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ABSTRACT

The current study investigates the possibility of volcanic Tuff of Earth of Datça (ED) in Turkey 
to be used as an aluminosilicate source in producing a geopolymer foam for thermal insula-
tion. An extensive evaluation of the effects of fine sand–to–pozzolan and Al powder–to–poz-
zolan ratios on the physical, mechanical, and thermal properties and morphology (porosity, 
average and maximum pore diameter, pore size distribution) of the pores were carried out. The 
sodium silicate and potassium hydroxide (12.5 M) solutions with an activator ratio of 2.5 were 
used as alkali activators, and Al powder was used as a foaming agent. Research results reveal 
that Earth of Datça is a suitable precursor for producing a geopolymer foam. Fine sand and 
aluminum powder contents are critical to the optimum foam structure. The addition of finely 
ground silica sand ensured the volumetric stability of the binder and prevented the collapse 
after swelling of the binder. The optimum Al powder–to–pozzolan ratio was determined as 
0.5% because it gives higher physical, mechanical, and thermal properties due to the more 
homogenous microstructure with finer pore size and narrower pore size distribution lower 
degree of interconnectivity between the pores. Research results also show that the natural 
volcanic Tuff of Datça Peninsula as an aluminosilicate source gives promising results in the 
field of producing highly porous geopolymers with low thermal conductivity (0.087–0.134 W/
mK), high porosity (72.3–82.6%) and an adequate compressive strength (0.40–2.09 MPa). This 
study contributes to the literature that Earth of Datça–based geopolymer foam may function 
well as an insulation material for building enclosures.
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1. INTRODUCTION

The building industry is one of the fastest growing in-
dustries [1], and buildings are liable for approximately 40% 
of the total energy consumption [2]. Generally, thermal 
insulation materials decrease the energy consumption of 
buildings by decreasing the energy loss. But organic ther-
mal insulation materials are flammable, inorganic thermal 

insulation materials need complex processing conditions, 
and high sintering temperature results in higher costs [3] 
and embodied energy. To reduce the energy consumption 
and consequently the energy requirement of buildings, 
apart from using thermal insulation materials, the develop-
ment of new materials with higher thermal performance is 
of the utmost importance.
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Cellular or lightweight aggregate concrete materials 
have been produced to provide energy savings. However, 
their raw material is Ordinary Portland Cement (OPC), 
whose production process is energy intensive and emits 
approximately 1 ton of CO2 in a ton of production [4]. 
Recently, geopolymer foams have been produced by cre-
ating the gas bubbles into the binder during the chemical 
reactions between the foaming agent and alkali activator 
or by incorporating a large volume of readily–prepared 
air bubbles into the mixture [5], have been produced to 
replace foamed cementitious materials. Commonly used 
foaming agents such as finely divided metallic aluminum, 
hydrogen peroxide, sodium peroxide, sodium perborate, 
metal silicon, silica fume, and silicon carbide are in the 
field of promising research [6]. Due to the high volume 
of pores, they could contribute to the material's thermal 
performance. Furthermore, they are more sustainable than 
OPC–based foams since their process emits 0.19–0.24 
tonnes of CO2 in a ton of its production [5], and up to 80% 
energy savings could be achieved [7].

Up until the present, scores of works have focused on 
producing highly porous geopolymers (porosity ≥50% or 
bulk density ≤0.7 g/cm3 [8]) having low thermal conductiv-
ity with different types of aluminosilicate sources. For ex-
ample, ultrafine perlite–based geopolymer, activated with 
sodium hydroxide (NaOH) and foamed with hydrogen per-
oxide (H2O2, 0.5–3.0% by weight of aluminosilicate source), 
exhibits thermal conductivity, porosity, and compressive 
strength ranging between 0.03–0.06 W/mK, 74–89%, and 
0.2–0.8 MPa, respectively [9]. Porous fly ash–based geo-
polymer was produced using sodium silicate (Na2SiO3) as 
an alkali activator and H2O2 (0.05–0.1% by weight of alu-
minosilicate source) as the foaming agent. The test results 
reveal that the values of thermal conductivity (0.07–0.09 
W/mK), porosity (74–81%), and compressive strength 
(0.4–1.4 MPa) show promise as thermal insulation material 
[3]. In another study, biomass fly ash–based–geopolymers 
were activated by a mixture of NaOH and Na2SiO3 and were 
foamed using H2O2 as a pore–forming agent. Foamed geo-
polymers exhibit thermal conductivity as low as 0.10 W/
mK, porosity up to 72.5%, and compressive strength in 
a range of 1.2–6.6 MPa, depending on the content of the 
pore–forming agent (0.03–1.20% by weight of aluminosil-
icate source) [10]. In another research, fly ash–based geo-
polymer foams were produced by using H2O2 or Al pow-
der foaming agents. The specimens containing H2O2 have 
0.31–0.97 g/cm3 density and 0.083–0.174 W/mK thermal 
conductivity, whereas the specimens with Al powder have 
0.50–0.77 g/cm3 density and 0.099–0.159 W/mK thermal 
conductivity. Study results state that these foams can be 
used as thermal insulation materials [11]. Fly ash was also 
foamed with sodium perborate foaming agent in the litera-
ture. The study results reveal that the density, thermal con-
ductivity, and compressive strength of geopolymer foams 

are in the range of 0.64–0.82 g/cm3, 027–0.32 W/mK, and 
4.2–4.8 MPa, respectively [12].

