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bstract

xperimental results and theoretical models are used to assess the effective thermal conductivity of porous inorganic polymer cements, often
ndicated as geopolymers, with porosity between 30 and 70 vol.%. It is shown that the bulk chemical composition affects the microstructure (grains
ize, pores size, spatial arrangement of pores, homogeneity, micro cracks, bleeding channels) with consequently the heat flow behaviour through

he porous matrix. In particular, introduction of controlled fine pores in a homogeneous matrix of inorganic polymer cements results in an increase
f pore volume and improvement of the thermal insulation. The variation of the effective thermal conductivity with the total porosity was found
o be consistent with analytical models described by Maxwell–Eucken and Landauer.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The porous and amorphous structure of inorganic polymer
ements (IPC), often indicated as geopolymers, implies that flow
n a thermal gradient will take a very tortuous route consisting of

 multiple of neighboring interconnected polysialate particles.1

he effective thermal conductivity of such a material is strongly
ffected by its chemical composition as well as the presence of
oids in the microstructure which are pockets or cells more or
ess spherical in shape.2 The microstructure of IPC is known
o vary considerably with chemical composition and processing
onditions. For example, related to the preparation, a controlled
ne porosity can be incorporated into the skeletal framework,
hich also reduces the effective density of gel. In particular for
eopolymers, it has been demonstrated that the pore size varies
ith Si/Al ratio. The porosity includes interconnected pores

anging from nano to micrometric scale (10–50 nm for Si/Al

olar ratio ∼1, <10 nm for Si/Al molar ratio ∼1.65 and very fine

ores (∼5 nm) for Si/Al molar ratio ∼2.5.3,4 Apart from these
ne pores, some dispersed larger-diameter pores are generally
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bserved which can be controlled during processing. The pore
tructure is determined by the nature and size of polysialates
ormed as well as by the interactions between various phases
resent in the material.4–6 The distribution and interconnectiv-
ty of pores, the short-range ordering of the gel phase, and the
ominal composition are all likely to play roles in determining
he heat transport properties of geopolymeric gels.1,7 In partic-
lar the effective thermal conductivity of IPC will be controlled
y the pore size distribution and pore volume.

In this work, we exploit the corrosion of aluminum powder in
 highly concentrated alkali solution to form porous IPC. Nor-
al processing of geopolymer material leads to a pore fraction

f 25–30% of total porosity.1,8 Upon introduction of a foaming
gent into the geopolymer paste, the resultant steam forms bub-
les within the softened matrix to produce a frothy-like structure
hich transforms into a cellular material. The additional pores

ncrease the pore volume fraction up to 70%.
Previous investigations on compositions of geopolymer

aterials already were devoted to their suitability as structural
aterials.8 In the case of the more porous materials which were
btained, first measurements indicated their potential for thermal
nsulation.1 Here we investigate the relations between the bulk
omposition, the pore size-distribution, pore volume fraction
nd the effective thermal conductivity of the porous geopolymer.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.030
mailto:Kamseuelie2001@yahoo.fr
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Nomenclature

λeff effective thermal conductivity
λs thermal conductivity of solid continuous phase
λg thermal conductivity of dispersed phase (air)
vs volume of solid fraction
vg volume of dispersed phase
F form factor regarding the pores
vp volume of pores
cos2 α  orientation parameter
HB high bound or upper bound of Hashin–Shtrikman
LB lower bound of Hashin–Shtrikman
a and b  calibration curve constants
�T difference of temperature
R  thermal resistance
φ heat flux density
U thermo electric power
r pore radius
γ surface tension of mercury
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Nait-Ali et al. have demonstrated the close agreement between
θ contact angle

.  Analytical  models  for  the  effective  thermal
onductivity  of  porous  geopolymers

A significant number of analytical models have been devel-
ped to predict the effective thermal conductivity of porous solid
s function of pore volume fraction. They differ in the manner
y which the morphology of the pore system has been taken
nto account. In this respect Collishaw and Evans have written

 useful review.9

As reported in our previous work8 and by many other
uthors,3–6 the metakaolin based geopolymer is typically made
f nanometric scale particles of polysialates joined to one
nother to form a matrix containing nanosized pores. Further-
ore, a small fraction of porosity is micrometric, and micro

racks are also visible. Therefore, an analytical model yield-
ng on equation that can be used to describe satisfactorily the
ffective thermal conductivity of a porous geopolymer mate-
ial is difficult to identify. However in the respect we consider

 matrix of porous geopolymer to be constituted of particles,
ement (binding the particles of polysialates and other residues
ogether), air inside pores and finally micro cracks. The mate-
ial can be classified as bound/cemented matrix.9 In addition,
econdary effects influencing the effective thermal conductiv-
ty may include contact resistance between grains, radiation
hrough grains or pores, convection and in the case of small
ores, the Knudsen effect which can reduce the gas thermal
onductivity.9

