaluated by immersing the boards in fresh water for 24 h. 
The test was carried out in a closed steel water bath main-
tained at 20 °C. The acacia boards had WA of 13.69–14.46% 
for AM and 7.16 – 17.28% for AS. The WA of SCB boards 
ranged from 17.69 to 21.48%. The TS and VS for AM boards 
ranged from 0.12 to 0.27% and 0.18–0.51%, respectively. 
The TS and VS were higher for AS and SCB boards. The 
ranges were 0.14 – 0.72% and 0.22 – 1.87% for AS; and 
0.74–2.60% and 0.98– 3.45% for SCB boards, respectively. 
All the boards met the sorption requirements for particle-
boards according to the British Standard (EN634-2 2007).

Table 3   Size distribution of slag material

Parameter d10 d50 d90

Particle size (µm) 2.361 16.554 52.742

Fig. 1   Particle size distribution of slag

Table 4   Chemical composition 
of slag (%)

Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 L.O.I

15.76 33.92 – 0.15 1.01 8.64 0.87 0.24 0.01 38.90 0.72  – 1.15

Table 5   Physical and mechanical properties of the boards

*EN 634–2:2007; **Class 1 ≥ 4500, Class 2 = 4000; values in parentheses are standard deviations

Boards Board properties

MOE (MPa) MOR (MPa) Density (gcm−3) Unit weight (KNm−3) WA (%) TS (%) VS (%)

A. mearnsii 1720–5078 5.79–7.17 1.18–1.48 11.59– 14.53 13.69– 14.46 0.12– 0.27 0.18–0.51
A. saligna 3410–7212 6.75–9.40 1.20–1.46 11.78– 14.33 7.16–17.28 0.14–0.72 0.22– .87
SCB 1175 – 2934 5.24 – 7.90 1.27 – 1.47 12.47– 14.44 17.69– 21.48 0.74 – 2.60 0.98 – 3.45
Control 3895(174) 5.17(0.03) 1.56(0.012) 15.29(0.12) 10.66(0.372) 0.09(0.003) 0.13(0.020)
Standard*  ≥ 4000**  ≥ 9.0  ≥ 1.0 -  ≤ 25  ≤ 15  ≤ 15
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4.4 � Mechanical properties of the boards

Table 5 shows the mechanical properties of the boards. The 
static MOE and bending MOR are important requirements 
for inorganic bonded wood composite outdoor applica-
tions (EN634-2, 2007). The MOE of AM, AS and SCB 
boards ranged from 1720 to 5078 MPa, 3410–7212 MPa 
and 1175–2934 MPa, respectively. The MOR ranged from 
5.79 to 7.17 MPa, 6.75– 9.40 MPa and 5.24 – 7.90 MPa 
for AM, AS and SCB boards, respectively. According to 
the British standard (EN634-2, 2007), the minimum MOE 
and MOR of high-density particleboards are 4000 MPa 
and 9.0 MPa respectively, which indicates that only AS 
boards satisfied these requirements (Fig. 2). The strength 
properties of AM and SCB boards were not adequate based 
on EN 634 requirements, but they compared well with the 
requirements for low-density grade 1 & 2 particleboards, 
bonded with synthetic resin (ANSI-A208.1 1999). Hence, 
AM and SCB boards may be suitable for non-load bearing 
applications.

4.5 � Influence of production variables on board 
properties

4.5.1 � Effect of lignocellulosic material on board density 
and sorption properties

Lignocellulose materials have been reported to affect the 
properties of plastic and mineral bonded composites dif-
ferently (Amiandamhen et al. 2016, 2018b; Na et al. 2014; 
Turku et al. 2016). The influence of LM on the board den-
sity is shown in Fig. 3(a). Boards made with AS had the 
highest mean density, which could be attributed to the 

higher bulk density of AS which lowers the volume of 
incorporated particles. This ensured full encapsulation of 
the particles and lowered the ‘spring-back’ effect at high 
LM loading. According to Simatupang and Geimer (1990) 
and Amiandamhen et al. (2018b), improved properties of 
mineral-bonded composites require full encapsulation of 
wood/fibres in the matrix. Statistical analysis revealed that 
LM had a significant effect on the board density (p < 0.05) 
(Amiandamhen et al. 2018b). Although AM had a higher 
bulk density than SCB (see Table 2), there was no significant 
difference (p > 0.05) between the density of their respective 
boards. Olayiwola et al. (2021) reported that AM contained 
components that lower the geopolymerization reaction of fly 
ash/ metakaolin based geopolymer. Slag based geopolymer 
contains C – S – H, which is the main product of cement 
hydration (Song et al. 2000). Some wood species contain 
chemicals that inhibit the formation of C – S – H (Quiroga 
et al. 2016). Thus, the inhibitory components of AM could 
have delayed the formation of geopolymer products, leading 
to compromised microstructures.