Metakaolin–based geopolymer foam, activated with a 
mixture of potassium hydroxide (KOH) and potassium sil-
icate (K2SiO3) and foamed with silica fume blowing agent, 
has a thermal conductivity between 0.12 and 0.33 W/mK, 
and porosity in a range of 65–85% [13]. The characteri-
zation of metakaolin–based geopolymer foam contains 
KOH and K2SiO3 as alkali activators and H2O2 (5–20%, by 
weight) as a forming agent, shows that the material with 
low thermal conductivity (0.11–0.17 W/mK), high po-
rosity (60.2–83.1%), and acceptable compressive strength 
(0.3–11.6 MPa) could be successfully produced [14]. The 
pore morphology, density, porosity, thermal conductivity, 
and compressive strength of metakaolin–based porous geo-
polymers (containing H2O2 chemical pore–forming agent) 
were researched in another study. These geopolymers have 
0.35–1.20 g/cm3 density, 0.4–5.65 MPa mechanical strength 
and improved thermal conductivity (0.13–0.32 W/mK) 
[15]. The influence of the Al powder content (3–12%, by 
weight) on the properties of the KOH/NaOH+Na2SiO3 
activated metakaolin–based geopolymer foam was inves-
tigated. Material with improved insulating behavior, ther-
mal conductivity of 0.15 W/mK, and porosity of 70% was 
produced depending on increasing Al powder content [16]. 
The possibility of using metakaolin–based geopolymer 
foams foamed with Na2O2 to be applied for fire protection 
was investigated. The foamed material with 0.30–0.46 g/
cm3 density, 0.085–0.115 W/mK thermal conductivity, and 
0.6–1.6 MPa compressive strength possess a stable porous 
structure and excellent fire resistance [17]. The effects of 
sodium lauryl ether sulfate (SLES) foaming agents on pore 
types and properties of lightweight kaolinite–based geo-
polymers were also investigated in the literature. The results 
show that the lightest geopolymer foam has a porosity of 
72.34% and a compressive strength of 4.69 MPa with low 
thermal conductivity of 0.197 W/mK [18].

Waste glass–based porous geopolymers with thermal 
conductivity of 0.21 W/mK, porosity of 55%, and compres-
sive strength of 7.3 MPa were produced using a combination 
of KOH and K2SiO3 activators and H2O2 (5%, by weight) as 
pore foaming agent [19]. NaOH–activated bottom ash with 
varying amounts of Na2SiO3 (25–55%, by weight) as the 
foaming agent has 0.075 W/mK thermal conductivity, 72% 
porosity, and 3.55 MPa compressive strength and could be 
used as a thermal insulation material [20]. Waste metaka-
olin, recycled glass, and steel–plant waste were activated 
with NaOH+Na2SiO3 solutions and foamed with aluminum 
scrap recycling waste (50% by weight). The results showed 
that highly porous, lightweight building materials could be 
obtained with thermal conductivity, porosity, and compres-
sive strength ranging between 0.14–0.15 W/mK, 83–86%, 
and 1.1–2.0 MPa, respectively [21]. Consequently, geopoly-
mer foams show good insulating properties with thermal 
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conductivities, porosities, and compressive strengths rang-
ing between 0.03–0.33 W/mK, 55–89%, and 0.2–11.6 MPa, 
respectively, depending on the type and quantity of alumi-
nosilicate source, pore foaming agent, pore foaming agent–
to–pozzolan ratio and fine sand–to–pozzolan ratio.

Although much of the research carried out has been 
based on producing artificial pozzolan–based highly po-
rous geopolymers with improved thermal performance, in-
vestigations regarding the production of natural pozzolan–
based geopolymer foams are scarce. The natural pozzolan 
resources of Turkey are at a level that cannot be ignored. 
Approximately 155.000 km2 of the country consists of vol-
canic rocks [22]. Datça pozzolan used in this research is the 
natural soil of Datça Peninsula. It was formed due to strong 
volcanic eruptions in Nysiros and Yelli Islands [23].

This research aims to investigate the possibility of vol-
canic Tuff of Earth of Datça (ED) to be used as an alumi-
nosilicate source in the production of geopolymer foam for 
thermal insulation. In the scope of the study, key factors 
such as fine sand–to–pozzolan (FS/P) and Al powder–to–
pozzolan (Al/P) ratio affect the physical, mechanical, and 
thermal characteristics of ED–based geopolymer foam are 
researched. Optimizing the test results, a new porous ma-
terial with low thermal conductivity is proposed as an al-
ternative to the existing thermal insulation materials in the 
building industry.

2. EXPERIMENTAL TECHNIQUES

2.1. Raw Materials
For the production of geopolymer foam, natural Datça 

pozzolan was used as an aluminosilicate source, and its 
specific gravity is 2.52 g/cm3. The specific surface area of 
the pozzolan, determined using the Blaine method [24], is 
5467.75 cm2/g, and the particle size distribution is shown 
in Figure 1.

Semi–quantitative element (XRF) and quantitative XRD 
analysis of the ED and lime–pozzolan mortar (ED)T pro-
duced for the pozzolanic activity test were performed in the 

previous research [22] using Philips 71 PW–2404 XRF and 
Shimadzu XRD–6000 (Cu X–ray tube 1.5405 Angstrom) 
equipment, respectively. XRF analysis indicated that (Table 
1) Earth of Datça fulfills the requirements of T.S. 25 [25] 
to be used as a natural pozzolan in cement and other types 
of binders because its SiO2+Al2O3+Fe2O3 content (92.26%) 
is higher than 70.0%, and its SO3 and Cl contents (0% and 
0.092%) are lower than 3.0% and 0.1%, respectively. Fur-
thermore, the pozzolanic activity test results (1.43 MPa 
flexural strength and 6.12 MPa compressive strength) pro-
vide the requirements of T.S. 25, which are ≥1 and 4 MPa, 
respectively. XRD patterns have shown that (Fig. 2) ED 
contains cristobalite, quartz, feldspar, and an amorphous 
compound, and (ED)T has hydration products, cristobalite, 
quartz, feldspar, portlandite, and an amorphous compound.