Studies of the effect of structure on the heat flow and effec-
ive thermal conductivity (λeff) have shown that λeff is generally
igher in cemented materials.10–12 Thus the increase in poros-
ty for geopolymer matrices is a potential solution to maintain

he strength while improving the insulating behaviour of the

aterials. A porous geopolymer is then considered as a contin-
ous solid phase in which uniformly dispersed cavities are filled

p
E
f
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ith fluid (air, or another gas). An approach describing this type
f solid phase has been proposed by Hashin–Shtrikman.2 The
pproach is based on calculating the most restrictive bounds
or the value of the effective thermal conductivity. The primary
arameters influencing the effective thermal conductivity are the
onductivity ratio and concentration of voids. The upper bound
HB) refers to a continuous solid phase including uniformly
ispersed fluid filled cavities (Eq. (1)).

eff =  λs + 3pλs(λg −  λs)

3λs +  (1 −  p)(λg −  λs)
(1)

nd the lower bound (LB) refers to a continuous fluid phase
ncluding uniformly dispersed solid spheres (Eq. (2)).

eff =  λg + 3λg(1 −  p)(λs −  λg)

3λg +  p(λs −  λg)
(2)

axwell–Eucken13 model can also be used as λs is the ther-
al conductivity of the continuous phase and λg that of the

ispersed phase (air or hair saturated humidity in IPC voids).
he Maxwell–Eucken model considers a random distribution of
ores with different diameters (Eq. (3)).

eff = λsvs +  λgvg((3λs)/(2λs +  λg))

vs +  vg((3λs)/(2λs +  λg))
(3)

n fact the Maxwell–Eucken equation (3) leads to an expression
rithmetically equivalent to Eq (1).

Broadbent and Hammersley14 studied situations of fluid flow
hrough a porous medium where percolation becomes important.
he hypothetical passage of a fluid through an uncertain porous
nvironment. For a metallic phase randomly introduced in an
nsulator to form a composite, the composite behaves like an
nsulator in the case of a weak concentration of the metallic
hase. If the volume fraction of metal increases, the current
an circulate between two opposite faces of the material via the
etallic phase and the composite behaves like a conductor. The

olume fraction at which this change of behaviour is observed
s called the percolation threshold. This can be illustrated by
andauer’s expression for the effective thermal conductivity of

 mixture of two phases with each phase constituted of particle
izes of roughly equivalent size15 (Eq. (4)):

eff = 1

4
[λg(3vg −  1) +  λs(3vs −  1)

+ ([λg(3vg −  1) +  λs(3vs −  1)]2 +  8λsλg)
1/2

] (4)

he percolation model15 assumes a completely random distri-
ution of these components, and is equivalent to an Effective
edium Theory (EMT)16,17 (Eq. (5)).

s
λs −  λeff

λs +  2λeff
+  vg

λg −  λeff

λg +  2λeff
=  0 (5)

18
redicted values of the effective thermal conductivity using
q. (4) and experimental values for zirconia with pore volume

raction up to 70%.
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In this manuscript, the thermal characterization of porous
eopolymer materials is presented. First synthesis and charac-
erization of the porous geopolymers are described. Then, the
xperimental setup and associated analysis for measuring the
hermal conductivity of the synthesized materials are presented.
inally the thermal conductivity of porous geopolymers is dis-
ussed in regard to the most suitable models available in the
iterature for the effective thermal conductivity of the cemented
orous matrices. Experimental results are compared to predic-
ions by Maxwell–Eucken which is equivalent to Hashin and
htrikman (upper bound) and Landauer’s expression (percola-

ion).

. Experimental  methods

.1.  Materials  and  preparation  of  porous  geopolymers

Two different aluminosilicate (metakaolin) powders were
repared by firing at 700 ◦C for 4 h; a standard kaolin and
he other rich in sand.1 The two materials were ground
nely to a particle size <80 �m. The Brunauer–Emmett–Teller
BET) surface areas of the aluminosilicates, as determined by
itrogen adsorption with a micrometrics GEMINI 2360 instru-
ent are 17.10 and 24.32 m2/g respectively for the standard

nd the sand-rich compositions of metakaolin. Alkaline solu-
ion was prepared by mixing the sodium/potassium hydroxide
reagent grade, Carlo Erba, Italy) solution (7.5 M) with sodium
ilicate, SiO2/Na2O = 3 and L.O.I = 40 wt%, 1:1:2 volume
atio.

To prepare porous geopolymers, 5 different compositions
f metakaolin were tested, each with a specific Si/Al molar
atio. This was achieved by mixing different proportions of the
tandard and sand-rich aluminosilicates. Alkaline solution was
dded to each powder with a solid/liquid ratio of 1.66. Finally the
ormulations denoted IPM, IP75M, IPMT, IP25M and IPT were
btained with respective Si/Al molar ratios of 1.23, 1.50, 1.79,
.0 and 2.42. For all the five formulations, the Na/Al ratio was
lose to 1 to achieve homogeneous slurry and balance the nega-
ive charge of alumina oligomers. The pastes were mechanically

