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The paper's take away a message on a promising approach for the significant reduction of Globing Warming Potential of
geopolymers
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Abstract: Rice husk ash (RHA), a by-product from the riedustry, was used as principal source
of amorphous silica for the production of sodiunticate solution (MR ~ 3) used for the
replacement of standard commercial sodium silidatehe mix-design of metakaolin based
geopolymer composites. Three initial concentratiohiNaOH were considered (8, 10 and 12M)
with the aim to investigate on the optimum disdolutand formation of silica oligomers capable to
act as binder during the geopolymerization. Reqii&IR and XRD) showed that RHA-NaOH
sodium silicate solutions have characteristicslaino that of standard commercial sodium silicate
and the residual carbonates present in the vigoastes can be monitored during the preparation of
geopolymers using the mix-design. Combined 25 vait&hdard sodium silicate solution with ~ 75
vol.% of RHA-NaOH based sodium silicate solutionndocted to good polycondensation,
densification, high flexural strength (~ 8 MPa) doav porosity similar to that of the standard
matrix of metakaolin based composites. The newaggbr is found promising for the significant
reduction of the Global Warming Potential of Gegpoérs.
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1. Introduction

The geopolymerization mechanism is founded intoahiity of Al and Si oligomers liberated in
high alkaline solution to polymerize into Na(K)-(Al(Si)m-H with 1.5 < m/n < 3. In this range of
formulations, soluble silica and alumina will demglstructural 3D units. To activate the amorphous
to semi-crystalline solid precursors to form aluasiticate oligomers, the alkaline solution is
generally necessary. The alkaline solution is fatnfiemm (i) a high hydroxide solution with
concentration > 5M capable to dissolve the amorpliaction of the solid powders in solution; (ii)
a sodium/potassium silicate solution that provigerapriate amount of soluble silica prompt to
tackle Al oligomers and form polysialates (Davidsyi2008). Amongst the two solutions, the
sodium/potassium silicate is actually that with thigher concern regarding the effective and
efficient sustainability of geopolymer (Habert dt, 2011). However as new technology to be
implemented and particularly for the developingrtoes and the challenge of wastes management,
sustainable and cleaner geopolymers locally souacedproduced using renewable resources, with
negligible transport costs and environmental impath low energy required in the manufacturing
process is targeted. In this study we are proposiegpartial substitution of the sodium silicate
solution with amorphous Rice Husk Ash (RHA) combi¢aOH in solution. Solutions of sodium
silicate with SiQ/NaO ~ 3 have shown a relatively complex structuretaiaing a fraction of
dissolved low molecules weight silica species ab agea relatively high amount of larger clusters
dominated by cyclic or cage structures. It shoddallded the presence of larger colloidal particles,
several tens of nm in radius. The fraction of sdudlica and small oligomers species decreases
when increasing the S¥ENaO ratio until a ratio of 4 is reached. It is in ttage of SIQNaO of

2-3 that good equilibrium is achieved between tiaetfon of monomers and that of clusters in the
way to ensure the optimum polymerization/polycorsdion during geopolymerization. Authors
(Nordstrom et al., 2013; Nordstrom et al., 2011algsed a serie of silicate solutions with $iO
concentrations from 12 to 28 wt.% and a molar ratioying between 0.05 and 4.0. They showed
that for a solution of 27.2 wt.% and a S0 ratio of 3.3, 35 wt.% of silica is fully polymegsd.
Polymerization leads to more branching and evelytual predominantly three dimensional cage-

like species at ratios ~ 3 (Svensson et al., 1986).

