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A B S T R A C T   

With the growing interest in foamed geopolymer manufacture, there is an increasing demand for tailoring these 
composites’ pore structure. The binary system of two surfactants offers a possibility for enhancing foam for
mation efficiency and stability in geopolymer paste, however, their effects are not well understood. The influence 
of binary system blends on pore formation, size, and distribution in fly ash-based geopolymer matrix is inves
tigated and their synergistic effects are evaluated. The results show that combining a nonionic surfactant with 
anionic Sodium Dodecyl Sulfate (SDS) increases open porosity, whereas cationic Cetyltrimethylammonium 
Bromide (CTAB) promotes the development of closed pores, improving thermal insulating, hygrothermal and 
mechanical performance. Moreover, this paper proposes a mechanism to describe the creation of pores in the 
presence of mixed micelles, as well as the benefit of employing mixed surfactant systems in customizing porous 
composites.   

1. Introduction 

There is a growing interest in the development of geopolymer, in a 
specific direction of fireproof and thermal insulations. It can be stated 
that geopolymer is an attractive alternative for a range of thermo- 
acoustic insulating and fire-proofing applications as its chemical and 
mineralogical composition contributes to fundamentally excellent 
thermal performance [1]. Moreover, these characteristics can be further 
enhanced by finetuning the porosity and pore structure by means of for 
instance introducing air into the matrix. However, research on this topic 
is still rather limited and lacks sufficient consensus. 

Porosity is a significant parameter to provide material characterized 
by low density and low thermal conductivity which are crucial for 
designing, for instance, protective materials for high-temperature ap
plications. However, the distribution of pore size and the character of 
pores, i.e. the proportion of open pores, establish a material’s suitability 
for particular applications. For fire-resistant composites exposed to high 
temperatures, it is advantageous to have an open pore structure that 
facilitates the transport of water vapour through the material, which 
significantly minimizes the risk of moisture clog, cracks formation, 
propagation and spalling [2]. Materials for thermal insulation applica
tions have different requirements regarding the pore structure. The 

pores are desirably closed because increasing the open porosity in
creases gas permeability, including air, which is a heat transfer medium. 
Porous sound absorbents, as indicated by Cao et al. [3], should consist of 
a significant number of pores (such as cavities, channels, or interstices) 
with the proper size that are interconnected with each other to allow the 
sound wave to propagate inside the material. Furthermore, water has a 
great effect on thermo-physical properties, the amount of adsorbed 
water affects the deterioration process of the material and diminishes its 
superior insulating effectiveness. In light of the foregoing, it is clear that 
porous materials are used in a variety of industries, but their 
morphology has a considerable impact on their performance. Thus pore 
size and connectivity tailoring are of great importance for different 
applications. 

Among various methods, the application of chemical foaming agents 
is widely utilized, however, controlling the pore morphology is critical 
when employing a chemical foaming method. As the previous research 
indicates, when utilizing foaming agents such as Al, Si, or H2O2, pore 
controlling and tailoring is difficult, both in terms of size and pore 
cavities formation [1,4,5]. It has been observed that adding surfactants 
can positively influence the performance of the created foam. Several 
types of surfactants have been applied in geopolymers, such as Tween 80 
[1], Sika Lightcrete 02 [4], Sodium Dodecyl Sulfate (SDS) [6], Triton 
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X-100 [7], Sodium Lauryl Sulfate (SLS) [8] or proteins [9,10]. It is 
proven that by adding foaming agents and stabilizing agents to the 
geopolymer slurry, the porosity in the hardened geopolymer can be 
increased [11–13]. Further, it is revealed that by varying the surfactant 
and foaming agent concentration, the pore size and size distribution can 
be adjusted [1]. The samples foamed with hydrogen peroxide and sur
factant showed more uniformity in the pore size distribution compared 
to the samples foamed by sole H2O2. An additional benefit is the opti
mized control of porosity when combining H2O2 and surfactant [4]. 

In terms of density reduction, SLS foam has been considered more 
cost-effective than protein-based foams [8]. Two non-ionic surfactants 
that are widely applied in geopolymers are Triton X-100 and Tween 80. 
Strozi Cilla et al. [7] discovered that an increase in the amount of sur
factant (from 2 wt% to 4 wt%) to a metakaolin-based geopolymer leads 
to an increase in open porosity for both Tween 80 and Triton X-100. 
Tween 80 forms smaller pores in the geopolymer than Triton X-100, thus 
contributing to a higher compressive strength of the material. Bai et al. 
[1] researched the effect of H2O2 and Tween 80 on the porosity and 
compressive strength of geopolymer foam. The positive interaction be
tween H2O2 and Tween 80 was observed, which led to highly inter
connected pores, good mechanical properties, low density and low 
thermal conductivity [1]. However, contradicting observations were 
noted by Petlitckaia and Poulesquen [14], who reported that both Triton 
X-100 and Tween 80 create heterogeneously distributed pores in the 
structure with low strength. 

Noteworthy, non-ionic surfactant, such as Triton X-100 in combi
nation with ionic surfactants shows better foamability [15]. Despite its 
remarkable foam-forming characteristics, the system based solely on the 
non-ionic Triton X-100 has issues regarding foam durability [16]. A 
similar problem with foam stability has been observed with the use of 
ionic surfactant, an anionic Sodium Dodecyl Sulfate (SDS), which is a 
well-known surfactant applied in geopolymers. SDS can be used both as 
a stabilizing agent and foaming agent [17,18]. However, using solely 
SDS as a foaming agent results in an unstable foam, despite its strong 
foaming ability [17,18]. Nevertheless, the use of cationic surfactants, 
such as Cetyltrimethylammonium Bromide (CTAB), in foams is known 
to generate low foamability but long-term stability [17,18] even more 
than non-ionic surfactants [14]. Thus, utilization of surfactants is 
potentially a promising technique employed in the manufacture of 
foamed geopolymers. Nevertheless, one problem is its insufficient foam 
formation efficiency or foam instability. Furthermore, another disad
vantage is that a relatively large amount of the surfactant has to be 
added to obtain highly porous material without providing good pore 
connectivity. 

Considering the fact that the mixed surfactant system displays lower 
surface and interfacial tension on the same medium than individual 
surfactants, it is assumed that the combination of two different types of 
surfactant exhibits synergism [19] or cooperative activity and can also 
tailor microstructures [15]. Sidim and Arda [20] emphasized the solu
tion’s unique features based on the blend of non-ionic and ionic sur
factants. Different foamability, foam stability, surface tension, surface 
viscosity, contact angle, bubble size, and microemulsion stability may be 
observed when compared to the solution based on individual surfactant. 
Noteworthy, it is possible to combine surfactants to either obtain a set of 
desired features or reduce the amount of stabilizing substances used 
which would reduce the cost and environmental impact of the produced 
composite. 

The above-mentioned properties of mixed surfactants have already 
been applied in a number of areas, such as Enhanced Oil Recovery (EOR) 
[21]. However, the beneficial effects of mixed surfactant systems on 
pore formation in geopolymers have not yet been investigated. Based on 
the evidence that mixing is beneficial in other fields and the use of single 
surfactant system is utilized in foamed composites, it is hypothesized 
that mixing ionic with non-ionic surfactant can improve its performance 
both at room and high temperature, with the focus on total pore volume, 
pore size distribution and pore connectivity. Furthermore, the 

hygrothermal and mechanical performance are elaborated in order to 
provide a recommendation towards surfactant mix determining pore 
structure and its potential application. 

This research focuses on designing a biocoal fly ash-based geo
polymer for room and high-temperature application, with H2O2 as a 
foaming agent and different surfactant combinations as a stabilizing 
agent. Moreover, this study specifically aims to investigate the effect of 
binary surfactant systems on porosity and pore connectivity. Two 
commonly used nonionic surfactants Triton X-100 and Tween 60, as well 
as ionic SDS and CTAB, are studied in this research, with the focus on 
pore morphology determined by microcomputed tomography, mercury 
intrusion porosimetry and gas permeability, as well as the mechanical, 
thermal and hygrothermal performance at a humidity-controlled envi
ronment coupled with the theoretical calculation of time-dependent 
heat and moisture transport. 