ixed in a ball-mill for 10 min and then the pore forming agent
prepared from metallic powder, in a very low concentration
o avoid influence on the bulk composition of the geopolymer)
as added at different concentrations C0, C1, C2, C3 and C4.
0 did not contain any addition of aluminum powder. C1, C2,
3 and C4 correspond to 5, 10, 15 and 20 mg of metallic pow-
er for 100 ml of alkaline solution respectively. C4 produced
bout 70 vol.% of porosity (IPMT, IP25M and IPT) and con-
titutes the upper limit at which solid skeleton in these porous
eopolymers was geometrically describable. For samples with
ow Si/Al molar ratio (IPM and IP75M), the pore volume frac-
ion was in the range 65–70% with concentration C3. After the
ddition of the foaming agent continuous mixing was made for

 min before the slurries were transferred into Teflon® molds to

repare prisms of 30 mm ×  30 mm and cylinders with 18.85 mm
n diameter. The thickness of prisms varies from 1.5 to 6 mm and
hat of cylinders varies from 1 to 3 mm. The samples were cured
n sealed plastic for two weeks in air so that constant weight

v
m
1
n
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ould be achieved. The samples were then polished to insure the
lanarity and regularity. The porosity was evaluated in terms of
olume fraction and size distribution before the thermo physical
haracterization.

.2. Mercury  intrusion  porosimeter  and  microtomography

A mercury-intrusion type porosimeter (MIP, Carlo Erba
000) equipped with a macropore unit (Model 120, Fison Instru-
ent) was used to measure the pores with size <20 �m. The

eopolymer specimens were crushed to particles of approxi-
ately 8–10 mm across (volume ∼1 cm3). The measurements
ere performed with a maximum applied pressure of 2000 bar

or pore size in the range between 0.004 and 20 �m. Pore size
adius (r) was calculated by Washburn’s equation, assuming

 contact angle (θ) of 141.3◦ and a Hg surface tension (γ) of
80 dyn/cm:

 =  −2γcos θ

p
(6)

here p  is the intrusion pressure. The input data of pressure,
ntruded mercury volume, sample mass, and sample volume
determined by pycnometry) are needed to calculate the pore-
ize distribution, the cumulative pore volume at maximum or
efined pressure and characteristics such as the average pore
adius, the bulk density and the apparent density.

It should be noted while that some parameters such as mois-
ure content, theoretical assumptions and inaccuracies in the data
valuation (e.g.: only pore neck size is really measured, calcu-
ation with an assumed constant value for the contact angle)
an affect the accuracy of measurements.19–22 However, unlike
he enduring scientific discussions whether mercury-intrusion
orosimetry is an appropriate method to estimate pore-size dis-
ribution of structural materials, a proper care during sample
reparation allows the method to review pore-size distribution
urves and modifications of the pore structure of a material
ualitatively.22–26

For pores ≥20 �m, computerized micro tomography (�CT)
easurements were made, using a Skyscan 1172, (Skyscan B.V.,
euven, Belgium), at 80 kV with 100 �A, with no additional fil-

ering and an image pixel size of 10.1 �m. Cell and strut size
ere evaluated with a CT-Analyzer (CTan), 1.10.0, (Skyscan
.V., Leuven, Belgium), on a minimum of 250 slices for each

ample. Visualization of the scanned images was performed
sing Amira 5.3.2 software (Visage Imaging GmbH, Berlin,
ermany) with Voltex displaying mode. Scanning and recon-

truction time was 90 min for each sample on a quad core E9500
C with 8GB RAM. The 3D evaluation took between 1 h and

 h per sample depending on the pore volume fraction with a
otal amount of 60 GB data.

The MIP and micro tomography techniques were used to
alculate the total porosity of the porous geopolymer speci-
ens. The results obtained through these two methods were
alidated with those obtained using the density of the speci-
ens (determined with a density analyser instrument GEOPYC

360 type Micromeritics) and that obtained with a mercury pyc-
ometer. The two values permitted to determine the pore volume
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raction. The instrument gives result of five measurements for
ach specimen. The measurements were performed on the sam-
les after 24 h in the oven at 110 ◦C.

.3. Thermal  conductivity  measurement

.3.1. Thermal  conductivity

.3.1.1.  Heat  flux  meter  method  1.  The determination of the
ffective thermal conductivity using the Heat Flow Meter
ASTM C518, ISO8301) requires homogeneous samples with
arallel flat faces. The apparatus is based on the application of
ourier’s law in steady state conditions. A thermal gradient is

mposed across the sample which is maintained between two
opper plates, the upper is used as a heat source. The differ-
nce in temperature between the two copper plates (�T) and the
eat flux density (φ) are obtained with convenient sensors. The
pparent thermal resistance (R) is then calculated as:

 = �T

φ
(7)

he procedure is based on multi thicknesses of the sample. Ther-
al contact resistances (or contact resistivity) may cause huge

rrors of thermal conductivity measurements if it is not taken
nto account. The sample’s thermal resistance Rsample is equal to
he sample’s thickness x (m) divided by its thermal conductivity

 (m2 K−1 W−1).