The production of sodium silicate involves the cation of sodium carbonate (p2a0O;) and
guartz (SiQ) at temperatures between 1400 and 1500°C, progldange amounts of CQOas a
secondary product (Turner and Collins, 2013; Ragiget al., 2013). The need of high temperature
to process substantially increases the embodiedggnef silicate-activated binders, reducing

significantly their sustainability. The project tse RHA to replace soluble silica in the alkaline
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solution for geopolymerization firstly appears atuson for the recycling of agricultural/natural
wastes. Secondly their effective introduction itite geopolymer synthesis will significantly reduce
the Global Warming Potential (GWP) of the processl groducts. - their work on carbon
dioxideequivalent emissions making a comparisonvéeh geopolymers and Ordinary Portland
Cement (OPC) concretes, Turner and Collins (20XR)icated that the major components
responsible for the C{emission are sodium silicate and curing with sodailicate accounting for
~ 50 vol.%. Their work agreed with the preoccupatad Habert et al. (2011). The RHA-NaOH
system is viewed as viable and cleaner solutiayptanize the sustainability of geopolymer binders
and concretes. McLellan et al. (2011) and Heathl.§2014) agreed on the possible reduction up to
40-44 vol.% of GWP with geopolymer science and nedbgy at the place of OPC. They generally
make reserve on the secondary costs linked to ptuand transportation.

2. Rice Husk Ash and project design

The world production of rice husk ash is about 2lian tons (Nagrale et al., 2012). Prior to Metha
(1992), RHA was usually produced using uncontroléesnbustion and the ash produced was
generally crystalline and had poor pozzolanic prioge One of the first studies (Metha, 1973) on
RHA reactivity investigated the effects of pyropgesing parameters on the pozzolanic reactivity of
RHA. RHA treated under the ASTM standard C618-94la produce amorphous silica with 90-
96% of SiQ. RHA used in cementitious binders presents pagieround 8.3 pm with specific
gravity of 2.05, nitrogen absorption of 20.67g) water requirement of 104% and pozzolanic
activity index of 99%. The microsilica can be aeufor preparing advanced materials like SiC,
SisN4, elemental Si and M{Chandrasekhar et al., 2003). Due to the high ganmo activity, the
rice husk ash silica also finds application in hégiength concrete and possibly as filler in polggne
(Chandrasekhar et al., 2003). The activity of RidAessentially linked to the amorphous structure
of the SiQ that allows their chemical transformation. It isngrally agreed that amorphous silica
will be obtained between 500 and 700°C. The silicRHA is X-ray amorphous, ultrafine in size,
highly porous and chemically reactive. We wish xpleit the solubility of amorphous silica from
RHA in high alkaline solution (pore solution similéo that of geopolymerization context) to

prepare sustainable activator that is more envieaily clean.



3. Materials and Experimental methods

3.1 Materials

Rice husk ash (RHA) were from a rice mill in Angtigoprovince in Thailand. The ash was
collected as produced into the waste treatmentsiegiod ground to fine powder lower than 45 pum.
The metakaolin was used as a solid precursor fergigopolymer binders because of its high
reactivity, fine particle size and Si/Al appropeador the development of N-A-S-H type geopolymer
gels (Kamseu et al., 2014). Metakaolin powder erabterized by a very high surface area per unit
volume because it is composed of plate-like shagigies with reactive sites on the surface
(Kamseu et al., 2014). The metakaolin (MK) was pred using high quality of white kaolin
(5.4SiQ.4A1,03) commonly used for glaze in ceramic tile indusBAL-CO S.p.A, Sassuolo,
Italy). Kaolin was calcined at 700°C for 4h to demymsed phyllosilicates and then it was
pulverized reaching grain size below 60 um. Minagadal analysis of MK shows minor crystalline
impurities identified as alpha-quartz (ICDD # 883 Physical characteristics of metakaolin as
well as those of fines are reported in Table 1.

The NaOH solution was prepared by dissolving lalooyegrade granules (96 wt.%, Sigma Aldrich,
Italy) into distillated water to have 8, 10 and 1Zdncentrations. The sodium silicate solution
(SiO/NaO = 3.00molar ratio; SiQ = 26.50 wt.%, NgO = 8.70 wt.% and pH = 11.7) with bulk
density of 1.34 at 20°C was provided by Ingessdrona, Italy.