Solid KOH with a molecular weight of 56.1 g/mol was 

Figure 1. Particle size distribution of volcanic Tuff of Earth 
of Datça.

Table 1. Oxide Composition of ED, quicklime, and hardened 
mortar (ED)T determined by XRF

 Quicklime ED  (ED)T mortar 
 (%) (%) (%)

SiO2 – 75.289 58.934
Al2O3 – 15.991 11.510
Fe2O3 – 0.984 0.829
Na2O – 2.211 1.361
K2O – 3.026 2.408
CaO 85 1.222 21.377
CO2 5 – –
MgO 1.5 0.622 2.870
P2O5 – 0.072 0.077
TiO2 – 0.149 0.148
MnO2 – 0.047 0.050
Cr2O3 – 0.005 –
NiO – 0.004 0.005
CuO – 0.002 –
ZnO 2.23 0.002 0.006
Rb – 0.006 0.007
SrO – 0.015 0.019
V2O5 – – 0.022
Y2O3 – 0.002 0.006
ZrO2 – 0.010 0.015
Nb2O5 – 0.001 0.008
BaO – 0.097 0.075
Cl – 0.092 0.078
SO3 0.8 0.1 0.194
PbO – – –
ThO2 – – –
L.O.I. – 0.15 –
Total 93.8 100.00 –
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dissolved in deionized water for 24 hours before use and 
kept at ambient temperature. The mass of solid KOH in 
the solution is expressed as Molar (M). 12.5 molar KOH 
solution contains 12.5 x 56.1=701 grams of solid KOH in 
a one–liter solution. The sodium silicate solution's molar 
ratio (SiO2/Na2O) is 3.4. Finely ground silica sand with 211 
µm maximum grain size and 2.63 g/cm3 specific gravity and 
aluminum powder foaming agent with 99% purity and 50 
µm mean particle diameter was supplied from Ytong A.Ş.

2.2. Mixing, Molding, and Curing Process
The effects of activator types (NaOH, KOH, S+NaOH, 

and S+KOH), molar concentrations of the NaOH and KOH 
(7.5, 10, 12.5, and 15), and activator ratio (1.0, 1.5, 2.0, 2.5, 
by weight) on the geopolymeric reactivity were investigat-
ed in the previous research [26]. The combination of sodi-
um silicate solution with potassium hydroxide (SK) as the 
activator type; 12.5 M as the concentration of KOH, and 
2.5 as the activator ratio was selected for their better per-
formance gain in physical and mechanical properties. In 
this research, the effectiveness of the following parameters, 
which may affect the development of the physical, mechan-
ical, and thermal properties of the natural pozzolan–based 
geopolymer foam, was investigated:
i The effect of acceptable sand–to–pozzolan ratio (FS/P);
ii The effect of Al powder–to–pozzolan ratio (Al/P).

Fine aggregate/filler is generally not added to highly 
porous geopolymers having low thermal conductivities in 
the literature [3, 9–10, 13–16, 19–21]. It converts cemen-
titious binders to mortars, gives mortars their volumetric 
stability, rigidity, and stiffness [27], and has a restraining 
effect on drying shrinkage due to the stability in shape 
[28]. Acceptable sand use as a filler may also decrease the 
production cost by reducing the amount of binder (poz-
zolan and chemical activators). In the preliminary tests of 
this research, and was not added to the ED–based geo-
polymer binder. The new binder expanded approximately 
3.5 times within 10 minutes after the binder was poured 

into the molds (Fig. 3a). However, after 30 minutes, sepa-
ration of solid and gas phases was observed, and the foam 
collapsed (Fig. 3b). The reason for this result may be the 
lower plastic density (≤0.5 g/cm3) of the porous binder 
which results in a significant decrease in the bubble con-
finement force (Fc) and leads to more giant and more 
closely spaced bubbles. Increasing bubble diameter causes 
an increase in the bubble buoyancy force (Fb). When Fb 
overcomes the surrounding Fc, bubbles become buoyant 
and float towards the surface of the porous binder, dis-
place the surrounding solids, reach the surface, and col-
lapse occurs [29]. Thus, in the first stage, the effects of the 
FS/P ratio (20/100, 25/100, 33/100, 50/100, and 100/100, 
by weight) on the properties of the foam were researched. 
The Al/P ratio was kept constant at 0.5% in this stage. The 
workability of the binder was determined by the flow table 
test performed according to ASTM C 1437 [30]. The wa-
ter/total solid ratio, which results in optimum workability, 
was 0.4, and flow was found to be 100.

Figure 2. XRD data of ED and hardened mortar (ED)T.

Figure 3. (a) The specimens 10 minutes after placing the 
molds; (b) The existence of collapse 30 minutes after plac-
ing the molds.

(a) (b)
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According to the results of the first stage experiments, 
the FS/P ratio was selected as 20/100 because it has consis-
tent properties for the following study stage. In the second 
stage, the effects of the Al/P ratio (0, 0.25, 0.50, 1.0, and 
1.5%, by weight) on the foam's physical, mechanical, and 
thermal properties were tested. The specimen codes, mix-
ing ratios, and curing conditions according to the experi-
ment stages are shown in Table 2.