sample = x

λ
(8)

hermal contact resistance (Rcontact) depends on the material, its
oughness, and the interface pressure. It is equal to temperature
ifference between the two contacting surfaces δT  divided by
eat flux q (W m−2).

contact = δT

q
(9)

he apparent thermal resistance of the sample placed into the
nstrument is the sum of these contributions and equal to:

total = x

λ
+  2Rcontact (10)

he total resistance is proportional to the heat flux q  across the
ample which is a function of the temperature difference �T
etween instrument’s plates and inversely proportional to the
otal resistance Rtotal (W m−2):

 =  SQ  = �T

Rtotal
=  �T

(x

λ
+  2Rcontact

)
(11)

n the case of thermally insulating materials (small λ) the
ample’s thermal resistance is large and the thermal contact

esistance can be neglected. Plotting the graph of the thermal
esistance as function of thickness and extrapolation down to
ero thickness gives the value of thermal contact resistance of the
wo surfaces (2Rcontact). The reciprocal of the slope (�x/�Rtotal)

f
u
g

eramic Society 32 (2012) 1593–1603

s equal to the correct effective thermal conductivity of the mate-
ial:

 = x2 −  x1

x2/λ  +  2Rcontact −  x1/λ  −  2Rcontact
(12)

here x1 and x2 are thickness of the thin and thick samples.
ulti-thickness give better accuracy. The apparent thermal con-

act resistance is assumed not to vary following polishing. For
his study, we used square samples 30 mm ×  30 mm with vari-
us thicknesses in the range 1.5–6 mm. The polished samples
ere cleaned with compressed air to remove powder residues

rom the pores.

.3.1.2. Heat  flux  meter  method  2.  The thermal conductivity of
he porous bodies was measured on disk samples of a diameter
8.85 mm and thickness between 1 and 3 mm using a self-made
pparatus constructed according to DIN51908 with a brass as
eference body. A calibration curve relating the thermoelectric
ower U  with the thermal conductivity was constructed and the
ata was fitted by the least squares method. From the calibra-
ion curve, the constants a  and b were computed (1.89 and 2.68
espectively) and used to determine the thermal conductivity of
orous samples as according to Eq. (13):

 = a

(b/(λ/l)) +  1
(13)

here λ is the thermal conductivity of the sample and l  the
hickness.

.4. Experimental  characterization  of  microstructure:
SEM

The Environment Scanning Electron Microscopy (ESEM)
echnique was used to determine the 2D morphological features
f the fresh fractured pieces of porous geopolymers. For the
ractured specimens, the anhydrous phases of the geopolymers
ppear light to dark gray. The pores, being absence of solid,
o not scatter electrons and appear uniformly black. In order
o allow comparison, the technical parameters were constant for
ll the samples. ESEM was used essentially for the characteriza-
ion of the macro pores. Micrographs were obtained at different
agnification from 5000×  to 50×. The fine pores were investi-

ated using the MIP (Mercury Intrusion Porosimeter) and micro
omography.

.5. Water  charging  and  decharging  capacity  of  porous
eopolymer materials

Exposition at ambient temperature and weight variation mea-
urements at temperatures between 20 ◦C and 100 ◦C were used
o investigate the capacity of the insulating materials to accu-

ulate and lose humidity. The samples were first cured up to a
onstant weight in laboratory (20 ±  5 ◦C and ∼55% of relative
umidity). The samples were then placed in the oven at 100 ◦C

or 24 h. The total weight loss measured just after removal was
sed to calculate the saturation in humidity (T). Then the weight
ained progressively (Tx) was measured as function of time.
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the major part of the larger-diameter pores appear in the MIP
analysis with significant errors.3,19–22,28,29 So we considered the
computer micro tomography analysis to evaluate the pores with
Fig. 1. Micrographs of fresh fractured matrix of d

.  Results

.1.  Microstructure  and  porosity

Fig. 1 shows the micrographs of: (a) the geopolymer matrix
ith low Si/Al (1.23, 1.50, 1.79) and (b) the geopolymer matrix
ith a relatively high Si/Al (2.0, 2.42). The two micrographs are
ominated by H–M–A–S gel which consists of colloidalized
lobular units of diameter <1 �m closely bonded together. At
igh magnification their amorphous nature is well pronounced8

ith fine porosity. The micrograph 1b is relatively coarse
icrostructure when compared to samples reported in Fig. 1a:

umerous and roughly similar-sized globular units are observed.
he difference is related to the size of H–M–A–S formed during

he geopolymerization and the presence of non-reacted residues
f silica that increase with the increase of Si/Al ratio as con-
rmed by XRD and IR.1,8,27 Despite these residues, the gel
ppears evenly distributed yielding matrices with high homo-
eneity. The gel is similar to that described for fly ash-based
norganic polymer cements (IPC).28,29