2. Materials and methods 

2.1. Fly ash 

The raw material used in this research was biocoal fly ash, a by- 
product of power generation using coal and biomass as fuel. Biocoal 
fly ash has a similar chemical composition as Class F fly ash, nevertheless 
with a higher silica content and relatively lower aluminium content 
[22], moreover this material contains a higher amount of calcium 
(Table 1). A laser particle size analyzer (Mastersizer 2000, Malvern In
struments, UK) was used to determine the particle size distribution of the 
biocoal fly ash, which is depicted in Fig. 1. The three-point specifications 
of particle size distribution is as follow: d10 = 2.89 μm, d50 = 19.68 μm 
and d90 91.41 μm. 

2.2. Alkali activator, foaming agent and surfactants 

In this study, an alkaline solution was prepared to achieve a silica 
modulus of SiO2/K2O 1.4 and 5.5% of K2O by combining potassium 
hydroxide pellets (VWR Life Science, reagent grade) and potassium sil
icate solution (WHC, K2O 8%, SiO2 20.8%, 72.8% H2O by mass). Before 
being used for geopolymer synthesis, the solution obtained was kept 
unaffected for 24 h to reach equilibrium. 

As a foaming agent, hydrogen peroxide (30% Sigma-Aldrich, Ger
many) was used (see Table 4). Furthermore, four various types of sur
factants were used to study their foamability and foam stability in 
geopolymeric slurries, including anionic, cationic, and nonionic sur
factants. Two nonionic surfactants, Tween 60 and Triton X-100 were 
purchased from VWR Chemicals. Sodium Dodecyl Sulfate (98% purity, 
Sigma-Aldrich, Germany) was selected as an anionic surfactant, while 
CTAB (98% Sigma-Aldrich, Germany) is a cationic surfactant. The 
properties of the used surfactants are presented in Table 2. 

2.3. Foamability and foam stability 

A fundamental test method was used to evaluate the effect of the 
mixed surfactant system on foamability and stability, with the details 
referred to Huang et al. [23] and Pedersen et al. [24]. Deionized water 
was combined with the surfactant at a mass ratio of 1:5 and was shaken 
for 1 min. The same weight ratios of nonionic to ionic surfactant were 
utilized to investigate surfactant interactions in both the aqueous solu
tion and the paste, and they are presented in Table 5. The height of the 
formed foam was determined after 10 s and 15 min. The above test was 
conducted twice for each mixture and the results are shown in Table 3. 
The results indicate that the mixed surfactant systems generate more 
foam with improved stability, which can be observed explicitly after 15 
min. However, it should be emphasized that this test only provides an 
insight into the synergy between two surfactants in an aqueous solution. 
When mixed with both Triton X-100 and Tween 60, the SDS system has 
the highest value of foam height among the analysed systems, both after 
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10 s (22 cm and 23 cm) and after 15 min (14 cm and 15 cm). The 
interaction of these surfactants with one another affects foam formation 
and stability, either positively or negatively when interactions are syn
ergistic or antagonistic, respectively. The synergism can be attributed to 
nonideal mixing effects in the aggregates, resulting in Critical Micelle 
Concentrations (CMC) and interfacial tensions that are significantly 
lower than theoretical values based on the characteristics of the un
mixed surfactants alone. Parra et al. [25] ascribed this to the nonionic 
agent in those mixed surfactants monolayers that improved the flexi
bility of the liquid film, which prevented the fracture of the foams. 

Noteworthy, the CMC of nonionic surfactants is usually two orders of 
magnitude lower (Table 2) than that of the corresponding anionic 
surfactant of the same alkyl chain length and the presence of nonionic 
surfactants in mixed monolayers enhances the stability of the foam film 
with certain synergism. The corresponding surfactant combinations in 
the mixtures and their interactions have been extensively studied 

[20,26,27]. El-Aila [28] showed that mixed systems with Triton X-100 
both with SDS and CTAB show synergism in surface tension reduction 
efficiency and mixed micelle formation. Furthermore, Saiad et al. [29] 
showed that a low CTAB concentration with the dominance of TX100 
shows better foaming ability. Based on these findings, it can be assumed 
that the molecules of both surfactants in the mixture attract each other to 
produce mixed micelles with different characteristics than the micelle of 
a single surfactant. In addition, admixing an ionic surfactant with a 
non-ionic type results in a lower minimum concentration of ionic sur
factants. In broader terms, this indicates that less material is required to 
trigger micelle creation. Referring to the results in Table 3, the blends can 
be ranked according to their highest foaming and stabilizing abilities in 
the following order: T60SDS > T100SDS > T100CTAB > T60CTAB. It is 
worth noting that the cosurfactant system considerably improves the 
foam’s long-term stability, as shown after 15 min (Table 3). However, 
micelles behaviour in an aqueous solution may differ from geopolymer 
slurry. A geopolymer paste is considered as a mix of different ions, salts, 
solid particles which additionally influence those surfactants in
teractions. For instance, salts tend to screen electrostatic repulsion be
tween the hydrophilic group which makes the surfactant more 
hydrophobic that leads to aggregation of monomers at lower concen
trations, thus lowering the CMC of the system [30]. 

2.4. Mix proportion and sample preparation 

Table 4 shows the mix composition of four geopolymers investigated 
in the current work. The amount of raw material, activator solution, and 
foaming agent were kept constant. The geopolymer pastes were pre
pared by mixing fly ash with the activator solution in a Hobart 5-L mixer. 
The produced paste was then mixed with the foaming agent, and the 
resulting mixture was stirred at 150 rpm for 6 min, before casting into 
the moulds 40 × 40 × 160 mm3, and 100 × 100 × 100 mm3. After 24 h, 
the samples were demolded, wrapped in plastic foil and heated at 65 ◦C 
for 4 h before further curing at room temperature. 

2.5. Test methods 

2.5.1. Calorimetry 
The isothermal calorimetry analysis was carried out using an 

Table 1 
Oxide composition of fly ash obtained via XRF measurement (in %).  

SiO2 Al2O3 CaO Fe2O3 MgO K2O SO3 TiO2 P2O5 MnO Other LOI 

51.66 18.50 9.62 8.72 2.27 3.68 1.09 1.01 0.82 0.24 0.38 2.01  

Fig. 1. Particle size distribution of the biocoal fly ash.  

Table 2 
Characteristics of the surfactants applied in this study (data taken from provider).  

Name used Chemical names and category Linear formula and molecular weight Trade name HLB value CMC (mmol/L− 1) 

SDS Sodium Dodecyl Sulfate (anionic) CH3(CH2)11OSO3Na 
M.W. = 288.38 

SDS 40.0 8.2 

CTAB Cetyltrimethylammonium Bromide (cationic) CH3(CH2)15N(Br)(CH3)3 

M.W. = 364.48 
CTAB 21.4 0.96 

T60 Polyethylene Glycol Sorbitan Monostearate (non-ionic) C32H62O10 

M.W. 606.8 
Tween 60 14.9 0.0167 

T100 Octylphenol Ethylene Oxide Condensate (non-ionic) C14H22O(C2M2H4O)n 

M.W. = 625 
Triton X-100 13.5 0.24  

Table 3 
Mass fraction of nonionic surfactant in total surfactant mix combined with the foam height of single surfactants and cosurfactant mixes measured after 10 s and 15 min.   

Triton 
X-100 

Tween 60 SDS CTAB T100 
+SDS 

T100 
+CTAB 

T60 
+SDS 

T60 
+CTAB 

mnonionic/mmix-surf 1.00 1.00 1.00 1.00 0.51 0.61 0.45 0.43 
10s (cm) 20 16 21 10.1 22 17 23 12 
15min (cm) 5 6 10 6.5 14 13.5 15 9.5  
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isothermal calorimeter (TAM Air, Thermometric), and the heat release 
during the first 7 days of hydration was monitored at a constant tem
perature of 20 ◦C. A certain amount of solid ingredients was first mixed 
with the alkali activator in the ampoule for 1 min to create a homoge
neous paste, which was then immediately loaded into the calorimeter. 