The solid components (ED and fine sand) were mixed 
in a plastic bowl and then added to previously homog-
enized alkali activators and mixed for 5 minutes. After-
ward, Al powder was added and mixed for additional 2 
minutes. The mixture was then poured into 40 x 40 x 160 
mm molds. It should be noted that foaming started imme-
diately after Al powder was added to the mix. The reaction 
time for volume expansion of the mixture took approxi-
mately 10 minutes. Since the volume expansion ratio of 
the foam differs depending on the quantity of the added 
Al powder, in each increment of the Al powder addition, 
the volume expansion ratio of the mortar was determined 
by using a 500 ml glass test tube. The produced fresh mor-
tar was filled in this test tube up to the level of 100 ml. 
After the expansion was completed, the volume expansion 
ratio (Rve) was calculated by Eq. (1):

Rve=(Vf–Vi)/Vi (1)
where Vi is the initial volume of the fresh mortar 

(ml); Vf is the final volume of the mortar (ml). Thus, 
the least amount of mixture was poured into the molds, 
and overflowing of the mixture from the mold during 
the expansion was prevented. The molded blend was 
covered with Polyethylene (P.E.) film to prevent rapid 
evaporation and cured at 70 °C and 95±5% R.H. for 
24 h. Cured specimens were then taken from the oven 
and were kept at ambient temperature (20±2 °C, 50±5% 
R.H.) for seven days.

2.3. Testing Methods
Throughout the study, the relevant standards applied 

each physical and mechanical test to 9 prismatic specimens 
of 4 x 4 x 16 cm dimensions.

Bulk density was calculated as the ratio of the dry mass 
to volume of the samples dried to a constant weight in a 
ventilated oven at 105 °C (TS EN 1015–10 [31]).

The water absorption ratio (Ab) was calculated by con-
sidering the amount of water absorbed by the specimens, 
which were dried to a constant mass (md). The specimens 
were wholly immersed in water at 20°C for 48 hours, re-
moved from the water, and weighed again (ms). The water 
absorption ratio was calculated according to the following 
equation (2) (TS EN 13755 [32]):

Ab=([ms–md]x100)/md (2)
The ultrasound pulse velocity (U.P.V.) test was applied 

according to TS EN 14579 [33] with a portable Proceq ul-
trasonic non–destructive device.

The flexural strength was specified by using a machine 
(Universal) with a 300 kN capacity and 50 N/s loading rate 
(TS EN 196–1 [34]). The specimen was put on the machine 
with one side face on the supporting rollers and its longi-
tudinal axis normal to the supports. The load was applied 
vertically using the loading roller to the opposite side face 
of the specimen and increased until fracture. The flexural 
strength (Rf) was according to the following equation (3):

Rf=(1.5xFfxl)/b3 (3)
where b is the side of the square section of the specimen, 

(mm); Ff is the load applied to the middle of the specimen at 
fracture, (N); l is the distance between the supports, (mm).

Eighteen samples, broken into two pieces in the flexur-
al strength test, were subjected to the compressive strength 
test (TS EN 196–1 [34]). The specimen was centered later-
ally to the machine's plates, and the load was increased at a 
2400 N/s rate until fracture. Compressive strength (Rc) was 
calculated from Eq (4):

Table 2. The specimen codes, mixing ratios, and curing conditions of the ED-based geopolymer foams according to the experiment stages

Stage Code Activator Activator-to- Total water-to- FS/P Al/P Curing 
  ratio pozzolan solid (by weight) (%, by weight) conditions 
   (by weight) (by weight)

i SK-20/100-0.5 2.5 0.3 0.40 20/100 0.5
 SK-25/100-0.5    25/100 
 SK-33/100-0.5    33/100 
 SK-50/100-0.5    50/100 
 SK-100/100-0.5    100/100  70 °C,
ii SK-20/100-0 2.5 0.3 0.40 20/100 0 95±5 %
 SK-20/100-0.25     0.25 R.H. for
 SK-20/100-0.5     0.5 24 h
 SK-20/100-1.0     1.0
 SK-20/100-1.5     1.5

Specimen codes consist of XX-X-X format. The first symbol shows the alkali activator type (S: Sodium silicate, K: Potassium Hydroxide); the second 
shows the FS/P ratio, and the third points out the Al/P ratio.
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Rc=(Fc/1600) (4)
where Fc is the maximum load at fracture, (N); 1600 is 

the area of the plates (40 mm × 40 mm), (mm2).
Thermal conductivity was measured using the heat 

flow meter apparatus in steady–state conditions per ASTM 
C518–17 [35]. The heat flow meter apparatus consists of 
two copper plates, one heat flux transducer, and a protec-
tive casing with thermal insulation to prevent heat loss. The 
specimen (100 mm diameter and 10 mm thickness) was 
positioned between two copper plates, and the heat flow 
passing through the plates was recorded. The difference in 
temperature between the copper plates (∆T=T1–T2) and the 
heat flux (Q) was obtained with conventional sensors. Fou-
rier's law of heat conduction was used to calculate thermal 
conductivity by using Eq. (5):

 (5)

where Q is heat flux flowing through the specimen 
(W/m2), λ is thermal conductivity (W/mK), ∆T is the 
temperature difference across the specimen (K), x and d 
are the thickness of the specimen (m), T/x is temperature 
gradient (K/m).

Optical analysis, which gives a detailed two–dimen-
sional picture of the pores, was carried out to characterize 
the morphology of macroscale pores (>10 µm). The spec-
imens were cut from geopolymer foams using a cutting 
machine. Three samples were prepared for each analy-
sis, and four images of a fracture section of each sample 
were observed by optical microscope (1×). However, it is 
difficult to determine the pore size distribution solely by 
analyzing the microscopic images. Therefore, image anal-
ysis was conducted using Image–Pro Plus Image Analysis 
Software to analyze better the morphology of macroscale 
pores (air pores with >10 µm). The pore dimensions were 
quantified with equivalent circle diameter. Porosity, av-
erage pore diameter, maximum pore diameter, and pore 
size distribution were determined. The distribution of 

mesoscale pore (100 nm –10 µm) was not considered be-
cause they are assumed to be insignificant in affecting the 
properties of geopolymer foams [36]. The test results are 
given in Table 3.