The results of the MIP analysis of the fine pores (diame-
er <20 �m) are shown in Fig. 2a. Samples IP25M and IPT
resent the lowest cumulative pore volumes (271 and 244 mm3/g
espectively) with the average pore size of 0.018 �m (18 nm)
or IP25M and 0.013 �m (13 nm) for IPT. For IPMT, IP75M
nd IPM, the cumulative pore volume was found to be 308,
03 and 318 mm3/g respectively while the average pore size
as 0.024, 0.025 and 0.031 �m. The volume fraction (%) of
el pores (pore size ≤15 nm) were X1 = 13.4 for IPM; X2 = 39.6
or IP75M; X3 = 47.4 for IPMT; X4 = 40 for IP25M; X5 = 93.6
or IPT. This fine porosity include in order of size, bound-
ry grooves, vanishing pores, grain surface features, grain and
gglomerate pores. The high proportion of fine pores in an inor-
anic polymer has been described by Lloyd et al.28,29 in their
tudy on the microstructure of IPC gels. They indicated that cap-
llary pores appear to be absent in well reacted alkali activated
PC paste and that the porosity in the IPC consists of fine, evenly

istributed pores formed by the interstices of the gel particles.

In this application where insulation and not strength is the
verriding factor, manual or mechanical vibration of the pastes

F
u
X
b

geopolymer: (a) Si/Al <1.79 and (b) Si/Al >1.79.

enerally used to remove air voids in IPC was avoided with
he aim to improve the incorporation of additional voids into
he final matrix. The spatial arrangement of these air voids and
ig. 2. (a) Pores size distribution in geopolymer compositions (φ < 20 �m): vol-
me fraction (%) of gel pores are X1 = 13.4 for IPM; X2 = 39.6 for IP75M;

3 = 47.4 for IPMT; X4 = 40 for IP25M; X5 = 93.6 for IPT. (b) Pore size distri-
ution in geopolymer compositions (φ > 20 �m).
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ig. 3. (a) Variation of the pores size in porous geopolymer matrices with conc
f porous geopolymer showing the variation of pore size with concentration of 

ize ≥20 �m. As shown in Fig. 2b, the higher the alumina con-
ent (low Si/Al molar ratio), the higher was the concentration
f larger-diameter pores. The samples IPMT, IP75M and IPM,
ith a Si/Al molar ratio ≤1.79, have larger-diameter pore size

oncentrated around 35, 36 and 38 �m. For the samples IP25M
nd IPT, the larger-diameter pore size was found to be less than
1 �m (Fig. 2b). The pore volume of larger pores which is around

 vol.% in matrices with Si/Al <1.79 increases to 7 vol.% for IPM
ith Si/Al = 1.23. The porous IPC samples investigated here can
e described as a semi-amorphous (gel type) matrix with high
oncentration of fine pores intrinsic to the parent gel together
ith controlled additional large pores added with pore forming

gent.
The introduction of the foaming agent contributes to increas-

ng the number and size of meso and macro pores while the
olid matrix apparently maintains the same proportion of fine
ores suggesting very little influence of the foaming agent in
he bulk chemistry of the geopolymer matrices. A significant
ncrease of larger-diameter pores appeared with concentration
1; as the pores in the geopolymer material remained essentially
ne (nanosizes) for the lower concentration (Co). By increas-

ng the concentration of the foaming agent (C2, C3 and C4),
he cumulative pore volume of the final matrices increased and
ightweight products were obtained with significant changes
n the spatial distribution of pores (Fig. 3a). The volume of

arger-diameter pores goes from 3 to 7 vol.% for the original
eopolymers to ∼40 vol.% to highly porous ones with concen-
ration C4 of foaming agent. From micrographs obtained with

h
d
c

ion of porous agent: lines C2, C3 and C4 for IPMT or IP25M. (b) Micrographs
ng agent: (left) C2, (centre) C3, (right) C4.

SEM (Fig. 3b), a homogeneous distribution of meso and micro
ores in the matrices can be observed.

Fig. 4a shows the pore size distribution at different Si/Al
atios for concentration C1 and Fig. 4b the average pore size
fine pores) at different foaming agent concentrations. It can be
bserved from Fig. 4 that the pore size distribution is directly
ffected by the Si/Al molar ratio, as already revealed by microto-
ography and MIP analyses (Fig. 2b). Higher alumina content

ields a larger volume of meso and macro pores. The volume
f larger-diameter pores which was generally low in the dense
eopolymer compositions increases and becomes the major
ontribution in porous geopolymers (40 vol.%). For all composi-
ions, round shaped pores characterize the matrices (Fig. 4). The
ore development and pore size were affected with significant
ore coalescence at low Si/Al ratios, while a relatively fine size
f round pores characterized the high Si/Al ratios (Fig. 5a and b).
hen the same concentration of foaming agent is used the pore

hape for the porous geopolymer is directly affected by the bulk
hemical composition. Generally the average pore size in the
ense regions of the porous geopolymer increases as the concen-
ration of the foaming agent increases (Figs. 4b and 5b). When
he total porosity >70 vol.%, the structures obtained were not
asy to describe geometrically and samples with concentration
C4 were not considered for this study.

