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ABSTRACT

Metakaolin-based porous geopolymers were synthesized by direct foaming using various
surfactants/stabilizing agents with or without chemical pore-forming agent (hydrogen perox-
ide). The effects of surfactants/stabilizing agents and solid loading on their pore morphology,
density, porosity, and some properties, such as thermal conductivity and compression
strength, were investigated. Experimental data and different theoretical models were success-
fully applied to evaluate both compression strength (o) and effective thermal conductivity (A)
as a function of porosity (g). Porous geopolymers with higher € presented both a lower value of
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mechanical strength and improved thermal conductivity performance. The variation of o with €
could be well described by the minimum solid area (MSA) model, and the variation of A with €
was found to be more accurately described using a universal model derived from the five basic

models.

1. Introduction

Porous geopolymers (PGs) is one of the fastest-growing
research area in the field of porous inorganic non-
metallic materials, because of the good global availabil-
ity and low cost of the starting materials, the possibility
of producing components without requiring a sintering
step, and their promising properties (high mechanical
strength, low thermal conductivity, very good chemical
stability etc.) [1-3]. The manufacturing of such compo-
nents has been motivated by a large number of poten-
tial applications, such as inorganic membrane and
membrane supports [4-6], low-cost adsorbents [7-9],
acoustic and thermal insulation [9,10], etc. A wide
range of processing techniques (direct foaming method,
replica route, sacrificial filler method, 3D printing, com-
bined route, etc.) have been demonstrated for the fab-
rication of PGs over the last decade [1], with direct
foaming method being the simplest and most promis-
ing for large-scale manufacturing. Aluminum powder
(Al), silicon powder (Si) and other Si-containing materials
(FeSi, SiC, silica fume), and hydrogen peroxide (H,0,)
solution have been employed as chemical pore-foaming
agents (CPFAs) for the fabrication of PGs [1]. H,0, solu-
tion is more suitable compared with the use of metallic
Si and Al due to the well-controllable decomposition of
hydrogen peroxide and the possibility of homoge-
neously distributing the foaming agent within the

geopolymer slurry [1,11,12]. Additionally, previous
investigations have indicated that adding suitable sur-
factants or stabilizing agents (SAs) into the slurry bene-
fits the stability of the wet foam and assists in
controlling the amount of interconnected (open) poros-
ity generated, i e., PGs with low density, high strength as
well as controllable porosity can be achieved by the
synergistic effect of CPFAs and SAs [1,[11].

Metakaolin (MK), derived from kaolin minerals after
thermally treated, showed more consistent chemical
compositions than fly ash and slag, and was widely
used for geopolymer manufacture [1,[13].

Various of surfactants or stabilizing agents (SAs,
when they combined with blowing agents) including
protein [5], vegetable oils [11], Tween-80 [9], Triton
X-100 [14], sodium dodecyl sulfate(SDS) [15], oleic
acid [16], Sikas Lightcrete02 [17], sodium dodecyl ben-
zene sulfonate (SDBS) [18-20], and other commercial
surfactants (no chemical composition given) [21,22]
etc.,, combined with or without H,0O, solution have
been investigated to develop porous geopolymer
components [1]. However, there are no comparative
studies, to the best of our knowledge, aiming at asses-
sing the effect of using different surfactants for the
pore structure, mechanical and thermal properties of
porous geopolymers while maintaining constant the
composition of the geopolymer slurry.
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In this study, porous metakaolin-based geopoly-
mers (PMGs) were fabricated using different surfac-
tants/SAs. Effects of different surfactants on total
porosity, bulk density, cell size and cell size distribu-
tion, pore microstructure as well as mechanical and
thermal properties of PMG samples were reported.
Furthermore, the solid content in the slurry and the
synergistic effect with chemical pore-forming agent
with the different surfactants or stabilizing agents
(SAs) were also investigated. The change in the thermal
conductivity and compressive strength of PG materials
as a function of the percentage of porosity was also
investigated.

2. Experimental section
2.1. Raw materials

Metakaolin (MK, Chenyi, Henan, China), average parti-
cle size about 10 um, was used as the raw aluminosi-
licate mineral material. The chemical composition of
the MK provided by the supplier is given in Table 1.