2.5.2. Setting time 
The setting time was measured with a Vicat Needle apparatus ac

cording to European Standard NEN-EN 196-3 [31]. The test procedure 
considers periodically inserting a standard needle into a cementitious 
material and analysing its particular resistance to penetration to estab
lish the initial and final setting time. 

2.5.3. Mercury intrusion porosimetry 
After 28 days of curing, the mercury intrusion porosimetry (MIP) test 

was carried out on the porous geopolymer. Specimens in size of 3 mm 
were extracted from the inner part of the specimen, immersed in iso
propanol and subsequently dried in a desiccator. The measurements 
were conducted using an AutoPore IV Series Porosimeter. The applied 
contact angle of mercury was 130◦ and the surface tension was 485 dyn/ 
cm. This measurement was conducted to evaluate pores below 5 μm, 
which is considered as a detection limit for μCT. 

2.5.4. Gas permeability 
The gas permeability test was conducted on the samples with the size 

30 × 30 × 50 mm3 cut from the core of the specimens. The prism-shaped 
specimen was secured by employing a rubber gasket and a gasket holder 
in an inflatable sleeve holder to avoid gas (air) bypass between the 
sample and gasket. By applying the air pressure on one side of the test 
specimen and calculating the gas flow rate on the other side, it was 
possible to determine the permeability of the samples by applying 
Darcy’s law. 

ΔP=
η⋅L
μ⋅A

Q (1)  

Where ΔP is the pressure drop, ɳ is the dynamic viscosity of a fluid (air 
1.85 • 10− 4 P at 20 ◦C), A and L represent the area of cross-section and 
length of the sample, Q is a flow and μ is measured Darcy’s permeability. 

2.5.5. Bulk density and total pore volume 
The volume of the foamed geopolymer was calculated by dividing 

the mass of the sample, which was cut into cubes, by the geometric 
volume measured using an electronic height gauge. For each mix, 6 
cubic samples were used. The total pore volume was calculated from 

Vtotal = 1 −
ρbulk

ρporefree
(2)  

where ρporefree is the specific density of compacted geopolymer paste 
obtained via helium pycnometer Accupyc 1330, Micromeritics, Nor
cross, GA). 

2.5.6. Micro-computed tomography (μCT) 
Using X-ray tomography, properties including closed pores, distri

bution of pore size, and 3D reconstruction were determined. The mea
surements were performed by a μCT scanner (μCT 100, Scanco Medical, 
Switzerland). The core part of the two samples per mix in the shape of 

prism size 20 × 20 × 50 mm3 were analysed. Each prism was analysed at 
three different heights to provide representative results. A voltage of 70 
kV and a current of 200 mA were used for the structure analysis. An 
aluminium filter of 0.5 mm was applied, and the 2D projection images 
were created by combining 705 slices which resulted in a 3.52 mm 
thickness of the composite. Voxel size was determined as 5 μm and the 
integration time was 220 ms which led to a high resolution of the 
reconstructed image matrix (2048 × 2048). Using a distance trans
formation, the data were gathered in 3D visualization form in a 3D 
model of the sample [32]. The above-mentioned transformation, which 
consists of filling the empty spaces of the solid component and sepa
rating it from the matrix, was applied after the initial identification and 
separation of the pores from the denser geopolymer matrix and contrast 
optimization. As a result, the pores and their volume in the VOI (volume 
of interest) constrained by the specified contour were determined after 
the identification of all pores on the surface and inside the prescribed 
contour [33]. To offer a quantitative examination of pore size distribu
tion, the resulting pore size data were recorded as a histogram in the 
form of a text file. The open porosity and its visualization were calcu
lated from μCT after the separation of the pores. Identified pores were 
examined for connection to outer contour and between each pore, as 
well as their volume. To provide 3D visualization, the disconnected 
pores were separated from the linked pores and displayed in the matrix 
contour. 

2.5.7. Climate chamber conditioning 
The test procedure used followed the guidelines stated in ISO 

12571:2013E [34]. The measurement was carried out in a climate 
chamber with an accuracy temperature of 0.1 ◦C and accuracy humidity 
of 0.5%. The samples were dried at 105 ◦C in a drying oven until a 
constant mass (mass change <0.1%). The climate chamber’s specimens 
were originally preconditioned at the test range’s lowest stated humidity 
level (25%, 40%, 50%, 65%, 80%) at a constant temperature of 23 ◦C. 
The samples were consistently weighed until they were in equilibrium 

Table 4 
Mix proportion of geopolymers (normalized to 100 wt%).   

FA K2SiO3 KOH H2O H2O2 Triton X-100 Tween 60 CTAB SDS SiO2/Al2O3 (mol/mol) H2O/FA (wt./wt.) 

T100SDS 72.3 17.1 3.1 6.6 0.5 0.2 – – 0.2 5.1 0.27 
T100CTAB 72.9 17.2 3.1 6.0 0.5 0.2 – 0.005 – 5.1 0.26 
T60SDS 72.4 17.1 3.1 6.6 0.5 – 0.1 – 0.2 5.1 0.27 
T60CTAB 73.0 17.2 3.1 6.0 0.5 – 0.1 0.005 – 5.1 0.26  

Fig. 2. Temperature and relative humidity profiles for simulated out
door conditions. 
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with their surroundings (4 weeks). The possible water uptake (ɳ) at 
different humidity was calculated based on the weight difference be
tween the mass of the sample dried at 105 ◦C (mo) and the sample 
exposed to different humidity at 23 ◦C (m1). 

η=(m1 − m0)

m0
× 100% (3)  

2.5.8. Thermal conductivity 
The thermal conductivity of the samples was measured using an 

ISOMET 2014 portable heat transfer analyser, which utilizes the ASTM 
D 5930 Standard Test Method for Thermal Conductivity of Plastics 
employing a Transient Line-Source Technique. The experiments were 
run three times on cubic specimens of 100 × 100 × 100 mm3 at room 
temperature and two specimens per mix were tested. 

2.5.9. Time-dependent heat and moisture content 
Hygrothermal performance of each geopolymer composite was 

further investigated using validated software (WUFI® (Heat and Hu
midity transient)). The composite was modelled as a single layer wall 
with a thickness of 4 cm, and their material properties were extracted 
from the experimental data discussed in previous sections. Transient 
boundary conditions were imposed on the model; the exterior climate 
was set based on climatic profile of Eindhoven (Fig. 2), and the interior 
climate was set as per EN 13788 with humidity class 3. The model was 
then simulated for a duration of five years. 

The transient heat and moisture transport processes are solved by 
coupled heat transport and moisture transport differential equations 

∂H
∂T

∂T
∂t

=
∂
∂x

[

λ
∂T
∂x

]

+ hv
∂
∂x

[
δ
μ

∂p
∂x

]

(4) 

and 

ρw
∂w
∂φ

⋅
∂φ
∂t

=
∂
∂x

[

ρwDw
∂w
∂φ

∂φ
∂x

]

+
∂
∂x

[
δ
μ

∂p
∂x

]

(5) 

respectively, where Dw is the liquid transport coefficient, H the 
enthalpy, hv the evaporation enthalpy of water, p the water vapour 
partial pressure, w the water content, δ the water vapour diffusion co
efficient in air, T the temperature, λ the thermal conductivity, μ the 
vapour diffusion resistance factor, ρw the density of water and φ the 
relative humidity RH. 

