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Recycled Natural Wastesin porous geopolymer composites. Effectson the poresize

distribution and effective thermal conductivity.

Abstract: The effectiveness of two amorphous silica basedesasice husk ash and volcanic ash
powders, to act as structural reinforcement antigbaeplacement of metakaolin in porous matrices
for thermal isolation was assessed. Both wastedupm colloidal phases that contributed to
improve the reactivity and homogeneity of the ntatsienhancing the mechanical strength: rounded
pores were obtained in relation with significanduetion of the interpore partitions under
controlled addition of porogent agent. The bulkrth@ conductivity decreased from 0.6 to < 0.15
W.m*K™ with the increase of porogent concentration. Tihalfporous structure was compared to
cellular materials with pore size distribution gmate connectivity that allow analytical description
and prediction of their effective thermal conduityi\as the modification of the Si/Al ratio with the
introduction of the wastes improve the formatiorhafhly consolidated matrices with regular and
reproducible texture.

Results demonstrated that clear correlation caedb@blished among the viscosity of the pastes,
their bulk chemical composition, the concentratminthe porogent agent (6-12/10000) and the

volume expansion/pore size distribution

Keywords. porous inorganic polymer composites, rounded pguess size distribution, thermal

insulation

Introduction

In the context of global warming for environmetie trole played by the insulating materials for the
achievement of the reduction of energy is significand explains the continuous increase of
interest of researchers and governments for tlisscbf materials especially the low cost ones.
More specifically those insulating materials theg aroduced with less energy consumption and

that may contribute to the management of some aladufand industrial wastes are under




investigation by many researchers [1,2]. Recentlistuhave proposed in this direction porous
inorganic polymer matrices as from clays [3,4] astes [5] The motivation comes from the low
values of the thermal conductivity of these materi@lWni* k) and their fire resistance if

compared to organic polymer foams. Their room tewtpee manufacturing cycle is based on the
ability of the raw materials, mainly in amorphowosm, to be dissolved in high alkaline solution and
to develop gel whose intrinsic good mechanical ertgs allow the introduction of a large quantity
of pores while maintaining the global continuitytbe skeletal body [3]. It was observed that with
the low thermal conductivity of clays, and evenueed in presence of metaclay, the introduction of
controlled pores volume and pore size distributionportant lowering in effective thermal

conductivity of the system matrix-pores are achikevibe reduction of the resistance due to the

interfaces combined with the increase in tortuositthe route of thermal gradient.

The management of the Si/Al molar ratio is accepigdnain parameter controlling the mechanical
properties of inorganic polymer cements, IPC [648]the first work addressed to this subject [3],
we tried to solve the problem of Si/Al by usingatural sand-rich kaolinitic clay as aluminosilicate
source for the preparation of IPC. The results gltbthat via alkali activation of the metakaolin
derived from the clay it was possible to achievedymechanical properties with a specific pore
size distribution, final pore shape, and pore vauaffected by the presence of the dense quartz
grains which remained unreacted or were partly eltbe into the matrix affecting the movement
of the gas developed with the introduction of thevanum powder.

Being interested in the preparation of geopolympamus and self-supporting insulating materials,
in the present work our objective is to use a sahdkaolin, despite its relative low Si/Al, and to
introduce amorphous silica powder to achieve themido-physical equilibrium for an

homogeneous and resistant porous system avoidingrésence of rigid quartz grains. Volcanic ash



and rice husk ash were chosen for their contaamorphous silica and in particular for their ailit

to develop frothy-like structures. By introductitrese two additional raw materials, improvement
in the final IPC of mechanical properties are targmether with the pore size distribution,
expansion behavior and a final matrix capable wisteto environmental stresses as from the
stability in water and to cycles of temperaturdatéon [3]. The processing route here appears more
sustainable as the two wastes with their imporfeattion of amorphous silicate are usefully
recycled without additional treatment. Their presereduced the amount of clayey materials to be
calcined, hence the energy consumed angdr€l@ased.

The introduction of volcanic ash or rice husk asfthie system of porous IPC would allow the
reduction of the amount of sodium silicate necgs$arachieve good porous structure and even
give possibility to use only sodium hydroxide sirieghe presence of amorphous silica the system
NaOH-rice husk ash or NaOH-volcanic ash will depeloscous paste with binding properties
capable to act as binder giving high resistandieomaterial. It is recognized that the presence of
sodium silicate in the bulk composition of inorgapiolymer cements is one of the preoccupation
for this new class of materials to be defined agég” [9]. Successful formulations in which the
sodium silicate is absent or reduced sound progigim the sustainability of the final porous
matrices [9]. The processing route appeared tefedxigent in term of energy (room temperature)
and materials added for pore formation do not naeyg energy to effectively act. Usually the
introduction of porosity through the use of orgamatter required important quantity of energy to
escape the organic matter at high temperaturendji detrimental for the environment due to the
energy cost and G@mitted [10-12].