3.2Preparation of RHA-NaOH sodium silicate solution arnl Metakaolin based geopolymer
composites

Appropriate amount of fine powder of RHA (partidee < 45 um) is weighed and introduced in
NaOH solution of 8, 10 and 12M. The mix is balldexl in a porcelain jar using a rapid Mill (1200
rpm) for 40 min. The homogeneous liquid is stored & minimum of 24 h before the use. A
standard formulation of metakaolin based geopolyosnent was developed. Sodium hydroxide
(8M) and sodium silicate solutions are mixed in thid volume ratio and used to activate
metakaolin powder. Sand is added in the metakaalna ratio of 1:2. Finally, the solid/liquid ratio
of the system was ~ 1.7. For the sodium silicaletems prepared with initial NaOH solution of 10
and 12M, the alkaline solution is adjusted withtithsd water prior to the mix with the solid
precursor. The highly viscous pastes obtained wasega into 140 mm x 15 mm x 15 mm silicon

molds.



The three sodium silicate solutions prepared altbw® have 8M100, 10M100 and 12M100:
formulations of metakaolin based geopolymers wiil ¥0l.% of sodium silicate made from RHA-
NaOH systems. Successively, 8M75, 8M50 and 8M2%wweepared with sodium silicate solution
(RHA-NaOH, 8M) replaced progressively with 25, 5@&5 vol.% of standard commercial (MR =
3.00) sodium silicate solution. Similar substitatizvas made with 10 and 12M sodium silicate
solutions to have 10M75, 12M75, 10M50, 12M50, 10M#E 12M25. The geopolymers pastes
obtained were stored into plastic for 24 h to a\ang contact with air. After 24 h, the curing oéth
specimens continued in a conditioned oven with &%elative humidity and temperature of 30°C
for 72 h still in plastic. The specimens are thtorexl at ambient temperature (21 + 2°C; RH ~
54%) for more than 28 days before characterization.

3.3 Characterization of the inorganic polymer cements ad composites

Mineralogical analysis of the inorganic polymer @ats and composites were carried out with an
X-ray powder diffractometer, XRD, (PW3710, PhilljpsCuKa, Ni-filtered radiation (the
wavelength was 1.54184A). The radiation was geadrat 40 mA and 40 kV. The analysis was
performed on fine grains of ground samples. Spetsneere step-scanned as random powder from

5to 70°C, 2 theta steps were integrated at tleeafa? s per step.

Fourier transformed infrared spectroscopy, FT-IRyatar 330 FTIR, Thermo Nicolet) was
performed on each sample analyzing fine powderadirgd specimensh(< 80 pum) collected from
pieces of the mechanical test cured at 28 daysindmmm of 32 scans between 4000 and 500 cm

were averaged for each spectrum at intervals oficm

An Autopore IV 9500, 33000 psia (228 MPa) Mecuryrusion Porosimeter (MIP) covering the
pore diameter range from approximatively 360 tdB.0m having two low-pressure ports and one
high-pressure chamber was used for the pores amaRisces were prepared from the bulk of each

sample with specimens of ~ 1 of volume for the MIP.
3.4 Three point flexural strength and Young Modulus

Specimens (10 for each composition) with nominaé ©f 10 + 0.10 mm in width, 10 + 0.10 mm

thick and a length of 140 mm were used. The spawnwere placed in an appropriate sample
holder and loaded in an universal testing machiyge(MTS 810, USA) with a cross-head speed of
3 mm/min until failure. The span between the twatghs of the sample holder was 40 mm.
Supports and loading piston were steel knife edges)ded to a radius of 1 mm. Load was applied

at the midpoint of the specimens. The strengtlivergby the equation (1):
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Whereo is the maximum center tensile stress (MPa), F mari load at fracture (N), | the distance
between the supports (mm), b the width and h tiokriless of the specimen (mm). The Three-point
bending strength tests were performed accordirtgegstandard test method for flexural strength of

advanced ceramics at ambient temperature: ASTM G026.

The microstructure of the inorganic polymer cemamd composites specimens was studied using
an Environmental Scanning Electron Microscope (ESENMdel Quanta 200) at low vacuum. Both
fractured pieces from mechanical testing, and elclpelished specimens were used for
microstructural investigations. Polished samplesewmounted in resin and polished using 1um
diamond paste for final polishing. To ensure tlo@duction of electron and prevent charging
during the ESEM analysis, specimens were coateld ¥t nm thick gold layer to allow a better
resolution during the micrographs collection. H#EM was equipped with an Oxford Instruments
Energy Dispersive Spectrometer (EDS) for the micabgsis facilitating the investigation of phase
distribution in the matrices.