In the moisture transport model (Eq. (5)), the moisture storage (left- 
hand term) is directly linked to the water vapour adsorption capabilities, 
and the moisture transport (right-hand term) contains both the liquid 
transport and vapour diffusion terms. The pore size and pore structure 
influence the moisture transport property of a porous material, which 
can be represented by its hygric properties, i.e. porosity and water 
vapour diffusion resistance factor. In addition, the variation of climate 
conditions, particularly exterior climate strongly affects its hygro
thermal performance. By including a transient boundary condition, a 
more realistic simulation of the hygric processes of the geopolymer 
composites can be assessed, and the simulation results (transient mois
ture content and U-value) can be further evaluated against the pore 
structure. 

2.5.10. Compressive strength 
The compressive strength was evaluated according to EN 196-1 [35]. 

At the ages of 7 and 28 days, cubic samples (40 × 40 × 40 mm3) were 
tested. The loading rate is 1000 N/s, and the compressive strength is 
calculated as the average of six test results. 

3. Results 

3.1. Raw material characterization and activation 

The XRD analysis (Table 5) reveals that the biocoal fly ash is highly 
amorphous (85%). Thus, the approach suggested by Sanalkumar et al. 
[36] was used to assess the reactive molar Si/Al ratio of the raw mate
rial. 200 ml of NaOH (10 M) and 7.5g of biocoal fly ash were mixed and 
stirred at 80 ◦C for 2 h. Subsequently, the inductively coupled plasma 
atomic emission spectroscopy (ICP-OES) analysis of the filtrate was 
performed. Additionally, the liquid filtrate was also examined by 

Table 5 
Phase quantification via Rietveld refinement of fly ash (error shows in the brackets) (%).  

Amorphous Quartz Mullite Hematite Lime Potassium 
carbonate 

Magnetite Periclase Portlandite Ammonium 
sulfate 

Calcite Anatase 

ICSD 83849 66451 22505 90486 662 85807 9863 15471 83025 40544 24276 
83.9 (0.32) 5.79 

(0.09) 
3.65 
(0.15) 

1.95 
(0.11) 

1.08 
(0.05) 

1.09 (0.11) 0.70 
(0.08) 

0.59 
(0.08) 

0.49 (0.06) 0.28 (0.09) 0.25 
(0.06) 

0.15 
(0.04)  

Table 6 
Fly ash reactivity based on amorphous Si/Al content.   

Moles of Si per 100 
g of FA 

Moles of Al per 
100g of FA 

Si/Al molar 
ratio 

Total content (XRF) 0.8598 0.6857 1.25 
Crystalline content 

(XRD) 
0.1133 0.0517 2.19 

Amorphous content 0.7465 0.6340 1.18 
Extraction 0.4359 0.1497 2.91  

Fig. 3. Isothermal calorimetric response of biocoal fly ash geopolymer pastes at 20 ◦C a) normalized heat flow, and b) normalized cumulative heat.  
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ICP-OES after the solid residue from NaOH treatment (2g) had been 
mixed with 500 ml of hydrochloric acid (32%) for 3 h. The sum of the 
eluted silicone and aluminium obtained via ICP-OES was applied to 
determine the reactive Si/Al ratio. In Table 6, the comparison of the 
Si/Al ratio obtained by the various method applied in this study is 
presented. Based on the obtained results, the reactive Si/Al ratio is 2.91. 

The setting time of alkali-activated material is highly related to the 
reaction temperature, a small increase of the temperature shortens the 
time significantly. The initial and final setting time measured for alkali- 
activated biocoal fly ash were 16 min and 48 min, respectively. During 
the hydration reaction, the BCFA possesses a relatively high heat release, 
which indicates a strong exothermic reaction (Fig. 3a), which in 
consequence reduces the setting time. The observed exothermic peak 
corresponds to the wetting, dissolution-precipitation, which appeared 
within the first hour and was common in both samples regardless of raw 
material source. Due to the relatively low reactivity of the ash sample at 
ambient temperature, after dissolution peak, the line tends to follow 
straightly horizontally. Observed phenomenon might be owing to the 
slow rate of reaction. As found by Nath et al. [37], fly ash geo
polymerization is a process in which the reaction proceeds for a longer 
duration with low heat evolution after precipitation (Fig. 3b). 

Noteworthy, the evolution of a minor amount of NH3(g) has been 
observed through the ion chromatography analysis. The gas released 
within the first 10 min was captured in an aqueous solution which was 
then analysed for NH4

+ ions. NH3 can be found as molecules adsorbed on 
the surface of ash particles, forming chemical bonds at active sites, and 
also as an ammonium salt (mostly sulphates and bisulphates) that ad
heres to grain ash [38]. Moreover, the presence of free lime (Table 5) 
and the addition of alkali accelerates the NH3 release. Furthermore, the 
production of K2SO4 is confirmed by XRD. Fig. 4 presents the XRD re
sults of raw material and reaction products after 30 min of activation 
(Fig. 3a). The primary finding is the consumption of calcium oxide and 
ammonium sulfate (shown by the arrows in Fig. 4) and the appearance 
of a new potassium sulfate phase, as a result of a highly alkaline acti
vator solution that contains KOH. The above XRD analysis of geo
polymer reaction products supports the findings of calorimetry and a 
potential explanation of factor inducing quick flash setting of the matrix. 

Nevertheless, it should be highlighted that for the analysed porous 
matrix it is beneficial to have a short setting time, which provides less 
time for the bubble collapse to occur and the influence of the setting time 
on the Ostwald ripening and pore collapse can be minimized. In many 
studies, the use of nucleating agents that accelerate the setting and 

reduce the extent of air bubble collapse are recommended [4]. 

3.2. Density and total porosity 

The composites produced with a reduced quantity of a foaming and 
stabilizing agent (Table 4) by the aeration process were characterised in 
terms of aeration efficiency. Thus, the overall porosity and bulk density 
of the collected porous geopolymers are depicted in Fig. 5. These values 
show that the three chosen blends have a comparable porosity. 
T60CTAB, on the other hand, has a significantly lower porosity (e.g. 
11.9% less than T100SDS). Comparing the foaming information in 
Table 3 with the obtained porosity, it can be seen that the observed 
heights after 15 min, and more precisely the approximate values of the 
foam heights between T100SDS, T100CTAB, and T60SDS, as well as the 
significantly lower value for T60CTAB, are in agreement. One probable 
explanation for T60CTAB is that, due to the relatively high surface 
tensions of the cosurfactant, it is not feasible to increase the surface area 
to facilitate foam production, resulting in poor foamability [20,27,39, 
40]. 

It can be observed that both non-ionic surfactants (TX-100 and 
Tween 60) combined with anionic surfactant SDS produce a more 
porous structure characterized by a low bulk density ~ 0.7 g/cm3, thus 
SDS shows good foamability properties. Korat et al. [41] investigated fly 
ash-based geopolymer in which one type had similar content of 
hydrogen peroxide (0.5%) and SDS 1%. The obtained density and 
porosity were 1.08 g/cm3 and 24.2%, respectively. In our case, the 
addition of 0.1% of Tween 60 or 0.2% of Triton X-100 together with SDS 
(0.2%) results in a material with obviously lower density (0.7 g/cm3) 
and higher porosity (~69%). Another research [14] utilizing the same 
foaming agent (H2O2) and surfactant (CTAB) achieved a similar density 
of 0.6 g/cm3, which, however, applied a much higher concentration of 
CTAB (0.05% vs. 0.005%) than in this study. Furthermore, Xu et al. [42] 
produced a comparable composite density using 2.5% H2O2, but the 
pore structure was optimized using 3.5% H2O2 and 2.85% SDS. 
Increasing the amount of foaming agent to 1% and using 3% SDS 
resulted in a similar density of 0.63 g/cm3 [43], indicating that the 
mixed system contributes to reducing the amount of foaming agent and 
surfactant used while achieving similar values of density and volume of 
pores. 