The addition of amorphous silica to inorganic podyrpaste reduces to minimum the residual alkali
which has as effect the reduction of free alumilgomers in the matrix and consequent reduction
of the air bubbles since the presence of amorpkiiga contributes to create more homogeneity
and continuity in the matrix [3, 6-8]. When the nrais homogeneous with limited constraints

linked to the unreacted particles, like quartz mgaiand residual alkalis, the movement of gas



produced from the corrosive reaction of metalliavder (here specifically: Al) is as uniform as
possible contributing to more homogeneous size arép and optimum expansion for a highly
expanded structure.

Homogeneity, that helps in controlling the porezsedistribution, allows to design with more
accuracy a potential model suitable for the desonpand prediction of the effective thermal
properties of porous inorganic polymer materialévafez et al. [13] showed that pores with
nanometric size greatly enhance phonon scatteimiggduce larger strain fields in materials and
effectively obstruct the cross-sectional area feathtransfer. The homogeneity developed with the
addition of amorphous silica is here expected tommte more controlled small size of pores and
cellular structure with good insulating propertigst,14,15].

In this paper, fine powders of volcanic ash and hask ash have been added to metakaolin-based
geopolymer paste, taking in consideration apprégranount for the hypothetic total reduction of
Al oligomers during geopolymerization. Pore volumehange has been investigated according to
the water/MK ratio, the amount of aluminum powderd athe amorphous silica source. The
influence of these parameters on the pore evolutasbeen assessed using the Mercury Intrusion
Porosimeter and the stereomicroscope. Finally @& between the pore evolution and the
thermal behavior was established. In this contbet dlkalis present in the IPC matrices act to
enhance this conduction. The higher the amounbé required for the complete balance of the
geopolymerization of the solid precursors, the aighe probability of ions accumulation. The bulk
thermal conductivity is discussed taking in accatetreduction alkalis ions accumulation with the
effectiveness of the amorphous silica to balaneectiemical equilibrium and decrease the ionic

thermal diffusion.

2. Materials and Experimental methods
2.1 Materials
A standard kaolin from the Mayouom deposit in Casner[16] was used for the preparation of the

metakaolin. We selected the white variety as desedrby A. Njoya [16]. It is aand-poor kaolin,
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76-85% kaolinite and 2-9% quartz with illite, mugt®, anatase and hematite as secondary
minerals. The kaolin was sieved to eliminate trsdwal quartz sand, dried and calcined at 700°C
for 4 hours. The volcanic ash was from the Mungpodé [17] in the Littoral region of Cameroon.
The material presents essentially amorphous matriwhich fine grains of anorthite, quartz,
entastite-augite, diopside are embedded [17,M&any authors consider volcanic ash as a waste
since they required to be disposed of in most efristurally occuring volcanic eruptions.Rrice husk
was collected in a rice mill at Ntarikon-Bamendathe North-West Region of Cameroon. It was
considered as a valueless by-product of rice mgillind thus burnt in heaps near the mill. The husks
collected were burned at 700 °C for one hour irlaotric furnace at a temperature rise of 3 °C/min
for comparison. The kaolin from Mayouom was caldia 700°C for 4h in electric Furnace while
the volcanic ash was used as collected. The budknaal composition and the minerals content of
the above described materials are presented ineTablThealuminum powder and sodium
hydroxide were laboratory grade from Sigma Aldridtaly. The sodium silicate solution

(SiG./N&aO = 3.0) was provided by Ingessil, Verona, Italy.

2.2 Preparation of the porousinorganic polymer composites

Preliminaries investigations (results not show hpe¥mitted to adopt 2.5 volume of metakaolin for
1 volume of volcanic ash or rice husk ash. Thisoraalid for both wastes was also adopted for
necessity of comparison and interpretation of #wsuit in term of implementation considering the
potential applications of the results of this studliile above described volume ratio correspond in
mass to 1:1 for the metakaolin and volcanic asHenihis 7:1 (in mass) for the couple metakaolin
and rice husk ash. The relative high amount of arwilc ash by the IPC matrix compared to rice
husk ash is due to the fact that the volcanic asani aluminosilicate source with relative high
amount of alumina (15 mass% of.8k) compared to the rice husk ash (2 mass% @DAl
Moreover, volcanic ash as other the pozzolanic naseare suitable as 100% solid precursor for
the production of inorganic polymer composites 188, Its relative high density is responsible of

the value of its mass 7 times that of rice husk fsha determined volume. However, our
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investigation presented both materials promisingpfmrous IPC with high potential on developing
frost-like structure in geopolymerization context.