The behaviour of the porous geopolymers for absorbing

umidity is summarized in Fig. 6. After complete curing and
rying of specimens, it was observed that porous geopolymers
an cumulate up to 8 wt% of humidity when stored at room
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Fig. 4. (a) Pores size distribution in porous geopolymer compositions (C3;
φ < 20 �m): volume fraction (%) of meso and macro pores are X13 = 84.06 for
IPM; X 3 = 83.26 for IP75M; X 3 = 85.4 for IPMT; X 3 = 81.75 for IP25M;
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53 = 73.61 for IPT. (b) Variation of the average pore size with the addition of
he porous agent in the compact region.

emperature. After treatment at 100 ◦C, the time taken to resorb
he original humidity was long as indicated in Fig. 6. The capac-
ty of absorption also depends on the bulk chemical composition,
s well as the nature and size of pores. It is of considerable advan-
age for these materials, prepared by a more environmentally
riendly process, to be used as materials for surface cooling by
ater evaporation due to for their humidity retention capacity.
thers applications linked to their insulation behaviour include

nergy saving in building and construction, refrigeration, ther-
al barriers, etc.

.2.  Thermal  conductivity  of  inorganic  polymer  cements

The thermal conductivity values of the samples of IPC with-
ut addition of pore forming agent (Co) are 0.45 W m−1 K−1

or IPM, IP75M and IPMT; 0.55 W m−1 K−1 for IPT and 0.59
or IP25M with a standard deviation of 0.005 W m−1 K−1 as
escribed in our previous work.1 The first series of samples
IPM, IP75M and IPMT) are dense geopolymer matrices with

 Si/Al molar ratio <2, IP25M and IPT with Si/Al ≥2, exhibit
igher density values. Based on these results, it was then sug-
ested that the concentration of silica that is responsible for

nhancing the polycondensation and as a consequence the den-
ification, can be identified as one of the basic parameters
overning the variation of the thermal conductivity of these

p
e
m
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amples. However the variation of the Si/Al ratio in these
ormulations also includes the variation in the amount of the
esidual quartz that does not transform totally during calcination
f Si-rich kaolin and dissolution–polycondensation processes.
esidual quartz will lead to increase of the effective thermal
onductivity of IPC since the crystal exhibits thermal conduc-
ivity values in the range of 6–11 W m−1 K−1 while the thermal
onductivity value of amorphous silica is three to five times
ower.1,15

With the increase of the total porosity, the effective thermal
onductivity decreases as it can be observed in Fig. 7. Introduc-
ng the foaming agent in the geopolymer matrix, changes in pore
ize, volume fraction and spatial arrangement of pores occurred
nd the materials is light in weight. However, the solid phase
emained continuous with connected particles despite significant
ne porosity.

At 40 vol.% of pores, the thermal conductivity decreases, for
ll the samples, under 0.403 W m−1 K−1 apart for sample IPT.

 further increase in cumulative pore volume tends to reduce
he difference in thermal conductivity for the respective sam-
les. It can be noted that for higher cumulative pore volume,
he impact of bulk composition on the effective thermal conduc-
ivity is reduced (Fig. 7). Mathematically, the variation of the
ffective thermal conductivity can be described as a function of
he total porosity (x) with the equation (Eq. (14)) below:

 =  bx−a (14)

ith a being 1.63, 1.56, 1.45, 1.29 and 1.26; b  being 155, 123, 67,
8 and 34 respectively for IP25M, IPT, IPM, IP75M and IPMT.
he squared correlation coefficient R2 is 0.99, 0.95, 0.98, 0.98
nd 0.98 respectively. Although we did not consider Schulz’s
odel in the list of models used as reference for many reasons,
q. (14) can be compared to the equation of Schulz’s model (Eq.

15)).30

λeff

λs
=  (1 −  vp)

1 −  cos2 α

1 −  F
+ cos2 α

2F
(15)

chulz’s model takes into account the form and the orientation of
he pores and might be considered as potential analytical model
or the description of porous geopolymers. Hence by introducing
ontrolled porosity in the geopolymer formulation, the resultant
aterial yields low values of effective thermal conductivity of

nterest for thermal insulation.

.3. Analysis  of  the  coefficient  of  conductivity  λeff/λs of  the
orous geopolymers  with  the  existing  models

To predict the variation of the effective thermal conduc-
ivity as function of cumulative pore volume, the analytical

odels developed by Maxwell–Eucken,13 Hashin–Shtrikman
HB),2 and Landauer15 were used considering the cement/bound
ature of the inorganic polymer cements. Analytical calcula-
hase (λs). The values for each sample were obtained from the
xtrapolation to zero percent of porosity of the experimental
easurements made on the specimens without addition of pore
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Fig. 5. (a) Pores shape in low (a) and high (b) Si/Al porous geopolymers matrices. (b) Microtomographs of the sample 25M with C1, C2, C3 and C4 concentrations.