LOI* = Loss of ignition

A 9.4 M NaOH solution (obtained by dissolving par-
ticulate sodium hydroxide from Fulu, Tianjin, China)
and a sodium silicate solution (water glass, Dongyue
federation, Shandong, China) with SiO,:Na,O mole
ratio of 3.3 were well mixed to form the alkali activator
solution. 3%w/w H,0, solution, freshly diluted from
30%w/w aqueous H,0, solution (Dongli chemical
enterprise, Jiangsu, China) at room temperature, was
used as CPFA. Previous studies [11] [14] showed that
diluted hydrogen peroxide assisted in achieving
a homogeneous pore structure. The information
(trade name, classification, molecule composition,
effective content, phase of the matter at ambient tem-
perature, and supplier) of the six surfactants or stabiliz-
ing agents (SAs) used in this work are listed in Table 2.

2.2. Manufacturing process

Prior to the experiments, a starting suspension (SS)
of geopolymer, with a theoretical oxide molar ratios:
SiO,/Al,03 = 3.18, Na,O/Al,0; = 0.83, Na,0/SiO,
= 0.26, and H,0/Na,0O = 16.45, was designed

Table 1. Chemical composition (wt%) of the metakaolin.
Si0, AlL,O; Na,0O K,0 MgO Ca0 Fe, 05 TiO, LOI*
55.06 44.12 0.06 055 006 017 0.76 024 0.62
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based on previous works [9,[11]. SS was obtained
by mechanical mixing (paddle type mixer, 0S-20,
Dragonlab, Beijing, China) of the MK and the alkali
activator solution for 40 min at 600 rpm. Here, the
weight ratio of SAs in the SS was defined as x%, the
weight fraction of additional H,O, and H,O in the
SS was defined as y% and z%, respectively. The SAs
(x = 3.15 wt%) were added into the SS stirring at
1200 rpm for 5 min. Then, H,0; solution (y = 11 wt
%) or additional water (z = 11 wt%) was added into
the SS stirring another 5 min at 800 rpm. PGs only
with H,O, addition (PMGH) were also produced for
blank samples.

After being prepared, the wet foams were cast
into resin molds, the molds were sealed with poly-
ethylene films to prevent the formation of drying
cracks and put into an electric thermostat blast
dryer (DHG-9076A, Jinghong, Shanghai, China). The
curing temperature was initially fixed at 35°C
(~24 h) to avoid rapid decomposition (H,O,) to
ensure well-controlled pore formation, and then
the samples were cured at 75°C for another 24 h
to promote consolidation and further hardening
through the completion of the geopolymerization
reaction [9,11]. The dimensions of the resulting por-
ous metakaolin-based geopolymer (PMG) samples
were about ~15 x~65x ~65 mm? after polishing.

2.3. Characterization

Thermal conductivity (A) of the polished and dried
PMG samples was characterized at ambient environ-
ment using the transient plane source method,
using a hot-wire thermal properties analyzer (DRE-
[, Xiangtan, China) [9,11]. Three cubic specimens
were measured per each test, to ensure reproduci-
bility and accuracy, and the average results are
reported.

The original-polished specimens were cut into
regular parallelepipeds (~15 x~20x ~20 mm?®) and
dried for further characterization. Uniaxial compres-
sive strength (o) was determined by using a WDW-
100 wuniversal material testing machine (Kexin,
Changchun, China) at a rate of 1T mm/min, and the
average compressive strength (standard deviation)
of the specimens derived from five cubic specimens
per mixture were reported. Stress-strain curves and
elasticity modulus (E) were obtained after data
analysis.

Table 2. Details of the six surfactants or stabilizing agents (SAs) used in this work.

Sample label Trade name Type Molecule Content (wt%) Phase Supplier

K12 K12 Anionic Sodium dodecyl sulfate (SDS) 93 Solid Lusen, Shandong,China

JFC JFC-3 Nonionic Isomeric octanol ethoxylates 99 Liquid Lusen, Shandong,China

AK AK-301 Amphoteric Sodium cocoly glycinate 30 Liquid Ankang, Liaoning,China

BC BC Cationic Benzethonium chloride 29 Solid Sunpu Biochem, Beijing,China
SP Soup - - - Liquid Miniso, Japan

PO Palm oil - - - Liquid/Solid  Yihaijiali, Shanghai,China
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The percentage values of total porosity or void
fraction (€) were analytically calculated based on the
following formula (1) [23,24]:

€ =100%(1 — py/p¢) m
where py, is the bulk density of PMG determined by the
simple geometric method (ratio between weight and
geometrical volume) in accordance to ASTM C20-00.
The p; was the true density obtained using a water
pycnometer in accordance to ASTM C604, and the
mean p, values of geopolymer samples were averaged
over three measurements.