Figure 3(b) shows how LM affects the sorption proper-
ties of the boards. SCB boards were the least dimensionally 
stable with the highest WA, TS and VS. SCB had a low bulk 
density and hence more volume per mass unit was required 
to produce the boards. It was observed that some SCB boards 
experienced problems of incompressibility, which resulted 
in the spring back effect after removal from the press. This 
caused the boards to expand and hence lowered their densi-
ties. High density indicates sufficient interlocking between 
the fibre and the matrix, forming a less porous microstruc-
ture (Amiandamhen et al. 2018a). The high density of AS 
explains why these boards had the best properties. Statistical 

Fig. 2   Mechanical properties of all boards a MOE, b MOR (Vertical lines denote the confidence interval at 0.95)
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analyses revealed that WA, TS, and VS are significantly dif-
ferent for each LM (p < 0.05).

4.5.2 � The effects of molar concentration on board density 
and sorption properties

The concentration of the activating medium is an impor-
tant factor, which influences the strength development of 
geopolymer products (Petermann and Saeed 2012). The 
effect of molar concentration of the activator (MCon) on 
board density is presented in Fig. 4(a). The mean board 
density increased by 7.6% when the MCon was increased 
from 4 to 6 M. The increase was due to higher alkali dos-
age, which was sufficient to enhance the dissolution stage of 
geopolymer reaction. A similar observation was reported by 
Olayiwola et al. (2021) using fly ash/ metakaolin-based geo-
polymer. A reduction in mean board density by about 2.86% 

was observed when the MCon was further increased to 
8 M. The reduction is attributed to excess alkali ions, which 
deteriorated the microstructure of the composite. As seen 
in Fig. 4(b), this observation was consistent for SCB and 
AM boards only, because the density of AS boards slightly 
increased when the MCon was increased to 8 M. However, 
there was no significant difference in MCon between 6 and 
8 M for AS boards.

Figure 5 shows the influence of MCon on the WA, TS, 
and VS of the boards. The dimensional stability of the 
boards followed a similar trend to the density. The TS/
VS decreased when the MCon increased to 6 M and then 
increased when MCon was increased to 8 M. This indi-
cates that the microstructure of the 8 M boards was porous 
and aided water uptake. The mineralized wood particles at 
higher alkali dosage (8 M NaOH) left large pores, which 
provided additional channels and exposed more sorption 

Fig. 3   Effects of LM on a density and b sorption properties. (Vertical lines denote standard deviations, series with same letters are not signifi-
cantly different)

Fig. 4   Effect of molar concentration on a density of all boards, b density of each LM board. (Vertical lines denote standard deviations, series 
with same letters are not significantly different)
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sites for water molecules. The boards produced with 8 M 
absorbed more water and were the least dimensionally sta-
ble. A variation however existed in the trend due to differ-
ences in the chemical composition of the LM.

Figure 5(b) shows the mean WA for each LM. The mean 
WA for AM boards produced with 6 M was higher than 
those made with 4 M and 8 M, but their mean TS/VS were 
lower. The higher WA of AM boards could be due to the 
high cellulose and hemicellulose contents of AM, which 
provided numerous sorption sites for water molecules. 
However, 6 M produced boards with sufficiently compact 
structure to resist the impact of water uptake. A slight, but 
significant difference in WA was observed in AS boards at 
all MCon levels (p < 0.5). 8 M boards had slightly higher 
mean WA and TS than 6 M boards, but the VS was lower. 
Figure 5 (c & d) shows that there was no significant dif-
ference (p > 0.05) between the mean TS and VS for AS 
boards made with 6 M and 8 M MCon.