3. RESULTS AND DISCUSSION

3.1. Influence of the Fine Sand–to–Pozzolan Ratio on 
the Properties of the ED–Based Geopolymer Foam
Pores are generated by a gas–releasing reaction in the 

geopolymer mixture, which results in a cellular structure 
when set. After Al powder is added to the homogeneous 
geopolymer mixture, in the alkali environment, reactive 
metal powders are oxidized in the presence of water to re-
lease H2 gas according to the reaction in Eq. (6) [37]:

Al (s)+3H2O(l)+OH–(aq)→Al(OH)–4 (aq)+3/2H2 (g) (6)
The hydrogen gas bubbles generated led to the ED–

based geopolymer binder's expansion, which continued 
for the next 10 minutes. The influence of the FS/P ratio on 
the volume expansion ratio of the mortar was investigated 
together with the observation of the surface properties of 
the expanded specimens (Table 4). According to this, the 
volume of the first series prepared with a 20/a 100 FS/P 
ratio increased 3.0 times compared to their initial volume. 
Volume expansion ratios of the specimens, for each fine 
sand–pozzolan ratio increment, decreased by 2.8, 2.5, 2.2, 
and 1.1 times respectively. Especially in the specimens with 
the highest sand content (100/100 FS/P ratio), Al powder 
could not swell the binder, and almost no volume expan-
sion (Table 4–Fig. e). The higher the amount of sand, the 
lower the alkali activator, Al powder, and pozzolan ratio, 
which are responsible for foaming the binder. In addition, 
light gray material precipitation looking like aluminum was 
observed on the top open surfaces of the sand–rich speci-
mens (33/100, 50/100, and 100/100 FS/P ratio) after oven 
curing at 70 °C. This causes surface deformation; accord-
ingly, the color and texture homogeneity of the specimens 
was impaired (Table 4–Fig. c–e).

Table 3. Test results of the ED-based geopolymer foam

Stage Code Bulk density Water absorption Porosity UPV Flexural strength Compressive 
  (g/cm3) by weight (%) (%) (km/s) (MPa) strength (MPa)

i SK-20/100-0.5 0.51 69.63 76.80 1.25 0.90 1.39
 SK-25/100-0.5 0.55 66.09 72.72 1.28 1.02 1.63
 SK-33/100-0.5 0.59 59.15 70.62 1.32 1.15 1.76
 SK-50/100-0.5 0.64 54.04 68.47 1.44 1.37 1.95
 SK-100/100-0.5 0.85 48.02 64.01 1.60 1.62 2.52
ii SK-20/100-0 1.29 28.69 43.72 1.95 3.92 5.69
 SK-20/100-0.25 0.60 63.68 72.31 1.41 1.22 2.09
 SK-20/100-0.5 0.51 69.63 76.80 1.25 0.90 1.39
 SK-20/100-1.0 0.48 74.75 79.69 0.91 0.33 0.85
 SK-20/100-1.5 0.46 79.32 82.66 0.65 0.12 0.40
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The influence of the FS/P ratio on the physical and me-
chanical properties of ED–based geopolymer foam is given 
in Figure 4.

The gradual increase of the FS/P ratio from 20 to 100% 
decreased porosity and water absorption by 0.83 and 0.68, re-
spectively. Parallel to this decrease, there was an almost two-
fold increase in the bulk density of the specimens (1.66 times). 
Notably, this becomes significant in the region between 50 to 
100% FS/P ratio, where the increment ratio of the sand is two-

fold. U.P.V., flexural and compressive strengths of the speci-
mens increased 1.28, 1.80, and 1.81 times, respectively. When 
the increment of the sand ratio is twofold in the region between 
50 to 100% FS/P ratio, the material's compressive strength in-
creases significantly parallel to the increase of its bulk density.

Figure 5 shows the microscopic images of ED–based 
geopolymer foams in each FS/P ratio. The sand ratio in-
creases lead to a decrease in the pore volume (porosity) and 
the number of pores, which is also consistent with physical 

Table 4. The effects of the FS/P ratio on the volume expansion ratio and surface properties of the swollen specimens

FS/P 
(by weight)

20/100

25/100

33/100

50/100

100/100

Volume 
expansion ratio

3.0 times

2.8 times

2.5 times

2.2 times

1.1 times

Surface properties 

Homogenous surface and color

Homogenous surface and color

Non-homogenous surface and color

Non-homogenous surface and color

Non-homogenous surface and color

The specimens after 70 °C ovens curing for 24 h

(a)

(b)

(c)

(d)

(e)
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test results. Frequency distribution diagrams of the pore di-
ameters were prepared and given in Figure 6. Accordingly, 
the diameter of the specimens' pores ranged from 61 µm 
to 2038 µm (2.038 mm). The gradual increase of the FS/P 
ratio from 20/100 to 100/100 reveals that the distribution 
of pore size shifts towards the larger pore size distribution. 
The specimens with a 20/100 FS/P ratio are more homoge-
nous with finer pore sizes, regular (narrower) pore size dis-
tribution, and a maximum 1217 µm pore diameter. When 
the sand content of the binder increases, the porous matrix 
shows the non–homogeneous distribution of larger pores, 
and the maximum pore diameter increases up to 2038 µm. 
The average pore diameter is 280 µm in the specimens hav-
ing a 20/100 FS/P ratio, while the average pore diameter 
increases up to 407 µm depending on the increase of the 
FS/P ratio (100/100). These findings may be due to a high-
er proportion of pores between fine sand particles and at 
the fine sand–binder interface. In addition, the pores of 
sand–rich specimens have a higher degree of interconnec-
tivity, whereas the specimens having lower sand content 
have a relatively lower degree of interconnectivity between 
pores. Furthermore, while the number of pores per mm2 is 
the highest in samples with a 20/a 100 FS/P ratio, increas-
ing sand content decreased the number of pores per mm2. 
From these findings, it can be inferred that the total amount 
of fine sand in the porous geopolymer mixture controls the 
pores' total volume, dimension, and size distribution.