Metakaolin powder was weighted and introduced iralaline solution (sodium hydroxide 8 M
and sodium silicate -N®:Si0O, = 1:3- in 1:1 volume ratio) for a liquid/solid @t0.35 Five
formulations of geopolmers, indicated as MK4, MHRBK8, MK10 and MK12, were prepared by
introducing respectively 4, 6, 8, 10 and 12 g einmahum powder (Reagent grade, Aldrich) over
10000 g of the paste. Similarly, MKP4, MKP6, MKPR8KP10 and MKP12 were obtained for
volcanic ash added metakaolin while MKR4, MKR6, MKRVIKR10 and MKR12 were obtained
for rice husk ash.

The effect of viscosity of the final porosity ofettyeopolymeric paste was tested using the series
MKP6, MKP8, MKR6 and MKR8. The variation of the g@sity was based on the modification of
water content: water/metakaolin ratios of 0.100,38.and 0.166 were considered and indicated
with a,b, and c respectively. Finally MKP6a, MKP®KP6c, MKP8a, MKP8b and MKP8c for
volcanic ash based porous inorganic polymer congmsMKR6a, MKR6b, MKR6c, MKR8a,
MKR8b and MKRS8c for the rice husk ash were obtain€de pastes of the above described
formulations were poured into hard plastic moldsitig 8 cm of diameter and 3 cm thickness.
These dimensions were adopted to have specimetablsuto be considered as infinite element
with regard to the sensors (with 3, 6 and 9 mmiafeter) of TPS used for this study. In prevision
of the increase in volume of the paste due to ttteora of the aluminum powder, the initial
thickness for all the formulations was 1cm. Thedmis were keep from the contact of air during
the first 24 h then curing continued at room terapee (21 + 2°C, 55% humidity) up to 28 days

before starting the characterization.

2.3Characterization of the porousinorganic polymer composites
2.3.1 MIP and Volume changes
An Autopore IV 9500, 33000 psi (228 MPa) Mecurylision Porosimeter (MIP) covering the pore

diameter range from approximately 360 to 0.Q@% having two low-pressure ports and one high-
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pressure chamber was used for the pores anaRses were prepared from the bulk of each
sample with specimens of ~ 1 tof volume for the MIP.

The preparation of the IPC adding fine powder ofcanic ash or rice husk conducted to an
homogeneous paste which was subjected to conbidemacrease in volume when metallic

aluminum powder was added. The increase in voluntled results of the increase in the volume of
gas that occupies the voids. The dimensional cleadgeng the development of frost-like structure
was measured using tubes of 2 cm of diameter ferstimples preparation. Each specimen’s
formulation with added aluminum powder was compawethe standard ICP formulation without

Al addition. The expanded fraction was then usechtoulate the coefficient of expansion.

2.3.2 Stereomicroscope and Scanning Electronic Microscope Analysis

Fractured pieces from the mechanical test wereectsitl and polished (diamond pastes after
grinding with silicon carbide powders and waterh&wve 3 x 3 x 1 cm for the surfaces observations.
The DFPlan objective series showed the shape oSpleeimen as it is, without any distortion.
Furthermore the careful selection of lens surfasa&ting and glass materials in the entire optical
system made it possible to observe and documeninsges in their original, authentic colors. The
SZX10 motorized focus drive (optional) made theitdlgdocumentation with extended focal
imaging (EFI) efficiently. This even allows creatiof pseudo 3D images, closing the gap between
documentation and what the eyes have seen befanggththe stereoscopic light path.

Many imaging or measuring tasks required the us¢hefsame zoom magnification setting to
ensure consistent and comparable results. In addite SZX10 allowed the quick change between
stereoscopic view and axial light path for the cean&he advantage of the axial light path setting i
that measurements taken with the camera are releid precise in all directions making results
independent from the orientation of the sample utige microscope.

The polished surfaces were gold coated after wgshith acetone and dried for image analysis
using scanning electron microscope, SEM (ESEM Qua0Q0, Fei Company - Oxford

Instruments). The scanning electron microscope ppagui with EDS detector (X-EDS Oxford
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INCA-350) (operating at 20 kV) was used for micrastural examination of the specimens with
secondary electron images (SEI) and back scattenrages (BSI). Microanalysis for phase’s
identification and distribution was performed usittte embedded EDS digital controller and

control software.

2.3.3 Thermal conductivity

The thermal conductivity of the specimens invesédathrough the transient plane source (TPS)
method is determined from the time dependent teatper variation. The basic principle of this
method relies on a plane element (an electricallydacting pattern of thin nickel foil of 10um,
spiral shaped, embedded in an insulating layerllysoeade of kapton sensor and heat source. The
TPS is located between two specimens with similimisic (bulk composition and microstructure)
and extrinsic (geometry) characteristics: 8 cmiafretter and 2-3 cm thickness. The use of sensor
diameter of 3, 6 and 9 mm allows to consider thep@a to behave as an infinite medium. Samples
were polished in order to reduce the thermal camessstance.