The fracture surface of PMG materials was assessed
using desktop scanning electron microscope (SEM;
Phenom pure+, Netherlands) with fixed light optical
magnification range 20x and with high electron optical
magnification range up to ~60,000x.

X-ray diffraction analysis was carried out on geo-
polymer powder using Cu ka radiation (1.54 A) at
40 kV,150 mA, operated with 0.02° 26 steps and
a scan rate of 10 s per step (XRD, D/MAX-TTRIII,
Rigaku Corporation, Japan). To identify the crystal
structures, the obtained powder diffraction patterns
were compared to the International Center for
Diffraction Data (ICDD PDF2) database using the
Match! software.

Fourier-transform infrared spectroscopy (FTIR)
data were collected using an infrared spectrophot-
ometer (Nicolet 6700, Thermo Scientific, Madison,
USA). The IR spectra were gathered between 450
and 4000 cm™' at room temperature with a KBr
pellet.

The average cell size (d) and cell size distribution
of PMGs were obtained via image analysis software
(Nano Measurer 1.2) [11,25,26]. Data acquired from
optic or SEM plane photographs analysis were firstly
converted to three-dimensional values using the
simple stereological equation [11,27]:

Dsphere = Dcircle/0~785 (2)

3. Results and discussion

3.1. X-Ray diffraction and infrared spectroscopy
analysis

Figure 1(a) shows the XRD analysis results of the geo-
polymer (PMGH) and metakaolin. MK possessed a high
content of amorphous phase (diffuse features located at
19-25 degree), and some anatase (TiO,, PDF 00-073-
1764) and quartz (SiO,, PDF 01-087-2096) crystalline
impurities. In the geopolymer, a new broad amorphous
band in the 20-40 degree was detected, and the amor-
phous band centered at 28°was regarded as the typical
diffuse hump for geopolymer (amorphous aluminosili-
cates) [13,16]. In comparison with MK, an obvious shift of
the center of the humps from about ~22° to ~28° was
observed. The presence of the new amorphous phase
together with the shift of the center of the hump from
about 22° to 28° provides corroboratory evidence for
the occurrence of the geopolymerization reaction dur-
ing the synthesis of the material [28].

Figure 1(b) reports the FTIR data for the geopolymer
and the pure MK. The characteristic bands of MK can be
clearly observed at 1080, 802, 566, and 460 cm™ [14,-
29-32]. The strong broad band with wavenumber cen-
tered at 1080 cm™" is related to the stretching vibration
of Si-O-Al and Si-O-Si [14,30], and previous works
reported that this broad band from 1200 to 1000 cm™
is caused by the overlapping of bands derived from
dehydroxilated pyrophyllite [29,31]. Furthermore, the
band at 802 cm™' corresponds to the O-Al-O bending
vibrations of AlQ, tetrahedra [29,31], and the band with
low intensity detected in the spectrum at 566 cm™
belongs to the Si-O-Al bond in octahedral coordination
[14,30].

For the geopolymer, the broad band from 3658
to 3180 cm™' detected in the spectra can be
assigned to stretching vibration of structural water
and free water, and the small bands at 1651 and
714 cm™' is attributed to the bending vibration of
free water [14,31,33]. The occurrence of new corre-
lative characteristic bands, the disappearance of the
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Figure 1. XRD patterns (a) and FTIR spectra (b) of metakaolin and geopolymer powders (PMGH).



band at 802 cm™', and the obvious shift of the
center of broad bands from about 1080 toward
1002 cm™', compared with pure MK, jointly indi-
cated the proceeding of the geopolymerization
reaction and setting [14,30-32]. The new weak
intensity of band located at 1392 cm™' is assigned
to the vibration of the C-O bond of carbonate
groups by the atmospheric carbonation of the alka-
line cations [32].