Total pore areas and porosities of the specimens as a 
function of the FS/P ratio are given in Figure 7. Accord-
ing to this, both the porosities of the specimens (obtained 
by experiments) and total pore areas per mm2 (obtained by 
image analysis) decrease with the increase of sand content 
of the mixture. This decreasing trend is significantly similar 
for both factors, which may also denote that the image anal-
ysis is a suitable method for determining the pore volume 
of the geopolymer foams.

3.2. Influence of the Al Powder–to–Pozzolan Ratio on 
the Properties of the ED–Based Geopolymer Foam
The effects of the Al/P ratio on the physical and me-

chanical properties of ED–based geopolymer foam having 
20% find sand content are given in Figure 8.

When the Al/P ratio increases gradually from 0% to 
1.5%, two distinct regions become apparent in the evolu-
tion of the properties. At first, adding 0.25% Al/P into the 
mixture was quite effective in pore–forming, and the bulk 
density of the material dropped by 53%. Beyond this level to 
the 1.5% Al/P, even though there was a 1.25 times increment 
in the Al powder ratio, the same property only decreased by 
23%, which may show the influence of Al powder in pore–
forming became lower. Other properties of the material as a 
function of Al/P ratio increment displayed almost a coherent 
change with the bulk density. At 0.25% Al/P ratio, the poros-
ity, and the water absorption ratio increased sharply by 1.65 
and 2.21 times, and parallel to this increase in U.P.V., flexur-
al and compressive strengths of the specimen decreased by 
0.72, 0.31, and 0.36 times, respectively. The gradual decrease 
in U.P.V. (54%) in the whole aluminum powder increment 
range may have resulted from the porous structure's gradu-
al formation. The decreasing tendency of physical and me-
chanical properties with the increasing pore foaming agent 
content is also consistent with other study results [3, 5, 38].

Figure 9 shows the microscopic images of ED–based 
geopolymer foams with various Al/P ratios, and Figure 10 
shows frequency distribution diagrams of the pore diame-
ters and average and maximum values of pore diameters of 
ED–based geopolymer foams with various Al/P ratios.

Increasing the Al/P ratio from 0 to 1.5% led to an in-
crease in the total pore volume of the ED–based geopoly-
mer and was consistent with the physical test results (Fig. 9 
and 10). Pore diameters of the specimens ranged between 
72 µm and 1787 µm (1.787 mm). Specimen with 0.25% 
Al/P ratio has homogenous, fine pore size with regular 
(narrower) pore size distributions. Average and maximum 
pore diameter was detected as 268 µm and 1200 µm, re-
spectively. Gradually increase in the Al/P ratio from 0.25 
to 1.5% shifted the pores of the specimen towards broader 
pore size distribution. Non–homogeneous distribution of 
larger pores with an average pore diameter of 411 µm and 
maximum pore diameter of 1787 µm were detected in its 
porous matrix. In addition, the pores showed a higher de-
gree of interconnectivity than the specimens, with a 0.25% 

Figure 4. Effects of the FS/P ratio on the physical and me-
chanical properties of ED-based geopolymer foam.
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Al/P ratio. This degree of pore coalescence may have led 
to a non–homogeneous pore structure and caused the least 
number of pores per mm2, compared to other samples. 
Similar results were obtained by various studies [16, 39]. 

Thus, it can be stated that in the porous geopolymer mix-
tures, the content of Al powder is decisive in determining 
the total volume, dimension, size distribution of the pores, 
and the degree of interconnectivity between them.

Figure 5. Microscopic images of ED-based geopolymer foams having various FS/P ratios.
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The ultrasound pulse velocity (U.P.V.) is a non–de-
structive test method used to measure the homogeneity 
of concrete [40]. The pores and cracks in the concrete re-
duce the U.P.V. of the material, which aids in specifying 
the quality of concrete [41]. In this study, the homogeneity 
of the pore distribution of the material is determined by 
measuring the U.P.V. in two different regions of the sample 
(Fig. 11a), and the homogeneity percentage is calculated 
according to the standard deviation of U.P.V. results (Fig. 
11b). The highest homogeneity (99.3%) was obtained from 
the specimens which do not have any Al powder content 
as expected. Increasing the Al powder content led to a de-
crease in the homogeneity of the ED–based geopolymer 

Figure 6. Frequency distribution diagrams of the pore diameters, average and maximum values of pore diameters of ED-
based geopolymer foams having various FS/P ratios.

Figure 7. Total pore area and porosity of ED-based geo-
polymer foams as a function of FS/P ratio.
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foams. Mainly, the least level of homogeneity (85.8%) was 
observed in the specimens having a 1.5% Al/P ratio, which 
may have resulted from the larger pore size distribution. 
This result confirms the findings that adding more Al pow-
der may cause a microstructure with larger pores and ir-
regular pore size distribution.

The effects of the Al/P ratio on porosity, average pore 
diameter, thermal conductivity, and compressive strength 
are given in Figure 12.