To minimize the thermal contact resistance, a spp@ere was taken for the samples preparation,
the good transition trough two different materialsmainly associated to contact pressure and
surface roughness [20-22]. Measurement time andosgergeometry and positioning were kept
constant during the measurements. Two differentitityncontexts were also used to assess the
impact of the environmental fluctuation on the that behavior of IPC porous composites.

The TPS equipment is able to compensate the hpatitya of the sensor and other thermal delays
of the heat flow by introducing a time correctibdevertheless, it is necessary to suppress the first
10-20 point of each measurements (of a total 30atpwf the tea curve) to eliminate the heat
capacity of the sensor that cannot be fully comattsby the time correction [21,22].TPS method
offers some advantages as fast and easy measusgaemntrol of accuracy of the results, a wide
range of thermal conductivities accessible, flditibin sample size and a porosity to perform local
or bulk measurement with only changing the sensameter. These advantages present the TPS

methods more promising comparing to the conventiomehods.



3. Results

3.1 Changesin the fresh pastes, expansion and mechanical properties of thefinal products

The choice of partial replacement of the MK withaphous silica is significant with regard to the
first solution [3] on the use of the sand-rich nkefain to improve homogeneity, pore size
distribution and chemico-physical equilibrium ofethmatrix of porous inorganic polymer
composites. Apart from the pore size distributiov dhe bulk thermal conductivity that we are
going to discuss in the next paragraphs, impoitaptovement in the reactivity, processing of the
pastes, the expansion behavior, the propertieseofresh state and the flow behavior are the first
advantages describe here. Particularly, we notgufiant improvement of the workability of the
pastes with rice husk and volcanic ashes. The appdensity of the amorphous silica is low and
can be incorporated in the cluster structure ofakeatlin reducing the possibility of segregation or
particles agglomeration with improvement of homagjgnand densification. The introduction of
the amorphous silica from rice husk and volcanit @sulted primarily with the dissolution of an
important fraction with consequent presence ofoidél phase that is formed. This phase, prompts
to contribute on the reactivity and formation ofdgon aluminosilicate hydrate gels (H-N-A-S
gels), modifies the silica to alumina ratio and amtes the polycondensation. The amorphous silica
from rice husk and volcanic ashes transformed d@otiee species, reduced the alkalis residues and
reinforced the chemico-physical equilibrium of thatrix of porous IPC.

Figure 1 describes the variation of the coefficieihéxpansion of the pastes with the fraction ef th
aluminum powder for the metakaolin (MK), metakaseliite husk ash (MKR) and metakaolin-
volcanic ash (MKP) based porous IPC matrices. Toefficient of expansion was 1.44 for the
standard metakaolin based porous inorganic polym&g for MKR and MKP when 4/10000 of
Aluminum powder was added. With the increase of @aheninum at 6/10000 the coefficient of
expansion increased to 1.79 for MK, 1.95 for MKR1&02 for MKP. These values were 2.26,

2.40 and 2.56 respectively for the value of alumnpowder of 8/10000. Further addition of
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aluminum powder did not correspond to extra exmamsthe results in term of expansion
coefficient did not change at 10 and 12/10000. Taiter value of aluminum powder seems as
threshold since the extensive pores coalescenakicted to the development of some larger pores
that obliged film of pastes to be handed incap#ableesist to their proper weight: redensification
and closure of some pores with consequent deciieatte coefficient of expansion occurred in
some cases.

The addition of the amorphous silica (from rice kwssh and volcanic ashs) improved the
mechanical properties as the Si/Al changed withpeta reduction of the alumina oligomers and
enhancement of the densification. The flexuralngjte of 10 MPa for the metakaolin based-
geopolymer moved to 12 MPa with the addition of gohous silica (Figure 2). Adding 4/10000 of
Aluminum powder, the mechanical strength decrets&MPa for MK and 7 MPa for MKR and
MKP. Further increase in aluminum powder decremsatly the flexural strength: 4, 5 and 6 MPa
respectively for MK, MKR and MKP at 8/10000 and ,23%8 and 5.2 MPa in the same order at
10/10000 (Figure 2). The samples with 12/10000d%liton showed very poor mechanical strength
due to the larger pores present in the structugeltiag from the extensive pores coalescence. The
difference in flexural strength between the MKR ailP was due to the important increase in
pores size in the MKR compare to MKP.