3.2. Pore microstructure

Porous geopolymers (PGs) were obtained by the direct
foaming route using six different surfactants (SAs,
3.15 wt%; x = 3.15), with or without H,0, as chemical
pore foaming agent (CPFA). The introduction of a large
amount of H,0, (11 wt%; y = 11) to the starting sus-
pension (SS) may have a significant effect on the fluid-
ity. Therefore, samples with same amount of additional
H,O (11 wt%, z = 11) using different types of surfac-
tants were also investigated. Figures 2-4 report the
optical images (a-c) and (A-C), and SEM images (d-i)
and (D-I) of the cellular solids produced using different
types of SAs (amount of stabilizing agent set at
x = 3.15) with and without fixed H,0, content
(y = 11) and fixed H,O content (z = 11). To avoid
repetition and retain clarity, Table S1 lists the values
of average cell size(d), relative density (py), compres-
sion strength (o), total porosity (€), elasticity modulus
(E), and thermal conductivity(\) for samples produced
with different amounts of surfactant (x%), H,O; (y%),
and H,0 (z%).

Previous works [34-36] showed that the nature of
the surfactant plays an important role in the fabrica-
tion of porous geopolymers by direct foaming. Indeed,
different surfactants showed different foaming ability
for the geopolymer slurry (see Figures 2-4 (a, a) (z = 0)
and Figures 2-4 (c, ¢) (z=11)). The total porosity (¢/vol
%) of porous samples varied with different surfactants,
as follows: AKs (68) > K12s (60) > BCs (56) > POs (54)
>JFCs (52) > SPs (50). Figures 2-4 (a, a) showed that the
average cell size was also different between the six
different porous samples. Based on the microscopy
observations, the average cell size (d) and cell size
distribution of PGs were computed using image ana-
lysis software. The cell size distribution was only par-
tially reported (see Figure 5(d-i) for samples using both
SAs and H,0; (x = 3.15; y = 11; z = 0)) for the sake of
brevity. The average cell size (d, in um) of PGs with
different types of surfactant seemingly followed
a different order comparing with total porosity: POs
(158) > SPs (142) > K12s (133)> JFCs (130) > AKs (118) >
BCs (114), although the differences are virtually non-
existent when taking into account the standard devia-
tion. Furthermore, the influence of the solid content in
the slurry was also investigated. As it can be seen in
Figure 2-4 (c,c), the decrease of solid content in the
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slurry (z = 11) results in the obvious increase of the
total porosity for all types of surfactant, this increase
with the decrease of solid content and the variation
with different surfactant can be attributed to foam
ability and foam stability [35,[37,38]. Generally,
a solution (slurry) with lower surface tension of air-
liquid interface and lower viscosity is beneficial to
generate more foams, while higher viscosity and elas-
ticity are help for foam stability [38].

It is interesting to observe that similar order (AKw (77)
> K12w (75) > BCw(64) > JFCw (62) >POw (60)> SPw
(54)) with the type of surfactant as that for the total
porosity (g/vol%). While the order of average cell size
(d/um) was changed as follows: K12w (316) > BCw (227)
> AKw (223) > JFCw (220) > SPw (133) > POw (102),
indicating a strong effect of the solid content on the
obtained cell size. The obvious variation for porosity and
pore structure for the porous samples with different
surfactant could be simply explained by the nature of
the surfactant or the viscosity of slurry [35,[37,38]. The
order of the viscosity of the slurry was measured by Tu-4
cup viscometer by recording the time through the dis-
charge spout (4 + 0.02 mm) at room temperature [39].
High viscosity was observed for slurry of SPs, BCs, AKw,
these slurries showed high viscosity that is outside the
range of the Tu-4 cup method (far more than 150s).
Furthermore, slurry of SPs and BCs showed extremely
high viscosity which was unable to flow out continu-
ously. And slurry of SPs takes more time than BCs for 10
drops. Therefore, the order of flow time for the slurry
(z=0) is: (SPs > BCs [1 K12s=JFCs> POs> AKs>PMGH).
Simultaneously, the viscosity of slurry (z = 11) with
additional H,O was also tested. The order of flow time
is (AKw [ BCw > SPw> K12w> JFCw> POw). As can be
seen, there is no obvious correlation between the pore
characteristics and the viscosity. It should be noted that
the viscosity of slurry is dynamic, and more investigation
should be performed for the rheological property of the
foamed slurry.