3.3. Open porosity 

The influence of the co-surfactant mix on the formation of pore 
cavities is analysed in the following section based on the above- 
discussed total porosity value. The evaluation is carried out based on 
the μCT analysis. Firstly, the image processing is performed by using an 
IPLFE v1.16 (Scanco Medical AG, Switzerland) to determine the open 
pores. The procedure is described in-depth in the methodology section. 
The potential for fluid (e.g. water vapour) movement through the 

Fig. 4. XRD diffractograms of raw material and reaction product with marked 
only the most significant phases. Legend: Q Quartz; M Mullite; I Iron oxide; L 
Lime; S ammonium sulfate; A Arcanite. 

Fig. 5. Total porosity and bulk density of porous geopolymer pastes.  
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structure is evaluated to examine principally porosity using a computer 
microtomography and utilizing the gas permeability technique and 
mercury intrusion porosimetry for the volume of open pores and dis
tribution of pore size respectively. 

The pore separation demonstrates (Fig. 6) that in all of the pastes 
based on nonionic surfactant and cationic CTAB, the closed pores are 
more prominent, which is more prominent in T60CTAB, where the open 
pores account for 32.4 vol %. It is evident that the samples with similar 
total porosity, namely T100CTAB, T100SDS, and T60SDS (Fig. 5), are 
distinguished by a different value of open porosity, which is driven by 
the used surfactant. 

Alteration is noted in the overall volume of the pores, their size, and 
distribution in the structure, i.e. the distances between the pores, 
depending on the mix of surfactants utilized. With a high porosity, a 
wide range of pore diameters, and dense packing of the bubbles, cavities 
between the pores might develop, defining the open porosity. Section 
4.1 is devoted to revealing the mechanism that promotes the develop
ment of two different types of pore structures under the premise that 
morphology is mostly driven by the type of used ionic surfactant in the 
mix. It is presumed that CTAB-containing mixtures have a higher paste 
viscosity [14,44], which is due to substantial CTAB adsorption on fly ash 
particles. This strong interaction influences the gas-liquid interface, 
providing a rigid film that hinders the passage of gas between bubbles, 
resulting in an observable thicker distance between wall pores, and 
reducing the chances of the pores coming close enough to be able to 
create an opening in their wall and build a connection [14]. 

Lu and Qin [45] evaluated the porosity development of a fly 
ash-cement mix and discovered that, despite getting a similar value of 
total porosity (~70%), the volume of open pores was substantially lower 
(37%) than those in our study (48% for T60SDS and 53% T100SDS). 
Furthermore, Strozi Cilla et al. [7] reported similar open porosity, but 
with a greater quantity of single-surfactant added to the geopolymer 
slurry: with 2 wt% of Triton X-100 or Tween 80 added, they discovered 
open porosities of 50% and 54%, respectively. 

The findings of the μCT evaluation are supported by the gas 
permeability coefficient. The high material permeability implies good 
fluid movement through the pores. For high temperatures applications, 
as described above, it is desired to minimize the damage by cracking and 
spalling caused by the transport of water vapour through the structure. 
The highest value (8.1 × 10− 13 m2 = 0.83 D) was obtained for T100SDS, 
which has the greatest value of open pore volume. T100CTAB and 
T60SDS were distinguished by relatively lower permeability coefficient 
values (3.7 × 10− 13 m2 (0.38 D) and 4.1 × 10− 13 m2 (0.42 D), respec
tively). The results are in agreement with open porosity results, also for 
the mix based on T60CTAB the permeability was established as 2.8 ×
10− 13 m2 (0.29 D). These values fall within the classified gel casting 
foams’ permeability between 10− 13 and 10− 9 m2 [46]. Airflow in porous 
materials is a volumetric phenomenon that is largely dependent on pore 
size, thus with decreasing solid volume fraction, as well as increasing in 
pore size, Darcian permeability increases. The pore size distribution of 
T100SDS and T60SDS is shifted towards a bigger size than T100CTAB, 

thus causing a higher air permeability. Therefore, it is concluded that an 
improved permeability of the composite is resulted by applying 
non-ionic surfactants, both Triton X-100 or Tween 60, together in 
combination with SDS. 

In order to assess the efficiency of the proposed method, the obtained 
results were then compared with the literature, which also present the 
method of obtaining foamed geopolymers with the use of surfactants 
such as SDS, oil, or proteins. Fig. 7 depicts the relationship between the 
total and open porosity. Bai et al. [47] presented intriguing results in 
which the volume of open pores to total porosity ratio is close to 1: 1 as 
foaming agents, H2O2 (3%) and olive oil were used. Yan et al. [43] 
observed a high ratio of open porosity to total porosity (86.9 vol%) using 
SDS (3%) and H2O2 (3%) that can be compared to the present T100SDS 
result, which has a much lower fraction of foaming agent (0.5%), as well 
as total surfactant content. As can be seen in Fig. 7a, as porosity in
creases, the air bubbles are packed more closely together, thus 
increasing the probability of open cavities formation. For the total 
porosity range close to the composites T100SDS, T100CTAB, and 
T60SDS (see Fig. 7b), it can be seen that the obtained results are 
promising in terms of the content of open porosity in total porosity as 
well as the amount of utilized surfactant. Noteworthy, the total porosity 
and open cavities of the material should be chosen based on its intended 
application. Further, it should be taken into account that as porosity 
increases, the mechanical resistance of the material decreases [51]. 

3.4. Pore size distribution 

Aside from total and open porosity, the distribution of pore size in 
the structures determines the strength or hydrothermal properties of the 
composites, as well as the ability to generate pore cavities due to their 
way of packing in the matrix. Attention should be paid to air voids, 
macropores, and mesopores in order to track variations in the pore 
structure of the resulting composites. The μCT measurement covers the 
macropores, which are the main product of the chemical aeration of the 
structure, while the MIP was used to examine the pore nature between 5 
nm and 5 μm. 

3.4.1. μCT 
The pore characteristics are determined by using μCT on the samples 

(size 20 × 20 × 50 mm3). This analysis helps to understand the com
posite microstructure, the pore size and their distribution in 3D. To focus 
on the details of the pores of geopolymers created as a result of the 
proposed chemical aeration, the observed values are presented in Fig. 8. 
The pore distribution is generated by combining total pores and pores 
determined by μCT, with a detection limit of 5 μm. Based on these 
graphs, it is clear that CTAB-based systems favour low-sized pores, 
whereas SDS provides the majority of pores above 200 μm. The pores 
above 200 μm overall for T100SDS and T60SDS comprises accordingly 
56.1% and 50.6% in the normalized total porosity, while for T100CTAB 
and T60CTAB 23.2% and 14.3% respectively. In both CTAB-based sys
tems, regardless of the type of nonionic surfactant, a majority of pores 

Fig. 6. Visualization of the specimens with marked closed pores.  
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between 50 and 200 μm, as well as the higher contribution of pores 
between 5 and 50 μm is observed. 

It can be observed that Tween 60 directs the formation of small size 
pores (<5 μm) more effectively than Triton X-100 (23–25% in total pore 
range). Moreover, when T60CTAB and T60SDS are compared, it is clear 
that Tween 60 creates small pore sizes, which is comparable to the effect 
derived by pure CTAB. Both Tween 60 and CTAB surfactants boost the 
formation of small pores, reducing the possibility of Ostwald ripening 
and merging air bubbles. 

The existence of pores in specific ranges has different impacts on 
performance such as heat conductivity and water suction. Small- 
diameter closed pores contribute to smaller thermal conductivity, 
simultaneously partially open small pores will increase water transport 
in the material’s structure, whereas large pores increase the probability 
of open porosity and the contribution of pore radiation in the total heat 
transfer balance should not be omitted [52]. 