By varying the water/metakaolin ratio in the systemnder study, it was observed some
modifications of the density, pore size, volumeangion, etc... of the frost-like structure. Figure 3
presents the variation of the apparent density h&f frost-like structure obtained with the
formulations MKP6, MKP8, MKR6 and MKR8 of the agbserires where the water/metakaolin
ratio is progressively modified from 0.100,0.138ddinally to 0.166. This modification directly
affected the viscosity parameters of the freshgsaas already demonstrated [23]. It was of our
objectives to assess how this addition can affexfinal structure of the porous matrix. For MKP6
and MKRG6, the apparent density decreases lineary f0.668 and 0.7886 for water/metakaolin

ratio of 0.100; to 0.633 and 0.749 for 0.133; am®.558 and 0.724 g/(ftmespectively for 0.166.
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For both MKP6 and MKRG6, the decrease in density wasgelated to an increase in volume
expansion. For MKP8 and MKRS, the apparent dendd#greases from 0.597 and 0.727 for
water/metakaolin ratio of 0.100, to 0.564 and 0.§88rT; and 0.562 and 0.630 g/2mespectively.
There was no significant difference between the NKi®th water/metakaolin ratio of 0.133 and
0.166 due to the pores coalescence which was airitji@ of the volume contraction as described
earlier. The global variation of the density and #xpansion behavior can be interpreted taking in
consideration the chemico-physical equilibrium kestw the formation of the gel, the action of the

aluminum powder and the pore coalescence thattdffedensification/expansion behavior.

3.2 Poresize distribution and microstructure

The introduction of up to 4 /10000 of aluminum p@vwas found to not be enough to reduce consilierab
the thickness of walls between pores while that@br 12/10000 produced porous matrices with haylell

of percolation of capillary pores formed. At thiage (12/10000 Al added) the volume expansion veas n
more effective since the major part of pores forndéshppeared under the effects of coalescences and
volume contraction. The volume contraction was tlughe difficulty of some films of pastes from the
expansion to resist under their proper weight. Muoee, the bi-axial bending strength of the sampll 40

or 12/10000 was low as result of the extensive mar@escence and depercolation of the skeleton. As
observed in the Figure 1, the addition of alumirafré and 8/10000 corresponded to the interval difragm
reduction of the thickness of the walls betweenepoand volume expansion while maintaining their
roundness and low level of percolation.

Figures 4, 5 and 6 show the pore size distributisrmnalyzed by the Mercury Intrusion Porosimetettte
dense IPC, volcanic ash based and rice ash bagmthded IPC respectively. The achievement of the
expanded cellular matrices with the above descrifmdhulations depends on the realization of a
homogeneous mix between the MK and rice ash ord®miwK and volcanic ash. The fineness of the
particles and the alkaline solution was found taigaificative as having great impact on the viggosf the
pastes and the expression of the frost-like stractli is observed in Figure 3 that the porosityttoé
volcanic ash or rice husk ash based IPC is redtedde important fraction of nanometric pores (5rB0)

together with small fraction of micrometric pores @ready describe with metakaolin based IPC[3E Th
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microstructural investigations confirmed that sdiew dispersed larger capillary pores can be obseanel
their presence in metakaolin based geopolymer eamlubited using appropriate amount of amorphous
silica. With the introduction of 6/1000 of aluminurthe pore size was extended from 0.001 to 360
micrometer as revealed by MIP with additional langeres (> 360 um) but generally smaller than 2 fom
volcanic ash based IPC and 3.5 mm for rice huslbaskd IPC. The detailed analysis of the pores vidbh

let observed bands concentrated at 100 nm and épt&é and 20 pm for the expanded volcanic askedbas
IPC (Figure 5a); 10-100 nm and between 0.6 andrBfqx the expanded rice husk ash based IPC (Figure
6a).

The cumulative pore volume of MKP6 is 0.36, 0.48 &R9 mL/g respectively for 0.100, 0.133 and 0.166
water/MK ratios (Figure 7a). These values are 00453 and 0.48 mL/g for MKR®6 (Figure 7b). It seetmest

the limited volume of water necessary to achievedgexpansion in correlation with the amount of
aluminum powder corresponds to the water/MK of B8.18ven with MKP8 and MKRS8 series, the
cumulative pore volume (Figure 7c and 7d) incredsteeen water/MK ratio of 0.100 and 0.133 froml10.4
to 0.46 mL/g (MKP8) and 0.46 to 0.47 mL/g (MKR8ythwhen the water/MK ratio moves from 0.133 to
0.166, the cumulative pore volume slightly decrea3ée dissolution of an important amount of amorh
silica increased the colloidal phase which affécsggnificantly the viscosity of the final pasteEhe
modification of the viscosity gave a peculiaritytte matrix improving the depercolation of capilgmores

up to 8/10000 of aluminum powder and the formatbmore rounded shape pores as it can be obsanved i
Figure 8 and 9. The thickness of the walls betwsanes decreases with the aluminum concentratidheas
viscosity of the paste. In fact the action of therdnum was found to be relatively limited by theusture of

the matrices. The semi-crystalline structure ofutbieanic ash improved the resistance of the pastier the
action of the propagation of the gases formed ftioereaction of aluminum powder in alkaline solatitn
Figure 8 the larger pores have an average size8frn and 1 mm respectively for 0.100 and 0.133
water/MK ratios. The larger pore size in MKP6b Wasm while it was 3 mm in the MKP6a. Increasing the
Al content the average pore size increase to 2 nithm water/MK of 0.100 and 2.5 mm for water/MK of
0.133: the pores remained rounded, the number & pibes increased with the reduction of the walls
between pores (Figure 9). The distribution of tmgér pores and the structure of the rest of smadiees in

the walls between pores allowed us to compare dhe gtructure with the model of Hashin-ShrinkmaB [