Several theories (early mechanical-dynamical stabi-
lity theory, surface elasticity theory by Gibbs, surface
elasticity theory by Marangoni, thin film model the-
ories, etc.) were developed to elaborate the mechan-
ism of foam stability [35,[37,38]. As there are lots of
factors (viscosity (bulk and surface), surface occupancy,
elasticity for surfactant solution, gravity drainage,
capillary suction, and foam films etc.) under static
and/or dynamic conditions that affect the final pore
characteristics. Furthermore, the pore characteristics
also can be affected by the high alkali condition and
exothermic reaction with hardening. Here, the pore
formation can be explained by introducing gas into
the slurry with surfactant. The air-slurry interfaces are
generated and rapidly covered by surfactant mole-
cules. And the foam stability plays a major role in the
final pore characteristics. Take porous samples
obtained by K12 for example, Figure 6 schematically
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exhibited three stages (formation, coalescence, and
solidification) for air bubbles in the constantly chan-
ging foamed slurry. The three stages for the air bubbles
in the slurry can be applied to explain the porosity
increase with the decrease of solid content. As dis-
cussed above, the variety of the surfactant is vital for
the porous characteristics (pore formation and stabili-
zation). More investigations will have to be performed
to further expound the mechanism for the observed
behavior.

The data indicate that the AK surfactant led to high
porosity (77vol%; z = 11), while the K12 surfactant led
to large cell size (d = 316 um; z = 11). The decrease of
solid content in the slurry (z from 0 to 11) is beneficial
to producing more bubbles in the slurry (Figure 6). And
different types of surfactants showed various growth
trends of total porosity. About 25% increase in the &
was achieved to the K12 surfactant, simultaneously,
only ~8% growth was calculated to the PO surfactant
with the decrease of solid content in the slurry. The
increasing trend of porosity using different types of
surfactant with the decrease of solid/liquid ratio is
consistent with the pore morphology (Figures 2-4
and Figure 6). The total porosity of PMGs using PO,
JFC, SP as surfactant showed obvious lower than sam-
ples obtained by AK, K12, BC as surfactant whether the
solid content at high level (z = 0) or low level (z=11).
The porosity data is consistent with the pore morphol-
ogy observed by optical (Figure 2(a); Figure 4(a, a)) and
SEM (Figure 2(d, g); Figure 4(d, g) and (d, g)) micro-
scopy. It seems that these three surfactants (PO, JFC,
SP) show pretty low foaming ability for the slurry espe-
cially when the solid content at high level(z = 0). The
result can be further confirmed by the microstructure
(Figure 2(a,d,g) and Figure 4 ((a,d,9);(a,d,g))). The bulk

11

K12x=3.15;y=0;z=0 K12s  x=3.15;y=11;z=0 K12H x=1§
a b ¢ TR ‘3;
Tmm py=1.00

SE!

300pm £=59.50 300pm £=79.57

SE

I S0pm N 00pm

Kiz2w JFC x=3.15;y=0;z=0 Jrcs x=3.15;y=11;2=0 JFCH x=3.15
COTE 4 g

A

density showed inverse results to the total porosity, as
expected.

Furthermore, for PMGs obtained using the AK sur-
factant at high solid content in the slurry (z= 0), several
smaller pores were observed in the cell walls and the
struts (see Figure 3(d,g)), and these smaller pores can
not be observed when the solid/liquid ratio decrease,
as can be seen in Figure 3(f,i). These results indicate
that the type of surfactant selected for the foaming can
have a significant influence on the pore characteristics
of the geopolymer components obtained by direct
foaming, and that the solid/liquid ratio in the slurry
has also had an important effect.

The combination of surfactants with a chemical
pore-foaming agent was tested to investigate the
synergistic effect on the porous characteristics of PGs.
For comparison purposes, a sample (PMGH, Figure 5(a-
c), x=0;y =11; z= 0) was obtained only using the
chemical blowing agent, to highlight the effect of SAs.
As evident in Figure 5(a, b), a cellular structure with
thick cell wall was obtained, confirming that a porous
structure is formed by the decomposition reaction of
hydrogen peroxide. The decomposition of hydrogen
peroxide enabled the production of geopolymer with
a total porosity (¢) of ~62.58 vol%, compressive
strength of ~14.76 MPa, and thermal conductivity of
~0.20 W/mK and possessing an average cell size of
~321 pum. These results are in line with previous data
obtained using H,0, only as pore-forming agent [5,9].