4.5.3 � The effects of curing temperature on density 
and sorption properties

Increasing the curing temperature enhances the reactivity 
and rate of dissolution of the precursor materials (Peter-
mann and Saeed 2012). Figure 6(a) shows that the curing 
temperature had a significant effect on the board density 
(p < 0.05). The mean density of the boards increased by 
about 8.5% when the temperature was increased to 40 °C. 
However, the board density of a binary fly ash/metakaolin 
(FK/MK) geopolymer was reduced when the curing tem-
perature was increased to 100 °C (Olayiwola et al. 2021). 
The elevated temperature induced rapid moisture removal 
causing the formation of numerous micropores. Figure 6(b) 
shows that boards cured at 40 °C absorbed more water but 
were more dimensionally stable than those cured at room 
temperature. The WA increased by about 44%, while the 

Fig. 5   Effects of MCon on sorption properties: a WA, TS, and VS of all boards, b WA of each LM board, c TS of each LM board, d VS of each 
LM board. (Vertical lines denote standard deviations, series with same letters are not significantly different)
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TS and VS decreased by 49% and 58%, respectively. The 
higher temperature improved dissolution of Ca2+, Al3+ and 
Si2+ species and enhanced the polycondensation process to 
form a compact product (see Sect. 4.7.3). Water, which is 
a by-product of the condensation stage formed and dried 
quicker at 40 °C than at 25 °C. This created more micropores 
which provided more channels for water uptake. A similar 
phenomenon was reported by Tran et al. (2009). Reduction 
in TS and VS showed that the fibre-matrix bond was not 
strong enough to resist dimensional changes associated with 
an increase in WA.

Figure 7 shows how the curing temperature affected the 
density and sorption properties of each LM. The density 
and WA of each LM increased as the temperature increased, 
while the TS and VS decreased. There was a significant dif-
ference in the mean density, WA, TS and VS between the 
curing temperatures for each LM (p < 0.05).

4.6 � Influence of production variables 
on the mechanical properties

Figure 8 shows that all the production variables had signifi-
cant effects on the mechanical properties of the boards. The 
MCon had significant interactions with LM and curing tem-
perature on the MOE, as displayed in Fig. 8(a). Figure 8(b) 
shows that only the interaction between LM and MCon had 
a significant effect on the MOR, while the other interactions 
had no significant effects.

4.6.1 � Effects of MCon on strength properties

The rate of hydration of slag depends on its composition and 
the concentration of the alkali activator (Song et al. 2000). 
Figure 9 shows how MCon affects the mechanical properties 
of all boards. Figure 9 (a & b) indicates that a significant 

difference existed between the alkali concentrations, with 
6 M having the highest mean MOE and MOR. The MOE 
and MOR increased by about 46% and 16% respectively, 
when the MCon was increased to 6 M. Bilim et al. (2013) 
also reported an increase in the compressive strength of 
alkali-activated slag with an increase in NaOH concentra-
tion. Sufficient dissolution of the anions in the slag by the 
cations in the alkaline activator improved the microstructural 
development of the product, leading to enhanced mechanical 
properties. However, MOE and MOR were reduced when 
MCon was further increased to 8 M. This is attributed to 
the excess alkali ions, which mineralized the wood particles, 
leading to a reduction in the stress-bearing capacity of the 
particles in the matrix. Efflorescence was observed on the 
boards, and the SEM image in Fig. 10 shows the formation 
of bicarbonate indicating excessive alkali ions. Provis and 
van Deventer (2014) stated that efflorescence is not always 
harmful to the structural integrity of the products. However, 
in this case, it is evident that the excess alkali ions compro-
mised the microstructure of the composites. Figure 9(c & 
d) indicates that the trend was consistent for the MOE and 
MOR of each LM. Boards produced with 4 M MCon had 
the lowest MOE and MOR, although there was no significant 
difference in the MOE of SCB and the MOR of SCB and AS 
boards made with 4 M and 8 M MCon. Although MCon of 
6 M had a higher mean MOR, there was no significant dif-
ference between those of 6 M and 8 M for AM boards. The 
variation is due to difference in their chemical composition.

4.6.2 � Effects of curing temperature on strength properties

Curing temperature has a significant influence on the 
strength development of activated slag materials. Figure 11 
shows that there is a significant difference between the 
curing temperature on both MOE and MOR of all boards. 