This is true even for MKR6 and MKRS8 although theoaphous structure of the rice husk ash affects
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relatively the size and deformation of the poredanrthe action of the aluminum powder. The avesape

of pores was 2.5 mm for MKR6b and even 3 mm MKH&asence of larger pores with size up to 5 mm was
also evidenced (Figure 10). The low density ofhstes that was at the origin of the extensiomefpore
size conducts, with high concentration of Al pow(MKRS8), to larger pores with average size of 4 muith
additional intensive pore coalescence and redeasifin of the pastes that affected significantly trore

size distribution with deformation of some partloé matrix (Figure 11-13).

3.3 Effective thermal conductivity of porous|PC: effectsof poresizedistribution

The thermal conductivity of silica (Sipand alumina (AIO;) decrease from ~1.5 and ~30 W' to 0.2
and 0.5 W.MK™ following the transformation from crystalline tanarphous state respectively. This
observation is particularly precious for the mdiiva of the design of insulating inorganic polynmeatrices.
The amorphous structure of metakaolin and assakciadklitives induced to the final product a tortuous
structure that oblige thermal gradient to flow thgh a very twisting way consisting of a complex
interconnected system of H-N-A-S gel. The additifasorphous silica) acted to balance the chemical
equilibrium and as resistant bridge modifying timalf structure: density and porosity (Figures BY@and the
expansion behavior when considering the additiopasbgent agent. As showing in the Figures 11 &hd 1
the phenomenon of expansion increases the poreasidethe final interpore partitions are signifidgnt
reduced. Even though they are reduced, the watlsesk interpore remained compact particularyHerrice
husk ash based formulations.

However, the compactness of the structure of IR@newith additions, still maintains the bulk thefma
conductivity at 0.5-0.6 W.HK™ as it can be observed in the Figure 14. The partisese compact part are
essentially fines pores ranging from 5 to 50 nngFeé 3 and 7).

In the Figure 14, the error bars have to be inetgal as the variation of the thermal conductivity
during the course of the investigations including variation of the total humidity of the specimens
that fluctuated around 3-4 wt%. The error bars afgegrate the slight variation of the thermal

conductivity linked to the diameter of the probe= worked with three probes having respectively
3, 6 and 9 mm. These three probes induce threereliff probing depths and the results could be

used to assess the local homogeneity of the msatrice
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4. Discussion

An important change in the metakaolin-amorphougasijeopolymer systems is the significant
modification of the properties of the fresh pasté influence on the viscosity, shear behavior and
yield stress. Colloidal particles formed appeacaasiderably impact the process of gelation and
formation of porosity with reduction of setting #mThe added particles of rice and volcanic
powders let observed an enhancement of the aggitesawhen the mix of solid precursors came in
contact with the alkaline solution. The demand mtev increase but the porosity (particularly the
capillary pores) of the matrices is reduced witHodd of silica and alumino-silicates that fill the
remaining voids inducing the increase in densiiicatprocess and homogeneity that allow to
reduce the porosity to interstitial fine pores @asizes) and controlled capillary pores from
porogenic agents which in this case is aluminumg@wMoreover preparation of porous inorganic
polymers indicates that we are discussing matettzs$ can be spreading, molding or poured
according to the desired application. These preses=call the rheological properties of the system.
The effects of solid to liquid ratio have conseqre=nup to the effective thermal conductivity since
this affect the local concentration of alkalis, wole expansion and the pore size distribution. When
only metakaolin was used for the preparation ofréierent paste, changes in yield stress and shear
behavior were clearly observed after 90 min of ageit room temperature [23] The addition of
amorphous silica from rice and volcanic ashes redube changes to 45-50 min improving the
cohesiveness of the particles in fresh state.