Figures 2-4((b,e,h) and (B,E,H)) illustrate the mor-
phological features and the cell size distribution of
the PGs obtained with different types of SA and fixed
H,0, content (y = 11). With the addition of H,0,, the
porosity increased significantly, and large spheroidal
cells surrounded by relatively thick struts were

5y=05z=11 JFCw
BT R

I 100pm I 30pm

Figure 2. Morphology of the PMGs using K12 (a-i) or JFC (A-l) as stabilizing agents/surfactants and by adding a combination of

CPFA (H,0,) and stabilizing agents.
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Figure 3. Morphology of the PMGs using AK (a-i) and BC (A-l) as stabilizing agents/surfactants and by adding a combination of

CPFA (H,0,) and stabilizing agents.
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Figure 4. Morphology of the PMGs using SP (a-i) and PO (A-l) as stabilizing agents/surfactants and by adding a combination of

CPFA (H,0,) and stabilizing agents.

observed. The total porosity (g/vol%) varied following
this order: AKH (86) > K12H (80) > BCH (76) > JFCH (73)
> SPH (73) > POH (72). The data showed almost the
same order, except for soap(SP) and oil(PO) SAs at the
same solid/liquid ratio (y = 0; z = 11), accompanied
with increase in porosity of about 20% in comparison
to samples obtained using only SAs (y = 0; z = 0).
Simultaneously, a ~ 10% porosity increase was
detected for PMGs obtained by these four surfactants
AK, BC, PO, JFC comparing samples with SAs and addi-
tional water added (y = 0; z = 11), and maximum
porosity increase (~19%) and minimum porosity
increase (~5%) were achieved by SP surfactant and
K12 surfactant, respectively.

As it can be seen, the number of bubbles (cells)
decreased and their average cell size increased,

confirming that O, gas evolution by the decomposi-
tion of hydrogen peroxide created several large bub-
bles (cells) in the slurry. Compared with the sample
(PMGH, € = 62.58 vol%), the combination of SAs and
hydrogen peroxide in the geopolymer stabilized and
enabled the retention of the gas bubbles rather than
having them escaping from the slurry (Figure 6). The
average cell size (d/um) of PGs obtained by adding
different types of SAs in combination with H,0,
showed the same trend with the € of porous speci-
mens with only SAs added (y = 0; z = 0): AKH (391) >
K12H (375) > BCH (362) > JFCH (336) > SPH (243) >POH
(111). For the PGs produced by stabilizing agent AK
and stabilizing agent K12, smaller pores in the cell wall
were also observed in SEM images in Figure 2(e,h) and
Figure 3(e,h), which were also detected in previous
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Figure 5. Optical (a) and SEM (b) image and average cell size distribution (c) of the PMGs obtained only by adding CPFA (H,0,);
average cell size distribution (d-i) of samples produced by adding a combination of CPFA (H,0,) and stabilizing agents.

works [5,17]. A relatively homogeneous distribution of
micro pores in the geopolymer matrices can be
observed from micrographs (Figures 2-4 (b,eh) and
(b,e,h)), and specific evidence is presented in Figure 5
(d-i). From above-mentioned results, it showed that
different types of surfactants/stabilizing agents (catio-
nic, anionic, amphoteric, and nonionic etc) were effec-
tive to obtain foam slurry at high alkaline solution
using designed geopolymer composition with appro-
priate curing process. A large amount of processing
parameters (rheology, chemistry of surfactants, mixing
speed, activating solution, curing conditions etc.) using
different surfactants/stabilizing agents is still to be
explored to further elucidate the reason for the
observed behavior.

3.3. Porosity, compression strength, and thermal
conductivity

Previous works reported that both mechanical and
thermal conductivity properties of porous geopoly-
mers bear a close correspondence to the volume of