Fig. 6   Effects of curing temperature on physical properties: a board density and b sorption. (Vertical lines denote standard deviations, series 
with same letters are not significantly different)
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Fig. 7   Effects of curing temperature on a density, b WA, c TS and d VS of each LM board. (Vertical lines denote standard deviations, series 
with same letters are not significantly different)

Fig. 8   Pareto charts showing the effects of production variables and their interactions on (a) MOE and (b) MOR. (1-Mcon, 2-LM, 3- Curing 
temperature, L- Linear effect, Q-Quadratic effect. Bars that cross the p-line are significant)
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Boards cured at 40 °C had higher mean MOE and MOR. 
The MOE and MOR increased by about 45% and 14%, 
respectively when the temperature was increased from 25 
ºC to 40 °C. Bilim et al. (2013) studied alkali-activated slag 
(AAS) mortars subjected to different curing conditions and 
reported that heat curing considerably accelerated the early 
strength development and reduced the high shrinkage of 
AAS mortar. However, the strength decreased at later age 
due to dry curing at 50% RH after heat treatment. The SCB 
and acacia boards were wrapped with aluminium foil before 
curing and left to cool down to 28 ± 2 ºC in the oven. This 
prevented rapid water removal and excessive drying shrink-
age, which has been reported to be the main cause of crack 
development and expansion. Apart from the MOR of AM 
boards, the mechanical properties of the boards improved at 
40 °C. AM boards cured at 25 °C had a slightly higher mean 
MOR than those cured at 40 °C but the difference was not 
significant (p > 0.05). AS boards cured at 25 °C had higher 

Fig. 9   Effects of a MCon on MOE, b MCon on MOR, c MCon and LM on MOE and d MCon and LM on MOR. (Vertical lines denote standard 
deviations, series with same letters are not significantly different)

Fig. 10   Formation of bicarbonate in SCB board due to excessive 
alkali ions
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Fig. 11   Effects of a curing temperature on MOE, b curing temperature on MOR, c curing temperature and LM on MOE and d curing tempera-
ture and LM on MOR. (Vertical lines denote standard deviations, series with same letters are not significantly different)

Fig. 12   Effects of LM on mechanical properties a MOE and b MOR. (Vertical lines denote standard deviations, series with same letters are not 
significantly different)
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MOE than SCB boards cured at 40 °C and were not signifi-
cantly different from AM boards cured at 40 °C.

4.6.3 � Effect of LM on MOE and MOR

Figure 12 shows that there were significant differences in the 
strength properties between the LMs. The MOE and MOR 
followed a similar pattern to the density for acacia species. 
AS boards had the highest mean MOE and MOR, which 
can be ascribed to the higher cellulose and lignin contents 
of AS. Higher lignin and cellulose contents improve the 
strength of composite products by forming strong interfa-
cial adhesion between the particles and the matrix (Bledzki 
et al. 1998; Bledzki and Gassan 1999). Figure 13 shows 
a positive correlation between board density and strength 
properties. The observation was in line with those of phos-
phate-bonded composites (Amiandamhen et al. 2018b) and 
fly ash/ metakaolin based geopolymer bonded composites 
(Olayiwola et al. 2021). However, there was a change in the 
trend between SCB and AM boards. Although AM boards 
had a slightly higher mean density than SCB (the difference 
was not significant), there were significant differences in 
their mean MOE and MOR. AM boards had a higher mean 
MOE but lower mean MOR than SCB boards. This could 
be due to the difference in their chemical compositions. AM 
contained higher hemicellulose and cellulose, but lower 
lignin than SCB. Interaction between these components and 
binding systems at the different stages of the geopolymeriza-
tion process could affect the strength properties differently.

4.6.4 � Effects of interaction between MCon and curing 
temperature on the strength properties

Figure 14 shows the influence of the interactions between 
MCon and the curing temperature on the MOE. Figure 14(a) 
shows that boards cured at 40 °C had higher mean MOE 
than those cured at 25 °C at all levels of MCon. Statistical 

analyses also revealed that there was a significant difference 
between the curing temperature at each MCon level on the 
MOE (p < 0.05). Boards made with MCon of 6 M and cured 
at 40 °C had the highest MOE. However, there was no sig-
nificant difference between MCon of 6 M and 8 M for boards 
cured at 25 °C (p > 0.05). Figure 14(b) shows the influence 
of MCon and curing temperature on each LM. For SCB and 
AS boards, there were no significant differences between 
MCon of 4 M, 6 M, and 8 M for boards cured at 25 °C. 
AM boards produced with MCon of 4 M and cured at 25 °C 
had the lowest mean MOE and were significantly different 
from those made with 6 M and 8 M MCon. Curing at 40 °C 
exhibited a similar trend for each LM. The highest mean 
MOE was recorded for each LM produced with 6 M MCon.