The porous microstructure of ED–based geopolymer 
mortar by adding Al powder in various proportions caused 
lower compressive strength than the sample without Al 
powder content. The specimens containing lower amounts 
of Al powder (0.25 and 0.50%) have found higher strengths 
due to the paste's being more homogenous with finer pore 
size and narrower pore size distribution. In addition, these 
specimens have a relatively lower amount of interconnec-
tivity between pores. Thus, regularly formed air pores in-
crease the compressive strength [42]. However, in the spec-
imens with a 1.5% Al/P ratio, pores were interconnected, 
and a higher degree of pore interconnectivity and foam co-
alescence (merging of bubbles) led to a wide distribution of 
pore size and lower strength [42]. When the pore wall is too 
thin to bear incoming shrinkage, and if there are excessive 
bubbles in the matrix, during the drying process, the films 
between them become weak, and the bubbles start to co-

Figure 8. Effects of Al/P ratio on the physical and mechan-
ical properties of ED-based geopolymer foam.

Figure 9. Microscopic images of ED-based geopolymer foams having various Al/P ratios.
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alesce, giving rise to much more connected pores with larg-
er overall pore size. Accordingly, the mechanical properties 
of the material decrease [43–46].

3.3. Thermal Properties of the ED–Based Geopolymer 
Foam
In the current study, Al powder was added to the geo-

polymer mortar to reduce its thermal conductivity without 
compromising the physical and mechanical performance 
requirements required for the material to be used in parti-
tion walls. The gradual increase of the Al/P ratio from 0% 
to 1.5% is directly proportional to the increase in porosity 
(1.89 times), but it is inversely proportional to the thermal 
conductivity, where it decreased from 0.312 W/mK to 0.087 
W/mK (0.27 times) (Figure 12). A higher degree of porosity 
means more pores that may act as thermal insulation [47] 
since the thermal conductivity of still–air is lower than that 
of the solid matrix [48]. The most significant decrease in 
the thermal conductivity of the material occurred between 
0–0.25% Al/P ratio, which highlights the positive effect of 
Al powder addition on lowering the thermal conductivity 
of the solid matrix. By increasing the Al/P ratio from 0.25 
to 0.50, the porosity and average pore diameter increased 
approximately 1.1 times, while the thermal conductivity de-

creased 0.75 times. By increasing the Al/P ratio from 0.50 
to 1.50, although the porosity and pore diameter increased 
approximately 1.50 times, the decrease in the thermal con-
ductivity was only 0.86 times (Figure 12). Increasing the 
amount of Al/P ratio by more than 0.50 did not give the 
expected effect in reducing the thermal conductivity. This 
may be due to the contrasting effect of the non–homoge-
neous pore size distribution with larger pores (Figure 9). 
Therefore, it can be stated that the development of the ther-
mal insulation capacity of a geopolymer foam is not only 
affected by the porosity and hence density, but also by the 
pore size, shape, and interconnectivity between pores [49, 
50]. Smaller, more circular, and less interconnected pores 
increase the insulation capacity in porous structures [51].

In the case of higher thermal performance is expected, 
the specimen with the lowest thermal conductivity (0.087 
W/mK) having the highest Al/P ratio can be selected as 
optimum. However, mechanical properties cannot be ig-
nored during practical implementations [43]. Indeed, it is 
expected that these porous materials have the least strength 
that could maintain their stability under loads of non–load 
bearing wall sections. The criteria in the production of ED–
based geopolymer foam are determined to have a thermal 

Figure 10. Frequency distribution diagrams of the pore diameters, average and maximum values of pore diameters of ED-
based geopolymer foams having various Al/P ratios.
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conductivity of ≤0.1 W/mK and compressive strength of 
≥1.0 MPa [48]. According to this, the optimum Al/P ratio 
of 0.5% meets the determined criteria.

3.4. Comparison with Other Current Inorganic 
Ceramic Wall and Insulation Materials
Bulk density, thermal conductivity, and compressive 

strengths of ED–based geopolymer foams are compared 
with those of various inorganic ceramic wall and insulation 
materials used in the building sector (Table 5, Fig. 13).

According to Table 5 and Figure 13, the thermal con-
ductivities of ED–based geopolymer foams produced in 
this study were higher than that of glass foam and lower 
than that of vertically perforated lightweight brick; sim-
ilar results were obtained with pumice concrete, aerated 
autoclaved concrete, and foam concrete. Suppose protec-
tive layers can compensate for their lower compressive 
strength and higher water absorption ratio. In that case, 
this material may be used as a core layer of a laminated 
geopolymer composite, which behaves homogenously re-
garding macro scale.

3.5. Comparison with Other Existing Studies in the 
Literature
The porosity, thermal conductivity, and compres-

sive strength of ED–based geopolymer foams are com-

pared with those of geopolymer foams produced from 
various aluminosilicate sources and pore foaming 
agents (Table 6).

According to this comparison, the lowest thermal con-
ductivity of ED–based geopolymer foam (0.087 W/mK) 
is higher than that of ultrafine perlite–based geopolymer 
foam [9]; similar to that of fly ash [3], bottom ash [20, 53], 
and a combination of metakaolin and fly ash [54] based 
foams; lower than that of fly ash [10, 38], calcined kaolin 
[55], natural soil of Pakistan [5], a combination of me-
takaolin and silica fume [6], metakaolin [13, 14, 16, 56], 
waste glass [19], and metakaolin waste, glass waste and 
steel–plant waste [21]–based geopolymer foams. It is seen 
that the porosity and compressive strength values of the 
produced foam like to those of the other materials in the 
table. Thus, ED–based geopolymer foam looks promising 
to be used as a rigid inorganic wall insulation material in 
the building industry.