4. Results

4 1 Silica condensation in standard and RHA-based sodin silicate

Both X-ray diffraction and FT-IR spectroscopy wesed to elucidate the silica condensation in the
RHA-based sodium silicate in comparison to thedsath one. Fig. 1 and 2 show the XRD and FT-
IR patterns of the solutions where RHA was actidatissociated with 8, 10 and 12M solution of
NaOH. The standard sodium silicate solution withanoatio of 3 used as reference showed XRD
diffuse peak at @ = 28.71°C, characteristic of disordered alumincaiktructures (Fig. 1). Broad
diffuse hallo in XRD patterns corresponds to thdemensional networks for low angle
compositions (2 < 30°C) while the high angle composition® € 30°C) is generally attributed to
low molecular weight silicate (dimer, monomer) (\t¢het al., 2011; Bignozzi et al., 2013). Fig. 1
confirms that larger fraction of silicate into teedium silicate solution prepared are essentially i
form of clusters, colloidal gels, etc with 3D netWatructure. It should be noted that the positbn
the hallo that is at 28.71°C a little far from 2%°€ that generally characterize 3D structures of
amorphous aluminosilicates come from the fact #idtough clusters and colloidal structures, the
sodium silicate in this range of concentration pnésalso an amount of 2D silica in form of
monomers and dimers. The additional peaks obseaxeedrom carbonates that crystallized during
the curing/solidification at ambient temperatureasf prepared solutions. From the Fig. 2, it is
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observed that all the characteristic peaks of st@hdodium silicate solution are represented in all
the three samples of RHA-based sodium silicate. DO vibration band \OH) of water is
observed at 3207 chfor the standard sodium silicate. It appearedl&2Xm’ for the RHA-based
sodium silicate 8M. The values increased to 3174 and 3195 ci respectively for those at with
10M and 12M NaOH. The binding of water moleculéd,Q) is identified at 1616 crhin standard
sodium silicate solution and that activated wittM1RaOH. The peaks is observed at 1631 dor

the solution 8M and 1623 c¢hfor that with 10M NaOH. It is observed that by rie@sing the
concentration of NaOH, the intensity of the pealt@t6 cnt increases as the shoulder at 3207 cm
! The increase of NaOH concentration also incredsessignificance of the peak at 1400tm
which is that of carbonate compounds. The mean pea&dium silicate solution that characterizes
the asymmetric stretchingdsSi-O-Si) of Si-O-Si bonds at 962¢rfor the standard sodium silicate
solution appeared at 950 ¢P46 cntt, 943 cnmt* respectively for the solutions with 8, 10 and 12M
(Fig. 2). The results agreed with what has beecudsed by Tongnonvi et al. (2012a and b). In fact
in relative high silica concentration and pH abd\g stable solution of sodium silicate is formed.
The concentration of clusters ¥@nd J) in solution decrease rapidly as the pH increasevéen

11 and 14. In the meantime the concentration of@heshifts progressively to lower values of
wavenumber. Nordstrom et al. (2011) demonstratatithSiQ:Na,O molar ratios between 3.3 and
8.9, the intensity of the peak at 1000 tdecreases while that at 1100'tincreases. In the sodium
silicate solution with the Si£NaO molar ratio of 3, most of the silica is presestsaall clusters
with a radius of 0.7 nm and 11-13 wt.% of the ailpresent are even smaller such as monomers or
smaller oligomeric species. Very small fractiontlod silica is detected as larger colloidal particle

in the size > 30 nm.

4.2 Characterization of the interaction between the Na®-RHA based sodium silicate and

the geopolymer pastes.