The influence of the interaction between MCon and cur-
ing temperature on MOR is shown in Fig. 15. Figure 15(a) 
shows that the mean MOR increased with the curing tem-
perature at each MCon level. However, the analysis revealed 
that the curing temperature had no significant effect on the 
mean MOR at 8 M MCon. It was also observed that the 
mean MOR of boards made with 4 M MCon and cured at 
40 °C was not significantly different from those produced 
with 8 M MCon. Figure 15(b) shows that the interactions 
between MCon and curing temperature affected the MOR of 
the boards for each LM differently. The mean MOR of SCB 
and AS boards increased as the curing temperature increased 
at each level of MCon. For AM boards, there was no signifi-
cant difference in mean MOR at 4 M MCon and increasing 
the curing temperature significantly caused a reduction in 
the mean MOR at 8 M MCon.

Fig. 13   Relationships between density and a MOE and b MOR
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4.7 � Material characterizations

4.7.1 � Fourier transform infrared (FTIR) spectroscopy

Figure 16 shows the FTIR spectra of the LM boards. The 
peaks found around 1737 cm−1 and 2916 cm−1 in the spectra 
of the LM disappeared in the boards. The peak at 1737 cm−1 
assigned to the carbonyl (C = O) stretching of acetyl groups 
of hemicellulose disappeared in the boards for all LM. Like-
wise, the peak around 2916 cm−1 attributed to the symmetric 
vibration of C – H and aliphatic axial decomposition in CH2 
and CH3 groups from cellulose, lignin and hemicellulose 
was not found in the boards of any LM. The peaks in the 
band 1235 – 1254 cm−1, which was attributed to the C – O 
stretch of the acetyl group of lignin also disappeared. The 

peaks at 1603 cm−1 and 1633 cm−1 assigned to the C – Ph 
vibration and C = C bonds of the aromatic lignin structure 
were present only in SCB. These peaks convoluted and 
shifted to 1636 cm−1 in the SCB boards. CH2 symmetric 
bending of cellulose also shifted from 1422 cm−1 to around 
1411 cm−1 and its intensity decreased in the boards. The 
shift in this peak and the absence of other peaks in the board 
indicate partial degradation of lower molecular components 
of the LM in the alkaline matrix. Similar observations were 
reported for FA/MK based geopolymer products. This con-
firms the assumption that the degraded components of the 
LM could have interfered with the geopolymer reactions and 
thus affect the properties of the composite products. The two 
prominent bands corresponding to the stretching vibrations 
of Al – O and Si – O in the precursor material (873 cm−1 

Fig. 14   Effects of MCon and temperature on MOE: a all boards and b each LM board. (Vertical lines denote standard deviations, series with 
same letters are not significantly different)

Fig. 15   Effects of MCon and curing temperature on MOR: a all boards and b each LM board. (Vertical lines denote standard deviations, series 
with same letters are not significantly different)
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and 680 cm−1) shifted towards the lower wavenumbers. This 
indicates partial replacement of silica species by alumina as 
a result of geopolymerization reactions (Criado et al. 2005; 
Davidovits 2008).

4.7.2 � Thermogravimetric analysis (TGA)

TGA operated under nitrogen gas was employed to study 
the thermal stability of the LM and the geopolymer bonded 
composite products. Figure 17 shows the derivative ther-
mographs (DTG) and weight loss of the boards and AS. 
The thermographs of SCB and AM have been reported in a 

Fig. 16   FTIR spectra of a LM and b LM boards

Fig. 17   Derivative and weight loss thermographs of a AS, b SCB boards, c AS boards and d AM boards
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recent study (Olayiwola et al. 2021). The DTG peak below 
200 °C is attributed to a loss of evaporable water. The main 
degradation peaks in the LM shifted to 276.36 °C, 266.19 °C 
and 276.48 °C for AS, SCB, and AM boards, respectively. 
These peaks were about 20 °C lower than the main degrada-
tion peaks in FA/MK geopolymer bonded boards (Olayiwola 
et al. 2021). The peaks fall within the lower end of cellu-
lose degradation range of 275 °C – 500 °C (Machado et al. 
2018). Like the FA/MK boards, the peak-shoulders found in 
the DTG of LM, which were attributed to the degradation 
of hemicellulose, are convoluted with cellulose, and lignin 
components were absent in the DTG of the boards.