Figure 11. (a) Ultrasound pulse velocity obtained from two 
different regions in a sample; (b) calculated homogeneity 
percentage.

(a)

(b)
Figure 12. Effects of the Al/P ratio on porosity, average pore 
diameter, thermal conductivity, and compressive strength.

Figure 13. Comparison of the properties of ED-based 
geopolymer foam with inorganic ceramic wall and insu-
lation materials (P.C.: Pumice concrete, A.A.C.: Aerated 
autoclaved concrete, F.C.: Foam concrete, VPLB: Vertically 
lightweight perforated brick, G.F.: Glass foam, T.I.P.: Ther-
mal insulation plasters, ED: Earth of Datça-based geopoly-
mer foam).
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4. CONCLUSIONS

In line with the results obtained throughout the study, 
the following remarks can be specified:
• Geopolymer mixture produced by mixing Al powder as 

a foaming agent and volcanic Tuff of Datça Peninsula in 
Turkey as aluminosilicate source gives promising results 

in producing highly porous geopolymers with low ther-
mal conductivity.

• The addition of finely ground silica sand ensures the 
volumetric stability of the geopolymer binder and pre-
vents the collapse after swelling of the binder. 

• The volume expansion ratio of the binder decreases 
with the increasing fine sand to pozzolan (FS/P) ratio. 

Table 5. Compare ED-based geopolymer foam properties with other inorganic ceramic wall and insulation materials

Material Bulk density Thermal conductivity Compressive strength 
  (g/cm3) (WmK) (MPa)

Thermal insulation plasters [52] ≥0.2 0.05–0.10 –
Pumice concrete [52] 0.4–1.3 0.12–0.47 2.5–5.0
Aerated autoclaved concrete [52] 0.35–1.0 0.11–0.31 ≥4
Foam concrete [10] 0.3–0.5 0.081–0.19 ≥0.4
Vertically perforated lightweight brick [52] 0.5–1.0 0.22–0.29 2.5–7.5
Glass foam [52] 0.1–0.15 0.045–0.060 0.12–0.14
Earth of Datça-based geopolymer foam
 Al/P ratio (%)   
 0 1.29 0.312 5.69
 0.25 0.60 0.134 2.09
 0.50 0.51 0.101 1.39
 1.0 0.48 0.088 0.85
 1.5 0.46 0.087 0.40

Table 6. Comparison of ED-based geopolymer foam properties with other geopolymer foams containing various aluminosilicate 
sources and pore-forming agents

Reference Aluminosilicate Pore-forming Porosity Thermal conductivity Compressive strength 
 source agent (%) (W/mK) (%)

[9] Ultrafine perlite H2O2 74–89 0.03–0.06 0.2–0.8
[3] Fly ash  H2O2 74–81 0.07–0.09 0.4–1.4
[53] Bottom ash Sodium silicate 66–76 0.074–0.09 1.2–3.5
[20] Bottom ash Sodium silicate  42–73 0.075–0.091 3.0–6.2
[54] Metakaolin+ fly ash H2O2 48–81 0.08–0.2 0.3–21
Current study Earth of Datça Al powder 72.3–82.6 0.087–0.134 0.40–2.09
[10] Fly ash H2O2 41.5–72.5 0.10–0.40 1.2–6.6
[55] Calcined kaolin H2O2 56–75 0.11–0.17 1.8–5.2
[14] Metakaolin H2O2 60.2–83.1 0.11–0.17 0.3–11.6
[6] Silica fume +metakaolin Silica fume 78–85 0.12–0.17 –
[13] Metakaolin Silica fume 65–85 0.12–0.35 –
[56] Metakaolin Silica fume 65–85 0.12–0.35 –
[21] Metakaolin waste, Aluminum scrap 83–86 0.14–0.15 1.1–2.0
 Glass waste, recycling waste
 Steel-plant waste
[16] Metakaolin  Al powder 30–70 0.15–0.60 –
[19] Waste glass H2O2 55 0.21 7.3
[5] Natural soil from Pakistan H2O2 54–63 0.27–0.35 1.57–2.41
[38] Fly ash SiC powder 32–52 0.42–0.67 1.2–4.1
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The optimum FS/P ratio is determined as 20/100 since 
it enables the production of more homogeneous mortar 
without any collapse and surface deformation. The pores 
of sand–rich specimens show the non–homogeneous 
distribution of the larger pores with a higher degree of 
interconnectivity. Furthermore, because fine sand de-
creases the porosity and increases the density of the mor-
tar, it leads to reduce thermal performance; the amount 
of fine sand should not be increased unnecessarily.

• The optimum Al powder to pozzolan (Al/P) ratio is 
determined as 0.5% because it gives better physical, 
mechanical, and thermal properties due to its more ho-
mogenous microstructure with finer pore size, regular 
(narrower) pore size distribution, and lower degree of 
interconnectivity (low amount of pore coalescence).

• The thermal conductivity is affected by the total volume 
of the macroscale pores (>10 µm), shape, and intercon-
nectivity between pores. Smaller, more circular, and less 
interconnected pores increase the insulation capacity in 
porous structures.

• Thermal conductivities of ED–based geopolymer 
foams (0.087–0.134 W/mK) were found within a sim-
ilar range with commonly used alternative inorganic 
ceramic wall materials.

• The high insulation capacity is considered the main 
key parameter. ED–based geopolymer foam provided 
promising data to be used as a rigid wall insulation ma-
terial in the building industry. However, its compara-
tively lower mechanical properties and higher water 
absorption ratio could be compensated by protective 
layers, and it could be used as a core layer of a laminat-
ed geopolymer composite that behaves homogenously 
with regard to macro scale.
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