3.4.2. MIP 
Further, to analyze the nature of the pores smaller than 5 μm, mer

cury intrusion porosimetry (MIP) analysis was performed. Despite the 
different nature of the measurement compared to μCT and the values 

obtained by the two methods, the trend among the four specimens is 
maintained. Fig. 9 also shows the calculated values obtained through the 
μCT route and the porosity obtained as bulk porosity. In the case of 
T100SDS and T60SDS, the values are higher than expected, which may 
be related to the smaller distance between the bubbles, resulting in thin 
walls of interfaces that could have been damaged during the pressurized 
mercury intrusion. While in T100CTAB and T60CTAB lower values are 
noticed, suggesting greater material stability, thicker pore walls and the 
presence of closed pores unable to be filled with mercury. However, due 
to the variety of throat size and “ink bottle” effects, MIP measurements 
may misallocate the pore diameters, assigning them to sizes lower than 
the real ones [53]. 

Pores between 0.005 and 1.0 μm present in the geopolymerization 
product can be classified as gel pores (<0.01 μm) and capillary pores 
(0.01–1 μm) [54]. The four analysed samples constitute of similar 
contribution of pores (0.005–1.0 μm) due to the geopolymeric gel 
structure of the composites. Furthermore, T60CTAB is characterized by 
a greater content of both 0.005–0.05 and 0.05–1.0 μm pores, which 
confirms the hypothesis of the formation of pores below 5 μm, deter
mined by the presence of both Tween 60 and CTAB. The influence of 
CTAB on the formation of smaller size pores can be also observed in 

Fig. 7. Open porosity vs total porosity of designed composites and other foamed geopolymers. A [43]; B [47]; C [48]; D [9]; E [49]; F:this study; G [50].  

Fig. 8. Pore size distribution of the porous specimens in the range >5.0 μm.  
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T100CTAB. 

3.5. Hygrothermal performance 

3.5.1. Steady-state state 
Several material parameters, such as bulk density, porosity, thermal 

conductivity, and vapour permeability play a significant role in hygro
thermal performance evaluation [55], and the properties of the resulting 
composites differ from one another (Figs. 5 and 6). As the humidity in 
the atmosphere rises, materials become partly saturated with water, 
negatively impacting thermal conductivity [56]. Noteworthy, the size, 
tortuosity, and type (closed/open) of pores are crucial in water transport 
through porous structures [57]. The permeability and diffusion co
efficients rise as porosity and pore size increase. Therefore, the water 
vapour adsorption capacity is monitored for three out of four mixes due 
to their similar total porosity (~69%), providing an insight into the 
influence of pore size and pore connectivity on the hygrothermal 
behaviour of foamed geopolymer (Fig. 10). It is well established that 
with the increased total porosity, the water adsorption increases. The 
sole transport mechanism at very low RH is vapour transfer. The number 
of layers of water molecules on the surface grows as air humidity rises 
and firstly small size pores are filled and then connected bigger pores are 
occupied with a single layer of H2O. As demonstrated by Kato et al. [58], 
with an increase of open porosity water adsorption rise can be expected. 

Conducting a thorough analysis of the three established metrics 
concerning pore size, open porosity, and permeability helps to 
comprehend the variances caused by the quantity of adsorbed water. It 
can be stated that among the three samples (T100SDS, T60SDS, and 
T100CTAB) characterized by a total porosity of ~69 vol%, the T60SDS 
sample has the highest proportion of small pores below 5 μm (Fig. 8), 
and up to 10% greater than the T100SDS sample, whose pores are firstly 
filled with water. When the relative humidity reaches 40%, water may 
be present in both small (5–50 nm) and big pores (>50 nm) [59], then 
the key role open porosity plays on permeability can be observed as a 
significant increase between RH 40% and 50% in T100SDS. It is in 
agreement with the observed results when combined with the open 
porosity, which rises in the sequence T100SDS > T60SDS > T100CTAB. 
T60SDS has the largest degree of water content at RH 40%, while at 
higher percentages of humidity, a stronger influence of permeability and 
open porosity on the passage of water vapour into the matrix is 
observed. This phenomenon can explain the minor difference between 
T100SDS and T60SDS at higher humidity. 

High pore connectivity, and hence high gas permeability, is inversely 
proportional to tortuosity, which influences the fluid flow rate [60]. As a 
result, fluid (moisture) flow is more hindered in the sample character
ized by low gas permeability, for example, T100CTAB compared to the 
SDS-based mixes. Additionally, the connection between pores above 5 
μm in T100CTAB is limited, as illustrated in Fig. 6, and a considerable 
number of small size isolated pores densely packed in the structure is 
observed. Furthermore, more connectivity paths can be created by 
increasing the size of the pores [61]. When compared to composites with 
a predominance of small pores, the pore size increases the ability of 
media to pass more fluid through a porous matrix [62]. The sample 
T60SDS represents the material with a high proportion of pores smaller 
than 5 μm (Fig. 8), high pore volume connectivity and permeability, all 
of which play a crucial role in low humidity environments (RH = 25%) 
(Fig. 10). 

Thermal properties are critical for thermal insulating or fire-resistant 
materials. It is known that the heat conductivity of porous materials is 
affected by a variety of factors. In addition to overall pore volume, the 
pore size distribution, homogeneity, and opening level of pore cells also 
have an impact [52,63], nevertheless, the thermal conductivity of the 
solid matrix and total porosity are the two dominant factors [64]. Porous 
materials with excellent thermal insulation properties are characterized 
by closed pores, which limit the heat flow of gases, and therefore 
T100CTAB sample, which, although having a similar total porosity as 
SDS-based samples (Fig. 5), has a smaller percentage of open porosity 
(Fig. 6). The lowest amount of overall porosity determines the maximum 
value of thermal conductivity for T60CTAB. 

Total porosity and matrix conductivity show the largest influence on 
the effective thermal conductivity, which is the reason for the minor 
change between samples T60SDS > T100SDS > T100CTAB (Δλ: 
0.009–0.02 W/mK). However, the densely packed isolated pores above 
5 μm define the better performance of T100CTAB than T60SDS. Chen 
et al. [65] stated that for the same porosity, the smaller the pore size, the 
greater the number of pores, and the lower the heat transfer efficiency. 
T60SDS has a larger content of pores above 500 μm (8.9 vol%) than 
T100SDS (3.3 vol%) and T100CTAB (0 vol%), resulting in improved 
heat transmission and increased thermal conductivity. 

Conditioning composites at varying humidity levels allowed us to 
assess not only their sorption capacity but also their steady-state thermal 
conductivity at a particular moisture content. Fig. 11 depicts the ob
tained experimental values of effective thermal conductivity acquired 
after exposure to a controlled humidity chamber. Consequently, 

Fig. 9. Pore size distribution within the range 0.005–5 μm obtained via MIP 
method. Below the graph calculated values of pore volume below 5 μm ob
tained via combined bulk porosity and μCT method are presented. 

Fig. 10. Water uptake depends on the controlled relative humidity in the 
climate chamber. 
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materials’ ability to adsorb moisture varies, their thermal characteristics 
in a saturated condition differ significantly (Fig. 11). T60SDS and 
T100SDS exhibit poorer thermal insulating capabilities (higher lambda) 
over the whole range of moisture content due to their greater volume of 
open pores (Fig. 6) and higher initial thermal conductivity value in a dry 
state (Table 7). 

3.5.2. Transient state 
The hygrothermal performance of each geopolymer composite was 

further examined using a WUFI® (Heat and Humidity transient) soft
ware. Simulated results under the fifth year were extricated and used as 
a case study for subsequent discussion here. 

Fig. 12 depicts the monthly averaged water content inside the geo
polymer composites throughout a simulated year. Lower water content 
for the T100CTAB composite is observed in the range of 2.7% and 4.8%, 
in comparison to T60SDS and T100SDS where higher water contents are 
obtained. These simulated results have verified the proposition from the 
earlier experimental study, i.e. closed pores in a composite will reduce 
its water uptake capability, which coincides with T100CTAB that has a 
lower water content under ambient climatic conditions with its higher 
closed pores structure. Furthermore, all three developed geopolymers 
have a consistent course in their water content throughout a year, with 
only slight fluctuations represented in the form of deviation bars in 
Fig. 12. These stable trends show these three selected composites are 
effective in transporting water vapour, which further suggests that they 
can be potentially used to regulate the surrounding humidity fluctua
tions when used as wall assembly. 