The interpretation of the pores evolution concludadhe reduction of the volume of the nanometdrep
evidently due the fact that the introduction ofittapy pores with aluminum powder contribute to ued the
density of the matrix (Figure 1) means the reaunm of the IPC which presents the nanometric pores.
Focusing to the proportion of the two principal 8swf pores, the volume of the band with pores betws-

100 nm was important for the MKR6 while that betwe®6 and 50 pm was important for the MKP®6.
Another observation was the shift to lower valukthe band of nanomtric pores in the case of MKR&.
both MKR6 and MKP6, the high volume of pores seenbé¢ obtained with the water/MK ratio of 1.33

(MKP6b and MKR6b). In fact the principals bandsMiKP6 and MKR6 shifted to relatively high values of
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pores fraction (Figure5a and 6a) with the water/kMio varying from 0.100 to 0.133. Further increase
water/MK ratio from 0.133 to 0.166 inhibited theciease in pore volume fraction with the reductibmhe
single band. The situation is similar for MKR6 ssi

Focusing on the pores size distribution of the MKIP8 MKRS8 series, the increases in aluminum powder
content from 6 to 8/10000 did not modify the nantmuepores band between 5 and 100 nm for both serie
but the fraction of this type of pore decreasesragiaile pores band at 0.6-50 um increased in veluime
pores band with diameter centered at 7-9 um apgpesith high volume in MKP8 while in MKR8 high
volume fraction was observed with pores of diamateund 20-25 um (Figure 5b and 6b). The principal
band for MKP8 was accompanied with important sevfesmall bands with diameter from 0.6 to 50 pume Th
diversification of the bands in this interval wast as important in MKR8 (Figure 6b). The overahhvior

of the two series can be correlated to the visgdmhavior which is significantly affected by théd#ion of
water independently on the amount of aluminum powlliereover the dissolution of amorphous silicadri
ash) in alkaline solution is different from that sgmi-crystalline silica (volcanic ash) while thegdee of
dissolution should be affected by the water conteftte extend of dissolution has affected the
polycondensation and the pore size distributione Tecrease of the viscosity of the metakaolin based
geopolymer with the increase in water content wasnsively discussed in our previous work [3].

The distance between the pore walls is reducedtlaadhickness of the interpore partitions is impott

favoring the heat transfer by conduction [2ZFhe aluminum powder decreases the thickness of the
interpore partitions as blowing agent reduces thii kdensity with consequent reduction of the
thermal conductivity through the reduction of ioascumulation and reduction and the heat
capacity of the matrices (Figure 12). As demonsttatith the metakaolin based porous IPC, the
decreases is correlated to the mathematical fungtie bx® with squared correlation > 0.95The
increase in aluminum powder contributes to the cddn of the effective volume containing the
nanometric pores and the formation of new pore Vaitber size allowing to consider multiforms of
heat flow transport. Our formulations design foaligke objectives of: (i) enhancement of the
strength, chemical stability and reduction of thieas ions residues maintaining the lightweight
structure of the matrix; (ii) introduction of roued pores with the reduction of interpore partitions

and the capillary pores percolation.
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Figures 4 to 10 indicate that promising resultsehbgen achieved. The rounded isolated pores was
effective in specimens with both rice and volcaasbes at 4/10000 of aluminum powder. However
with this concentration we were far from the maximexpansion and the thickness of the interpore
partitions remained higher. The bulk thermal cotisity is reduced under 0.3 W™ and under
0.3 and 0.2 W.MK™* when the aluminum powder increases to 6/10 00(BAMADO0 respectively. It
was observed the variation of the density as thatebulk thermal conductivity with the variation
of the viscosity (Water/MK ratio) which was founal lbe significant parameter for the optimization
of the design of porous IPC structures. The pare shder 4 mm of diameter, their roundness and
the maximum reduction of the thickness of the jmbee partitions allow to have matrix with bulk
conductivity < 0.15 W.mM.K™*. With aluminum powder > 10/10000, the intensiveepooalescence
favored the redensification which limits the exiensof the expansion specially for rice ash based

specimens.

5. Conclusions

The partial replacement of the metakaolin in themidations of the porous inorganic polymer
materials by rice and volcanic ashes allowed thegmation of around 30 vol.% of natural wastes.
While this sound as significant contribution foetreduction of the energy and use of kaolin, which
means gain in environmental impact and sustaigbilie prompt dissolution of the wastes into the
matrices and formation of soluble and colloidalicail induce important modification on the
microstructure, improvement of the strength togettiéh enhancement of the expansion ability. In
this regard, the action of the porogent agent wiisanced by the nature of the fresh paste: rounded
pores were effectively probable when the appropriascosity and concentration of aluminum
powder is controlled. The expansion was limitedhwvitie elasticity of the pastes and allows us to
identify the lower concentration of aluminum powdercessary to have major expansion with
limited pores coalescences and the limit at whinehgercolation of the pastes is no longer ensured.
The products developed bring some contributionsdlve the problems of the sustainability of

forming process of the foams, strength, controthef pores size, extension of capillary pores as
16