The FT-IR spectra of the geopolymer matrices wahous fraction of RHA -NaOH sodium silicate
presents the common features of the metakaolindbgsepolymer composites with the bands at
3200 cm* which is that of OH vibrationvOH), the binding of water molecule3H,0) at 1640 cri

as in the FT-IR spectra of silicates (Fig. 2). Bpectra that are directly affected by the SNa,0O
ratio and those sensitive to the variation of pljnty the asymmetric stretching,{ Si-O-Si) of Si-
O-Si bond at ~ 1000 c(Tognonvi et al., 2012b; White et al., 2011), theformation §Si-OH) of
Si-OH at 870 cnt and the bands at 1100 ¢n796 cni', 775 cmi* and 694 crit assigned to quartz
from the silica sand of the geopolymer compositesevparticularly investigated. From Fig. 3a, it is

observed that the position of the principal bandhef asymmetric stretching that is known to be a
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characteristic of H-N-A-S phases is at 964 dior the standard geopolymer and 100% NaOH-RHA
based sodium silicate at 8M. By increasing thetimacof the standard sodium silicate, the position
of the band shifts to high value of wavenumber.sTwas verified also for the 10M concentration
(Fig.3b) and 12M (Fig. 3c). The variations from F&a to Fig. 3c are indicative on the level of
chemical interaction between the solid precursod #me RHA-NaOH based sodium silicate
solution. The shift from the specimens at 8M anaséhat 10M is linked to the difference in the
level of dissolution of the amorphous silica atfetént concentration. In the case of 10M, more
reactive Si-OH groups are available due to therpatback of the amorphous silica by OH-
hydroxide during the dissolution in the preparatminthe RHA-NaOH sodium silicate. Higher
wavenumber is characteristic of the reduction e©S#i angle and the increase in the concentration
of three dimensional siloxane networks (Brew anas&ér, 2005; Gerschel, 1995). The combination
of the standard sodium silicate and RHA-NaOH bassdlucted to a shift of the wavenumber to
high value up to 75 vol.% and all the specimen$i\WHA-NaOH silicate seen the wavenumber of
Q? decrease to low values (Fig. 3d). This suggest tha mechanism of geopolymerization in this
case is more complex including not only the levidissolution of the amorphous silica from RHA.
Obviously it can be suggested the action of therfiparticles of silica from the standard sodium
silicate and coarse ones from RHA-NaOH. Increadia@H concentration, the amount of fine
particles increases in relation with the extenddafsolution improving the formation of 3D
network. The amount of the carbonates included tikomatrix of geopolymers (Fig. 3) correlates
with the hypothesis of the synergetic action of the soluble silica solutions which surely have
compatible granulometry to enhance the polymeonatif the matrices. Between 25 and 50 vol.%
of RHA, the carbonates content into the samplestable under 6 wt%. The peak of the hallo is
slightly shifted from 28.71 for the standard sodisilicate to 27.63 and 27.61 for the specimens
with 8 (Fig. 4a), 10 (Fig. 4b) and 12M (Fig. 4c)spectively. This confirm the high rate of
polymerization within the geopolymer matrices coneggato the sodium silicate. It is difficult with
the XRD patterns dominated with the quartz peaksappropriately identify the presence of
carbonates into the matrices. The low content e$¢hcarbonates did not allow clear evidence in
FT-IR (Fig. 3). However appropriate chemical gegpwr process conducted to a clear decrease of
carbonate with the increase of the soluble silfoanfstandard sodium silicate. Evidently from the
intrinsic characteristics of the silicate solutiith more fine particles prompt to react in solatio
with respect to the silica from RHA-NaOH which tthelay may be at the origin of the formation of
carbonates.