The transient thermal transmittance of the composites during the 
heating period (October to March) are summarized in Fig. 13. Addi
tionally, the thermal transmittance at 80% relative humidity for each 
composite are included in the same plot, represented by dash lines for 
reference purpose. Due to their aforementioned ability to easily absorb 
and desorb water vapour from the surrounding air, all three geo
polymers exhibit good thermal insulation performance and did not 
surpass their 80% humidity threshold. Their simulated transient thermal 
transmittance is also in agreement with the assumption derived from the 
thermal conductivity experimental study, with T100CTAB being the 
better insulating material, followed by T100SDS and T60SDS. 

For comparison purpose, two commonly used commercial building 
materials are included in the simulation, namely gypsum plaster and 
cement lime plaster, both have similar applications as the developed 
geopolymers. A noticeable pattern can be straightaway observed from 
Fig. 13, where a larger range of thermal transmittance is gained by both 

commercial materials, with a major part of their heating period suffering 
thermal transmittance worse than their value at 80% humidity 
threshold. This is differing from the better and steadier thermal per
formance of the developed geopolymers. The main plausible cause is 
that the geopolymers have better ability to regulate changes in relative 
humidity than the plasters (Appendix Figs. C, D). Another lesser element 
in play may be due to the water vapour diffusion resistance factor (μ) of 
investigated materials, where the geopolymers have a lower μ value in 
comparison to gypsum and cement lime plasters, i.e. the lower μ geo
polymers have less resistance in preventing moisture transport 
throughout the material and consequently minimize the risk of accu
mulating higher water content inside the substrate. 

3.6. Compressive strength 

In order to preserve their mechanical stability and integrity, alkali- 
activated foams need sufficient mechanical strength. However, as 
already noted, a flash setting has been observed in the investigation that 
has a detrimental impact on material strength growth over time and 
consequently low strength values are seen for all mixes. Overall, the 
obtained results suggest that the geopolymer matrix and pore shape 
determine the mechanical strength and the structural stability of the 
composites was influenced by pore size, distribution and cell-wall 
thicknesses. 

It should also be noted that an increase in the median pore diameter 
has a detrimental impact on the composite’s strength. The pore distri
bution plots of T100CTAB and T60CTAB demonstrate a shift towards 
lower values (<200 μm) than the SDS-based systems, thus a higher 
fraction of pores with a diameter below 200 μm mitigates the porous 
structure’s negative impact on compressive strength (Table 8). With the 
same pore volume, the sample with larger pores has lower strength, as 
observed in the T60SDS and T100SDS (Table 8). Regarding the pore 
connectivity, as stated by Ji et al. [61], pores smaller than 200 μm have a 
reduced possibility of collapsing due to their greater distance from one 
another when distributed in the same volume as pores of larger diameter 
provide a less fragile matrix backbone, contributing to the increased 
strength of composites. 

Fig. 14 plots the compressive strength versus porosity of foam geo
polymers made from various materials [66]. The fitting curve has been 
developed using the Ryshkevich model [67] based on the findings by 
Fiset et al. [49]. It demonstrates that the relationship between 
compressive strength and porosity may be accurately predicted at the 
porosity above 75 vol% (region II), and large variations are seen in the 
lower porosity region (55–75 vol%, region I). In region I, pore size 
distribution is more important than total porosity in the evolution of 
mechanical resistance. A narrow and small pore size distribution im
proves the mechanical performance of the composite, as emphasized by 
Ji et al. [61]. Above this range (region II), the total porosity increases 
due to the increased volume occupation by air/gas phase, resulting in a 
decrease in total amount of solid matrix. As a result of the insufficient 
solid volume fraction, the overall mechanical strength in region II 
decreases. 

According to Zhang and Wang [68], it is better to predict mechanical 
performance using pore volume above 100 μm rather than total 
porosity, since there are more substantial variations in mechanical 
performance. Comparing the obtained results with the literature it can 
be observed that the material is characterized by relatively low 
compressive strength, which is mainly due to the low raw material 
reactivity and high content of large air voids and relatively high open Fig. 11. Effective thermal conductivity as a function of relative humidity.  

Table 7 
Thermal conductivity of the foamed geopolymers.  

Groups T100SDS T100CTAB T60SDS T60CTAB 

λ (W/(m⋅K)) 0.116 
±0.002 

0.104 
±0.003 

0.125 
±0.001 

0.146 
±0.001  
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porosity (Fig. 7). Dhasindrakrishna et al. [69] proposed that curing at 
higher temperatures may be used to increase the early age strength, and 
the findings revealed that compressive strength of foamed geopolymer 
samples after high temperature can reach up to 3.5 times that of the 
equivalent unexposed geopolymer samples. 

4. Discussion 

4.1. Mechanism governing pore structure alteration 

Surfactant adsorption has been seen not only on the gas-liquid 
interface but also on the liquid-solid contact. Adsorption on the sur
face of solid particles happens as a result of electrostatic interaction for 
ionic surfactants [80] and through hydrogen bonds for non-ionic sur
factants. The schematic diagram of the proposed mechanism is pre
sented in Fig. 15. Geopolymer paste can be considered as a matrix 
loaded with solid particles, polyvalent ions, and negatively charged 
solid particles as a result of a very alkaline environment. The negatively 
charged surface of the ash particles absorbs the cationic surfactant at a 
high pH (CTAB) [81]. The interaction between the surfactant molecule 
on the surface of the air bubble and the charged particle will result in 
high bubble surface stability, reducing the possibility of coalescence 
[82–84]. The scenario is different for anionic surfactants, as SDS is not as 

strongly attracted to negatively charged particles; nonetheless, the ex
istence of multi-positive ions, such as calcium, can act as a bridge be
tween the negatively charged solid and the surfactant molecule 
(Fig. 15). To conclude, SDS interactions are substantially weaker than 
cationic CTAB interactions, which impacts the ability to adhere bubbles 
or appear in extremely close contact, while maintaining greater stiffness 
at the liquid-vapour boundary than in non-enriched air bubbles, which 
promotes the formation of pore cavities. 

The non-ionic surfactant is another component of a binary system 

Fig. 12. The moisture content of geopolymers section in the 5th year under one climate condition. With marked min and max values of water content reported in 
each month. 

Fig. 13. Transient U-value of the designed porous materials compared to two commercially available products under one selected climate profile.  

Table 8 
Collect data on porosity, pore size, and compressive strength.   

Pores <200 
μm (vol%) 

Pores >200 
μm (vol%) 

Compressive 
strength (MPa) 

Open 
porosity (vol 
%) 

T60SDS 34.3 35.0 1.38 47.9 
T100CTAB 53.0 16.0 2.51 43.6 
T100SDS 30.4 38.9 1.16 53.2 
T60CTAB 49.2 8.24 3.67 32.4  

Fig. 14. Compressive strength vs porosity of various geopolymer foams. A [43]; 
B [47]; C [48]; D [9]; E [49]; F:this study; Others [51,70–79]. 
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(Tween 60 and Triton X-100). Because they are non-ionic, these sur
factants do not adsorb strongly on charged surfaces. This reduces the 
unwanted loss of surfactant access at the solid-liquid interface while 
increasing surfactant availability at the liquid-vapour interface to satu
rate that surface [85]. Non-ionic surfactants exhibit the lack of charac
teristics required for appropriate air bubble stabilization, resulting in 
coarsening and coalescence. However, in a binary system with ionic 
surfactants, non-ionic Triton X-100 or Tween 60 can boost the solubility 
of ionic surfactants in the binary (cosurfactant) system and diminish the 
ionic surfactant’s tendency to adsorb at the interface solid-liquid inter
face [85]. In the case of SDS-containing systems, a synergistic 
co-adsorption is proposed, in which a marginal co-adsorption occurs on 
negatively charged surfaces of mixed micelles even though SDS alone 
would not adsorb [86]. Moreover, adsorption of anionic SDS on poly
valent cations increases at higher pH, thus a bridging effect between the 

negatively charged surface and SDS via cation can be observed (Fig. 15) 
[87,88]. Although, as explained above for the CTAB scenario, this 
interaction may contribute to the improved stabilization of air bubbles 
in anionic-contained mixtures. However, interaction in a mixed system 
cationic-nonionic entails poorer interactions with negatively charged 
particles in a solution containing a cationic CTAB, as well as the po
tential of links between air bubbles close enough to form cavities. 