well as the homogeneity of the microstructure [Z&427]. The rounded pores obtained and the
significant reduction of the interpore partitiongthwthe increase of the aluminum content while
maintaining control on the capillary pores perdolatappeared fundamentals for the analytical
description of the final microstructure in relatiovith the effective thermal conductivity. Our
results demonstrated that clear correlation caesteblished between the viscosity of the pastes, in
relation to their bulk chemical composition, thencentration of the porogent agent, the volume
expansion/pore shape and pore size distributiores&hinformations are contributive for the
understanding and design of these promising claseaterials since most of the interpretations
concerning the porous geopolymers with applicatiamsnsulating materials[4, 25-30p to date
focus to the total volume of pores without detailsncerning the influence of the detailed
microstructure: formation of the total volume ofr@s, control of the pores size and the interpore
partitions. The models identified by Kamseu et[8].and Bourret et al. [4] for the description of
the porous IPC are analytical models which candmirately interpreted if the elements as pore
shape, pore size and homogeneity of microstrudis@issed in this work are clearly mastered and
well defined. The porosity and the pore size distibpn of the interpore partitions are another
parameters to be considered as indicated by R{Bah his work on the principles of heat flow in
porous insulators. The use of amorphous silica frime and volcanic ashes significantly improved
the flow behavior during processing and reduce phabability of particle packing with the
enhancement of the homogeneity of the microstractline dissolution of the amorphous silica into
the pore solution conduct to the colloidal phades modify the viscosity while improving the
roundness of the pore formed from porogent agerd. Wited the ability of volcanic ash to
effectively tailor the pore size and the volumeangion at high concentration of aluminum powder
(> 6/10000) compared to rice ash. This is due ¢ostbmi-crystalline structure of volcanic ash and
their contain of some long chains of molecules Wwhtontribute to modify the viscosity and the
behavior of the fresh paste under the effects winalum powder. Moreover, volcanic ashes are

porous materials which is contributive for the dasof the structures under study.
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Such matrices appeared promising as sustainablerancbnmentall-friendly composites capab
to act with efficiency in various applications wilehermal isolation, filtration, dust collectionch
lightweight behavior is needed [29]. The nanometricize of the pores into the interpc
partitions greatly enhances the phonon scattemuyiatroduces larger strain fields in materii

effectively obstruct the crossectional area of the heat trans

Appendix-TPS Theory
A constant electric poweupplied to the sensor results in an increasemipégature T( which is
directly related to the variation in the sensorstasice R(t) by the equati (1):

R = R,(1 + aAT{t]] (1)
where R is the nickel electrical resistance at the begigrmahthe reording (initial resistance} is
the temperature coefficient of resistance of tloedifoil, andAT(t) the temperature increase of
sensor with time.
Assuming an infinite sample and the conductive goattbeing in the XY plane of a coordini
system, the temperature rise at a point (XY) aetiris obtained by solving the equation for thet!
conduction, which relates change in temperaturb tinte [20]. In the particular case of our sen

geometry, n concentric ring sources, the spatierage can be obtained through the equatic

[21,22].
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Figures Captions

Figure 1. Variation of the expansion coefficient of the porous inorganic polymer as function of the
aluminum powder concentration.

Figure 2: Variation of the Bi-axial flexural strength (M Pa) of the porousinorganic polymer asfunction
of the aluminum powder concentration.

Figure 3: Variation of the apparent density (g/cm®) of the MKP6, MKP8, MKR6 and MKRS8
specimens as function of the water/metakaolin ratio.

Figure 4: MIP Pore size distribution of dense volcanic ash and rice ash based inorganic polymer
composites

Figure5: MIP Poresizedistribution of the volcanic ash based porous | PC with a): 6 and b): 8/10000 of
aluminum powder .

Figure 6: MIP Pore size distribution of the rice ash based porous IPC with a): 6 and b): 8/10000 of

aluminum powder.
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Figure 7: MIP cumulative pore volume as function of water/metakaolin ratios. a) volcanic ash with
6/10000 of aluminum powder ; b) volcanic ash with 8/10000 of aluminum powder; c) rice ash with
6/10000 of aluminum powder and d) rice ash with 8/20000 of aluminum powder.

Figure 8: Stereo microscope images of porous volcanic ash based IPC with 6/10000 of aluminum
powder showing the effects of the water content on the pore size.

Figure 9: Stereo microscope images of porous volcanic ash based |PC with 8/20000 aluminum powder
showing the effects of the water content on the pore size.

Figure 10: Stereo microscope images of porous rice ash based IPC with 6/20000 aluminum powder
showing the effects of the water content on the pore size.

Figure 11: Stereo microscope images of porous rice ash based IPC with 8/10000 of aluminum powder
showing the effects of the water content on the pore size.

Figure 12: Micrographs of volcanic ash based | PC with 8/10000 of aluminum showing the structure of
theinterpore partitions: a) MKP8a; b) MK P8c.

Figure 13: Micrographs of rice ash based 1PC with 8/10000 of aluminum showing the structure of the
interpore partitions. a) MKR8a; b) MKR8c.

Figure 14: Bulk thermal conductivity of the porous IPC as function of the formulation and the

concentration of the aluminum powder.
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