pores (relative density), pore structure and size, com-
position, etc [1,11,40]. Figures (7-8) report the com-
pression strength (o) and thermal conductivity (A) as
a function of the total porosity (€) for samples investi-
gated in this work and published data for porous
metakaolin-based geopolymers (PMGs) produced by
adding only chemical blowing agents (H,0,, Si, Al), or
only stabilizing agents/surfactants, or by adding
a combination of blowing agents and stabilizing
agents. The PMGs were manufactured using only
a chemical blowing agent (H,0,) [1,9,11,41], or either
Tween 80 (TW) [9], egg white (EW) [5], vegetable pro-
tein [42], canola oil (CO), sunflower oil (SO), olive oil
(O0) [11], SDS [34], or cetyltrimethyl ammonium bro-
mide [36] as surfactant, with or without chemical-
blowing agents. Potassium-based porous geopolymers
were produced using only surfactants (EWs) [5], (TWs)
[9], (OO, SO, CO) [11], or by adding a combination of
hydrogen peroxide and surfactants (EWH) [5], (TWH)
[9], (OOH) [11], or only with chemical-blowing agents
(H>0,) such as (SH-5 [5], SH-9 [9]). PMGs developed in
this work possessed mechanical properties very close
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Figure 7. Compression strength vs. total porosity of MK-based PGs made with various SAs or together with CPFA, and samples only
with H,0, in this study and previous works (%). Inset figure represents the MK-based porous samples with data points in this work.
Data points of previous works(%) are labeled with the corresponding abbreviation of surfactants or chemical pore-forming agents
combining with the reference numbers (EW) [5], (TW) [9], (OO) [11].

to the published data for other systems (Figure 7). It is
worthy to note that the sodium-based geopolymer
usually showed lower mechanical strength than potas-
sium-based geopolymer obtained using a similar pro-
cedure [43]. Furthermore, compression stress-strain
curve of specimen is showed in Figs. S(1-6). A typical-
jagged stress-strain curve beyond the peak was

observed when the total porosity higher than 70vol
%, which can be used to confirm the high-porosity
structure as the successive crushing of pore layers
[27,[44,45]. Simultaneously, the variation of elasticity
modulus (E) as a function of the total porosity (€) was
presented in Fig. S7. Unlike the o with the ¢, there was
no obvious relationship between E and &. However,
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when the porosity higher than 70vol%, an exponential
decrease trend of E was showed with the increased
total porosity(e) as well. More works will be done to
further expound the correlation between mechanical
properties to pore characteristics.

With respect to thermal insulation capacity,
a comparison between the PMGs produced in this
study and data reported for various porous geopoly-
mers manufactured using metakaolin as main raw
materials and direct foaming is reported in Figure 8.
Porous metakaolin-based geopolymers with €
between 30 and 70 vol% and with A about 0.15-0.6
W/mK were produced only using Al as chemical pore-
foaming agent (CPFA) [40]. High porosity (65-85 vol%)
and low A (0.12-0.33 W/mK) porous geopolymer were
produced using silica fume and metakaolin as starting
materials, and silica fume also acted as CPFA [46,47].
For PGs with € between 45 vol% and 90 vol%, the value
for A varied from 0.09 to 0.42 W/mK, consistent with
the data reported in other works [5,11,40,46,47].

A simple physical property-porosity model based on
minimum solid area (MSA), proposed by Rice [48-50],
was used to describe the relationship between total
porosity (¢/vol%) and compression strength (o/MPa).
The MSA model, assuming that the mechanical
strength of porous materials depends on the MSA
fraction of the fracture surface, can be simply
expressed by the following equation:

0 = opexp(—bse) (3)

where o, is the zero-porosity strength, b,
a characteristic constant which can be correlated with
the pore characteristics and € the total porosity. A high
correlation factor R? (0.95) was calculated via fitting the

obtained € and o with Equation (3) (see, inset of Figure
7), demonstrating that the relationship between ¢ and
€ can be well explained by the MSA model when the
porosity ranges from [145 vol% to [190 vol%. The
compression strength of porous geopolymers
decreases exponentially with increasing the total por-
osity, as demonstrated also by previous investigations
[1,5]. A possible explanation for the well-fitting results
with the MSA model is that the cell shape can be
regarded as quasi-spherical [50].

The physical property-porosity model (MSA) can be
applied not only to the stress-determined performance
(here, compression strength, o), but also to the flux-
determined performance (here, thermal conductivity,
\) [48]. The corresponding equation can be thus mod-
ified to:

A = Aoexp(—bse) (4)

where Aq is the zero-porosity thermal conductivity and
b, is a characteristic constant. A relatively high correla-
tion factor R? (0.90) was obtained via fitting the
obtained € and A\ with Equation (4) (see, Figure 9(a)),
which indicated that the correlation between A and €
can also be described with sufficient accuracy by the
MSA model.