Moreover, because of the synergism between the surfactants used 
and the lower CMCmix value compared to pure ionic surfactant, the 
micelles formed in large quantities can be tightly packed in the struc
ture, and the described properties of disjoining pressure prevent exces
sive aggregation and bubble rupture. When the thin liquid film 
evaporates, connections between the pores, small cavities in the thin 
walls separating the bubbles, may form in both systems based on CTAB 
and SDS. This phenomenon is owing to a decrease in surface tension 

Fig. 15. Interaction mechanism between air bubbles stabilized by different binary surfactants mix and fly ash particles (grey) governing pore connectivity. Note: 
Ca2+ represents various bi- and polyvalent ions in the systems. 
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caused by more migration of nonionic surfactant to the surface layer and 
a reduction in electrostatic self-repulsion between head groups in the 
ionic surfactant (Fig. 15). Additionally, the variation in the pore size can 
be expected, due to the different hydrophilic group structures [89]. 
Furthermore, the surfactant, which creates lower surface tension, is 
responsible for creating finer air bubbles [90]. This explains why Tween 
60 results in lower pore sizes (a high fraction of pores less than 5 μm) in 
both T60CTAB and T60SDS (Fig. 8). 

4.2. Potential application areas driven by pore size and connectivity 

Based on the present results, it is feasible to construct a list of 
morphological traits, and more specifically, pro-quality features and 
potential of various application areas. Table 9 depicts the primary pore 
morphological traits that suggest the potential for usage in areas such as 
high temperature, fire protection, thermal and acoustic insulators. Ma
terials with a predominantly closed porosity are better thermal in
sulators than open structures attributed to the facilitated flow of heat 
through cavities. Therefore, the T100CTAB with the lowest thermal 
conductivity coefficient value can be chosen as a thermal insulator. 

The composites used in this work are made of a solid aluminosilicate 
skeleton which provides high-temperature stability [2]. In addition to 
the beneficial effects of the chemical and mineralogical composition, the 
role of open-pore structure in minimizing thermal shrinkage and cracks 
formation at high temperature is significant, as indicated by Bell and 
Kriven [92] and Sarazin et al. [91]. The aforementioned fire resistance 
can be achieved by structures with low conductivity and well-connected 
pores, reducing the pore pressure both during heating and water release 
by evaporation, as well as during extinguishing/cooling the heated 
structure to high temperatures (e.g. 1100 ◦C). Assuming that the greater 
the open porosity and gas permeability, the lower the material’s ability 
to degrade under the pore pressure caused by moisture migration and 
temperature difference, materials with the greatest open porosity and 
moisture absorption were proposed (T100SDS, T60SDS). When the 
water in the porous structure is heated to a high temperature, a highly 
endothermic process occurs, increasing the material’s fire resistance 
[93]. As a result of this reaction, gaseous water (water vapour) is 
created, which is then transferred through the porous structure to colder 
regions where it condenses. The situation described above illustrates the 
combined influence of hygrothermal performance and pore structure on 
fire resistance. 

Furthermore, geopolymer-based foams have the potential to be 
employed as acoustic barriers. Several studies were focused on the 
acoustic characteristics of direct-foamed alkali-activated materials 
[94–98]. Peceño et al. [99] stated that the materials with larger total 
porosity absorb sound better because the sound penetrates their ma
trixes and dissipates the sound energy. Moreover, open pores generate 
continuous pathways between the interior and outside of the material 
matrix, resulting in enhanced permeability and good sound-absorption 
capacity. 

Hence, two composites with the highest total porosity and open-pore 
volume are additionally proposed for sound absorption application. 
Each of these solutions aims to demonstrate how we may direct porosity 
to the needs of the application by utilizing a well-determined mix of 
surfactants based on a similarly constituted geopolymer matrix. 

However, more research on the subject is required to ascertain the 
materials’ viability for the suggested purposes. 

5. Conclusions 

This paper aims to propose an economical method of developing 
porous geopolymer with a tailored pore structure. The synergetic effect 
between non-ionic and ionic surfactants is revealed and its influences on 
the porosity, pore size distribution, pore connectivity, compressive 
strength and potential thermal insulation are discussed. The amount of 
utilized surfactants in this research is greatly decreased in this research 
while maintaining a similar porosity compared to existing literature. 
This study demonstrates that a combination of non-ionic with ionic is an 
effective technique in the design of foamed materials. The following 
detailed conclusions are resulted from this study: 

1. The interactions of ionic surfactants with particles improve the sta
bility of air bubbles. Because of the negative charge of the ash par
ticle surface in the alkaline environment, stronger surfactant-solid 
particle attractions are seen for the cationic surfactant, as evidenced 
by a higher proportion of closed pores and lack of air voids above 
500 μm. These interactions are diminished by the incorporation of 
nonionic surfactants, and the electrostatic repulsion between heads 
groups is reduced, increasing the potential of open porosity devel
opment and rising ionic surfactant molecules availability to stabilize 
air bubbles. 

2. In comparison to ionic surfactants, lowering the CMC of the com
bined solution results in more densely packed bubbles. It helps to 
create pore cavities by decreasing the distance between bubbles. In 
addition, lowering CMC causes composites to have a high porosity 
(70 vol%), which enhances thermal insulation but diminishes me
chanical performance.  

3. Cationic-contained systems favour small pores formation, whereas 
anionic systems supply the majority of pores larger than 200 μm. A 
majority of voids between 50 and 200 μm, as well as a larger pro
portion of pores between 5 and 50 μm, are found in both cationic- 
based systems, independent of the kind of nonionic surfactant used.  

4. The geopolymer is superior at controlling the moisture content inside 
the material compared to commercial reference gypsum plaster. 
Thanks to its greater moisture storage function at lower relative 
humidity, the geopolymer has a stronger humidity buffering ability 
to moderate changes in relative humidity of surrounding air. The 
variation in its effective thermal transmittance throughout the year is 
reduced by regulating its moisture content. The composite with the 
largest proportion of closed porosity (nonionic + cationic) shows the 
best thermal insulating performance. 
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Table 9 
Summary of pore morphology and possible application of geopolymer foams.   

T100SDS T100CTAB T60SDS T60CTAB 

Pore morphology Highly-porous 
Majority of pores between 200 and 500 μm 
Open-pore structure 

Highly-porous 
Pores above 500 μm not observed 
Low connectivity 

Highly-porous 
High content of pores below 5 μm 
Open-pore structure 
Open porosity-strength balance 

Low total pore volume 
High content of pores below 5 μm 
System of closed pores 

Potential application High-temperature 
Fire-protection 
Acoustic insulation 

Thermal insulation High-temperature 
Fire-protection 
Acoustic insulation 

N/A  
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Appendix

Fig. A. Moisture dependent thermal conductivity – input data for calculation.   

Table A 
Material properties used in time-dependent calculations (source: WUFI database)   

Plaster cement lime Gypsum 

Bulk density (kg/m3) 1024 850 
Porosity (%) 61 65 
Specific heat capacity (J/kgK) 850 850 
Thermal conductivity (W/mK) 0.179 0.2 
Water Vapour Diffusion Resistance Factor (− ) 6.1 8.3  

Fig. B. Moisture storage function of two commercially-available materials 
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Fig. C. Moisture content of two commercial materials in the 5th year under one climate condition. With marked min and max values of water content reported in 
each month 

Fig. D. An example of water content in geopolymer and gypsum plaster 4 cm layers within 5 years.  
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