Fig. 6. Variation of Tx/T (percent of humidity absorbed after exposure to ambient
air/total humidity at 100 ◦C) with time (h).
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PMT; (d) IP25M; (e) IPT.

orming agent. The values of thermal conductivity of the solid
hase were 0.68, 0.64, 0.62, 0.83 and 0.77 W m−1 K−1 for IPM,
P75M, IPMT, IP25M and IPT. It can be noted that the for-
ulations IPT and IP25M, which contain more residual quartz

xhibit the highest extrapolated thermal conductivity at zero
ore volume fraction: 0.77 and 0.83 W m−1 K−1 respectively.
hese results are in agreement with the effect of the residual
rystallised phases on the thermal conductivity discussed in the
revious paragraphs.

In Fig. 8a–e, the variation of the λeff/λs coefficient with the
orosity for each sample is compared with the analytical mod-
ls considered. For the samples IPM (Fig. 8a), IP75M (Fig. 8b)
nd IPT (Fig. 8e), the values of the coefficient of conductiv-
ty (λeff/λs) remained higher than that of any of the analytical

odels considered for 30 and 40 vol.% of porosity.
The value of 0.71 W m−1 K−1 at 30 vol.% for IPM, IP75M

nd IPT correspond to that of Hashin–Shtrikman (HB) and
axwell–Eucken with an accuracy of ∼0.1 W m−1 K−1. At

0 vol.% of porosity, the value 0.56 W m−1 K−1 for IPM and
P75M correspond to that of Hashin–Shtrikman (HB) and

axwell–Eucken with 0.05 W m−1 K−1 of accuracy. These
eviations are reasonably high making experimental results far

rom being described by the considered models. However, pre-
icted results are to some extent being influenced by the sensitiv-
ty of the extrapolation of the experimental values not discussed
ere.

t
c
o
I

) applying models of effective thermal conductivity: (a) IPM; (b) IP75M; (c)

The values of 0.55, 0.42 and 0.32 W m−1 K−1 of IPMT for
orosity of 40, 50 and 60 vol.% are close to the Maxwell–Eucken
nd Hashin–Shtrikman (HB) and those of 0.48, 0.34, 0.33 and
.24 W m−1 K−1 of 25M are close to the percolation model.
bove 40 vol.% of cumulative pore volume, the analytical mod-

ls used in this work appeared as minimum and the maximum
or the values of λeff/λs of the porous geopolymers (Fig. 8). The
nly exception is for IPT which presented a value lower than
hat of any analytical model at 70 vol.%. As indicated above,
he increase in cumulative pore volume reduces the influence of
he bulk composition on the variation of the effective thermal
onductivity.

The matrices of IPMT and IP25M without pore forming agent
ere dense and homogeneous resulting from a relative stable

quilibrium in oligomers (Al and Si) formed and the develop-
ent of more Si-polysialates, polycondensation with increases

n cross linking between grains and polysialates particles.4,5,8

ine pores and a high degree of connectivity of polysialates and
articles characterized these two matrices (Figs. 2 and 4).8 The
ross linking and better densification correlated with the pore
ize and pore distribution of the final matrix of geopolymer.3–5,8

ithin the framework, the porous system is viewed as a periodic

hree-dimensional structure with voids, in which an elementary
ell of simple geometry can be, isolated (Fig. 5). The low amount
f pore coalescence, the homogeneity of the solid matrix of
P25M and IPMT enable the resultant composites to behave as
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 continuous solid with porosity as a second dispersed phase.
he final product acts as two phases as described in many of the
odels considered.2,13,14,31

.  Discussion  and  conclusion

One of the most important advantages of the inorganic poly-
er cements is the simplicity of the synthetic process which

llows modifying the pore size, the total porosity and potentially
he pore spatial arrangement during processing. The thermal
hysical properties can then be monitored by controlling the
umulative pore volume, dispersed phase (air, gas, etc.) and
hen lowering of the effective thermal conductivity. The final

aterial results with improved insulating behaviour: insulat-
ng material with thermal conductivity of 0.15 W m−1 K−1 was
chieved. A good thermal insulating material for structural appli-
ation must also have adequate mechanical properties. So we
oncentrated our investigations on a range of the geopolymer
ormulations for which the behaviour under mechanical and
hemical environmental stresses have been tailored.4,8,27–29,32

rom our investigations, the use of geopolymer pastes as precur-
ors for the development of porous insulating materials required

 homogeneous matrix. In fact, the results demonstrated that gel
ompositions with better mechanical properties and chemical
tability are those where homogeneously dispersed fine pores
an be easily introduced.

Formulations IPM and IP75M with Si/Al <1.79 exhibited a
igh volume of larger diameter-pores and a relative degree of
nhomogeneity. Formulations IPMT and IP25M developed high
omogeneity with greater proportion of the cross-section with
espect to the other formulations as they have Si/Al ratios of 1.79
nd 2.07 respectively. Their pores were concentrated in the range
ize of 2–25 nm. Duxson et al.4 obtained similar findings for the
etakaolin-based geopolymers with Si/Al ≥1.65 and concluded

hat the increase in gel volume for a greater cross-section support
he high compression loads and explain the increase of Young’s

odulus. They described the homogenous samples with a high
egree of cross-section and fine pores (diameter between 3.9 and
4 nm). Lloyd et al.28,29 described IPC made from fly ash as com-
rised of colloidalized, globular units closely bonded together at
heir surfaces with pore size concentrated between 2 and 30 nm.
hese classes of pores were also identified by Kriven et al.3