These corroborate the FTIR results showing that lower 
molecular weight cellulose, lignin and hemicellulose 
components degraded in the alkaline matrix. Other broad 
peaks between 350 °C and 475 °C were noticeable in the 
boards. This could be attributed to the overlap of degrada-
tion of crystalline components of LM and the change of 
phases in the microstructure of the matrix at high temper-
atures. These peaks appeared later at about 100 °C in FA/
MK geopolymer boards (Olayiwola et al. 2021). Accord-
ing to Pereira Ferraz et al. (2016), certain impurities, such 

as inorganic salts could cause degradation of cellulose at 
lower temperatures. The disparity may be due to the dif-
ference in the components of the precursor materials and 
the geopolymerization products. A peak around 550 °C 
was present in SCB boards and another peak was building 
up shortly before the end of the thermal test. This could 
be attributed to the onset of thermal decomposition of 
the microstructure of the matrix. The rate of degradation 
of AM and AS boards was constant at this stage and no 
peak was further observed. The SCB boards contained 
higher volume per unit area due to their low bulk density. 
This could be responsible for the observed early decom-
position of the microstructure. However, the products are 
thermally stable as the residues are all above 80%.

4.7.3 � Scanning electron microscopy (SEM)

SEM was employed to study morphology and internal 
structure of the boards under different production condi-
tions. Figure 18 shows the micrographs of boards pro-
duced with 6 M MCon. The images indicate the formation 

Fig. 18   SEM images of boards made with 6 M MCon and cured at 40 °C: a AS, b AM, c SCB boards cured at 25 °C, d AS, e AM and f SCB. 
1-CASH, 2-CSH, 3-Unreacted particles
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of amorphous phases with a dense gel-like matrix. The 
boards have a uniform structure of condensed products 
believed to be calcium alumino-silicate hydrate (C – A 
– S – H) surrounded with microcrystals of calcium silicate 
hydrate (C – S – H). There are also numerous unreacted 
slag particles within the dense matrix. The unreacted par-
ticles could serve as fillers and improve the board proper-
ties. Boards cured at 40 °C had a more compact structure 
with fewer cracks than those cured at 25 °C. This could be 
due to increased reactivity and dissolution of Ca2+, Al3+ 
and Si4+ species at elevated temperature. These results 
support the physical and strength properties mentioned 
previously.

5 � Conclusion

The study has demonstrated the feasibility of producing 
high-density slag-based geopolymer panels using South 
African alien invasive species and SCB. The proposed 
product could be used in exterior applications such as 
walls, flooring, and siding. The major findings are sum-
marized as follows:

1.	 Curing temperature and MCon of the activator had 
significant effects on the properties of the slag-based 
geopolymer boards. Addition of lignocellulosic material 
improved the flexural properties of the products.

2.	 Curing at 40  °C influenced the reaction kinetics, 
enhanced microstructural properties and produced a 
dense geopolymeric matrix, which resulted in improved 
physical and mechanical properties. Boards cured at 
25 °C had better strength than phosphate bonded wood 
composites reported in the literature.

3.	 Increasing MCon of the activator beyond 6 M caused the 
formation of bicarbonate and deteriorated the internal 
structure of AM and SCB boards due to excess alkali 
ions. 8 M MCon slightly increased the strength proper-
ties of AS boards, but the effect was not significantly 
different from 6 M MCon.

4.	 FTIR and TGA results confirmed the degradation of 
lower molecular lignocellulosic components in the 
alkaline matrix. Degraded products could lower geo-
polymeric reactions, but FTIR confirmed that geopoly-
merization took place. SEM images also revealed the 
formation of geopolymer and hydration products, which 
indicated that the degraded components did not prevent 
geopolymer setting.

5.	 All the boards met the sorption requirements for par-
ticleboards according to the British Standard. The 
strength properties of the boards were not adequate but 
they compared well with the requirements for low-den-
sity resin bonded particleboards grades 1 & 2 (ANSI-

A208.1). Hence, the boards may be suitable for non-load 
bearing applications in outdoor conditions.

6.	 The boards were thermally stable, as the residues 
retained at the end of thermal analysis were about 80%.

Funding  This study was funded by the German Federan Ministry of 
Education and Research, Grant no: 01DG17007A, Martina Meincken, 
DAAD Project, Grant no: 57359374, Martina Meincken.
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