Furthermore, to better predict the variation
between € and A for materials which can be regarded
as comprised of two components, or two phases, five
fundamental analytical models (Parallel, Series,
Maxwell-Eucken 1 and 2, and Effective Medium
Theory) were proposed. However, the normal above-
mentioned five models, which assume a certain rela-
tively ideal physical structure, are not well suited to
describe the actual pore structure of stochastic porous
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surfactants or chemical pore-forming agents combining with the reference numbers(EW) [5], (TW) [9], (OO) [11], (Al) [40],(Si) [46],
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Figure 9. (a)Variation of the experimental A data as a function of €, and (b) the correlation obtained following the five fundamental

models and the universal model.

materials, such as foams. A new effective medium
theory model, which can also be named as an universal
model, was proposed based on the five fundamental
models [51,52]. The universal model can be expressed
using a unifying algebraic equation:

T AV, )/ DK ),
ST Vi((dik')/(d — 1)K + 1)
SEANER)/E—R )
ST V() /(s — DK+ )

where A and V are the thermal conductivity and por-
osity, subscripts i represent phase i or component |,
and m is the total number of components (phases), d;
is a parameter which may be correlated with both
component shape and number of Euclidean dimen-
sions, and k’ is a parameter which could be used to
reflect the heat conduction between solid (geopoly-
mer) and air [51,52] (according to previous investiga-
tions, we can consider k' = 0.3 [11,53]). In this work,
the PGs can be regarded as comprised of two compo-
nents (m = 2, V,+ V, = 1), i.e, air bubbles (\;
=0.026 W/mK, component 1, V;) dispersed into a geo-
polymer matrix (A, = 1.0 W/mK, components 2, V,)
[11]. As it can be seen from the morphology (Figures
2-4), the dispersed phase (air) is spherical or quasi-
spherical, and is contained within the uniform med-
ium (geopolymer matrix), thereby d; is chosen to be 3
[11,53,54].

In Figure 9(b), the thermal conductivity (A\) experi-
mental data as a function of the total pore volume of
PMGs obtained by adding only chemical blowing agents
(H,0,), or only stabilizing agents/surfactants, or by add-
ing a combination of hydrogen peroxide and stabilizing
agents are compared with the correlations provided by
the five analytical models and the universal model. The
experimental data are better described by the universal
model, although some deviation and fluctuation were
observed. The variation between obtained data and the
universal model indicates that the PMGs have complex
pore structures. i.e., more than two forms of five basic

structures could be found in the porous geopolymer
[53]. Furthermore, an additional explanation for the
deviation and fluctuation is due to the presence of
some cracks (branching, bridging etc.) and [48] photon
scattering of the lattice by the nano/meso-pores [54].
Anyhow, the universal model appears to be the most
appropriate in predicting the variation of the effective
thermal conductivity () with total porosity.

4. Conclusions

Metakaolin-based porous geopolymers were synthe-
sized by direct foaming. The effects of surfactants/
stabilizing agents and solid loading on their micro-
structural characteristics, density, porosity, thermal
conductivity, and compression strength were system-
atically investigated. This study clearly enables follow-
ing conclusions to be obtained.

(1) Porous geopolymers (PGs) with high porosity
(~50 < € < ~86 vol%), low bulk density (0.35< pp, <
1.2 g/cm?), various average cell size (~101 pm<
d <~374 um), acceptable compression strength
(0.35 < 0 < 56.5 MPa), and low thermal conductivity
(0.13 < A < 0.32 W/mK) were successfully prepared by
direct foaming adding only different types of stabiliz-
ing agents/surfactants, or by adding a combination of
blowing agents(H,0,) and stabilizing agents.

(2) The types of surfactants/stabilizing agents sig-
nificantly influence the pore microstructure of PGs
fabricated by direct foaming.

(3) The minimum solid area (MSA) model can be
used to predict the relation between o or A and «.

(4) A unifying equation (universal model), derived
from the five fundamental effective thermal conduc-
tivity structural models (Series, Parallel, Maxwell-
Eucken 1 and 2, EMT), was found to be more accurate
for analytically describing the variation between A and
€ of PGs with various pore structure.

The porous geopolymers developed in this work,
possessing acceptable strength and low thermal
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conductivity, which can be tuned by various surfac-
tants/stabilizing agents, are promising candidates as
thermal barriers for the building industry.
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