hile describing the microstructure of fully reacted regions of
etakaolin-based geopolymers. Duxson et al.4 used the same

echnique (MIP) as in this work, Lloyd et al.28,29 used nitrogen
orption and Kriven et al.,3 the SEM analysis obtaining simi-
ar results as concerning the microstructure of the gel and their
orosity. So even though (i) the individual sample may possess
ink-bottle” pore shapes, as described in the literature,17–20,26,29

o most of them can be reached by mercury only through a
ong percolative chain of intermediate pores of varying sizes and
hapes; (ii) micro cracks, bleeding channels, etc., may occur that
itigate the accessibility effect for some small proportion of the
nterior sample volume, the reproducibility of results of MIP, the
uccess of the MIP to make difference in pore size-distribution
nd pore volume of samples with closed chemical compositions
ogether with the possibility to determine the threshold diameter,

t
s

e

eramic Society 32 (2012) 1593–1603

he intruded volume make MIP a valuable technique for the anal-
sis of fine pores in IPC. The technique is here completed by
omputer micro tomography and by the ESEM observations to
valuate larger-diameter pores which is still subject of doubt
n the literature.17–20,26 Finally we compare the total porosity
btained by the techniques with those obtained with bulk and
articles density to ascertain the lower degree of errors.

The mechanism of the pores development is linked to the
eaction of the foaming agent with the alkaline solution (being
esidual solution from the geopolymerization). The reaction that
s essentially exothermic produces air/H2 bubbles which give
ise to porosity in the processed samples. Increasing the concen-
ration of the foaming agent leads in an increase in the amount
f produced gas and consequently an increase in the pore size
nd total porosity. The resultant effects were the multiplication
f the final volume of the geopolymer pastes and the decrease
n density. Thus we managed to develop IPCs with the high
ore volume (up to 70 vol.%) with additional inputs on having
anometric and micrometric sizes of pore with well designed
el compositions (IPMT, IP25M). In those samples pore coa-
escences and larger-diameter resulting from air voids were not
ignificant as in low Si/Al samples.

When designing the geopolymer matrix for thermal insula-
ion applications, it should be note that a high concentration of
lumina in the initial aluminosilicate will result in the formation
f an important proportion of alumina oligomers that will not
articipate totally in the formation of the final product.8,26,32,33

hese compositions with low Si/Al molar ratio (IPM and
P75M) were not found more suitable for the development of
omogeneous porous matrices of geopolymers for insulation
pplications. On the other hand, when using relatively high Si/Al
luminosilicate, the amorphous nature of silica has to be veri-
ed to optimize the final porous matrix and avoid the effects of
esidual crystalline quartz particles. Residual crystalline parti-
les will modify the contact surface; hence increase the thermal
onductivity of the solid phase and consequently the effective
hermal conductivity of the porous IPC.

Alvarez et al.34 described the effects of pore volume and
ore-size on decreasing the effective thermal conductivity as

 consequence of phonon ballistic effects. Pores with nano-
etric size greatly enhance phonon scattering.32 Fine pores

ntroduced larger strain fields in materials. These randomly dis-
ributed defects induced strain fields which increase phonon
cattering by clusters and effectively obstruct the cross-sectional
rea for heat transfer.34–36 Authors34,36 observed the effective
hermal conductivity of porous silica to be lower than expected
y porosity and bulk phonon mean free path of silicon, and
mall-pore membranes have smaller thermal conductivity com-
ared to larger pore ones despite having similar porosity values.
ang and Pilon36 described the decrease in effective thermal
onductivity in the order of 2 to 3 magnitude for the same pore
olume (38%) of nanoporous silica, when the diameter of pores
ary from 2.61 nm to 5.21 nm. Increasing the volume of pores,

he further decrease in effective thermal conductivity was pore
ize dependent.34

During the introduction of the artificial porosity, the pres-
nce of a high content of alumina oligomers8,27,33 leads to the
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evelopment of more pore coalescence and increase in air voids.
he heterogeneity, the presence of coalesced pores as well as

he intensive micro cracks will affect the final results and hinder
fforts of analytical description of their structures.

The MT and 25M samples that have been found to
evelop good strength and resistance to chemical environmen-
al stresses,8 present positive results in serving as pastes for
ighly porous materials with the fine pores homogeneously dis-
ributed in the matrix allowing their microstructure to be close
o the ideal two phase structure. Two phase structure is the basic
otion for considering the modelling of the porous matrix. The
axwell–Eucken, Hashin–Shtrikman (HB) and the Percolation
odels were found to be the two most accurate for the analyt-

cal description of the good homogeneous porous geopolymer
aterials. This comprehensive understanding of the relation-

hip between the microstructure of porous matrices and their
hermo physical properties is important in view of designing
nvironmental-friendly materials with improved insulating per-
ormance. Moreover, an ideal analytical model should take the
ore size into account to allow better description-modelling of
orous geopolymers.
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