4.3 Cumulative pore volume, pore size distribution, wagr absorption-desorption



Fig. 5 presents the cumulative pore volume of trentilations of geopolymers with RHA-NaOH
sodium silicate prepared with 8M (Fig. 5a), 10MgFbb) and 12M (Fig. 5c). In general, the
cumulative pore volume decreases with the incread¢aOH concentration, and with the fraction
of the standard sodium silicate. From the Fig. §@gcimens prepared with RHA-NaOH 8M
presents cumulative pore volume of 0.267 (100% R¥&OH based sodium silicate), 0.196 (75%
RHA-NaOH based sodium silicate), 0.162 (50% RHA-Na@ased sodium silicate) and 0.181
mL/g (25% RHA-NaOH based sodium silicate). Theesewith RHA-NaOH 10M presents values
of cumulative pore volume of 0.198, 0.184, 0.17d arl71 mL/g when 100, 75, 50 and 25% of
prepared RHA-NaOH sodium silicate is used. The dative pore volume of specimens with
RHA-NaOH 12M do not change significantly from thosgh 10M being 0.206, 0.185, 0.182 and
0.173 respectively. The values of the cumulativeepeolume of Fig. 5 are similar to those
generally described with the metakaolin based iaoig polymer cement (Kamseu et al., 2014;
Kamseu et al., 2013; Okada et al., 2011). The porésose samples are divided into two groups:
() those with size > 0.24 pm and the finer withesk 0.24 pum. In both cases, the volume decrease
with the concentration of NaOH. The average volwhthe pores withh > 0.24 pm are ~ 38% in
8M series, 35% in 10M series and 25% in 12M sefiigg. significant reduction in cumulative pore
volume is achieved with the serie 8M where the @aidiof the standard sodium silicate affect the
cumulative pore volume in a significant mannersHbuld be noted that as from 25% of standard
sodium silicate added into formulations, there & more significant difference between the
cumulative pore volumes of these formulations VRtHA-NaOH from 8 to 12M and in most cases

this slight difference could been explained wittoes bars or sampling.

Fig. 6 shows the significant reduction of the pasgth a shift of their peaks to lower values. From
0.229 um for 8M100, the peak shifted to 0.216, 0, hd 0.150 pm respectively for 8M75, 8M50
and 8M25. When considering the 10M, the structdith® pore network changed a little with more
fine pores and an increase in connectivity thamssified with the appearance of a large spectra of
pores with different size in the range 0.01 andub@. Increasing the concentration of NaOH to
12M, the capillary pores with size > 0.24 um deseglbagain and the porosity of the specimens saw
their size shifted to smaller values: the volumehaf fine pores increased while their size shifted
with the increase of the standard sodium silicatat®n. This is indicative of the difference ireth
structure of the two solutions even though theys@né similitudes in chemical composition, XRD
and FT-IR spectroscopy. However the porosity ardpibre size distribution achieved with RHA-
NaOH solution in the range 8-12M are in agreemeitit the results available into the literature
(Kamseu et al., 2014; Kamseu et al., 2013; Okada.e2011) and allow to defend RHA-NaOH

solution as promising candidate for the designosi porous MK-Geopolymers. The specimens
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with 100% of RHA-NaOH remain with relatively higlales of water absorption (Fig. 7): between
13 and 14%. This can be explained essentially byettiend of dissolution of RHA in the solution.
When considering NaOH 8M, RHA-NaOH demonstrated smAubility with respect to 10M and
12M. This low solubility conducted to the formatioh more clusters and larger particles that are
responsible for the microstructure coarsening \pitbr level of polymerization/polycondensation,
reduction of the cross-linking with more capillgsgrosity that remains into the matrix (Fig. 3, 5
and 6). The reinforcement of RHA-NaOH with standsodiium silica as from 25% has as effects
the reduction of the water absorption as the resute reduction of the open porosity. As already
indicated this reduction is also effective when ¢bacentration of the initial NaOH increases. The
increase of the pH of NaOH solution increases dmmétion of more &capable to induce more
chemical linkages. This explain the similar effewith the presence of the standard sodium silicate

into the formulations.

Fig. 8 shows the residual moisture into the sampliegieopolymers after complete curing to
constant weight at room temperature (> 90 day$imdase at 21 + 2°C). Apart from the sample
made with 100% of RHA-NaOH sodium silicate 8M, slecimens have the values of moisture
between 6.5 and 7.9%. Values are in agreementthitse available into the literature (Kamseu et
al., 2012). The moisture content is easily coreglab the fraction of the fine pores present ihi t
specimens. The general rule in the cases of thegleanunder study is that the extend of the
dissolution (from 8M to 12M) or the fraction of tkeandard sodium silicate (25 to 75%) favors the
formation of more fine pores that enhance the velaimoisture into the final matrix.

4.4 Densification, mechanical strength and microstructoe

The flexural strength is in general appropriatetfae evaluation of the extend of links and cross-
linkings developed into the geopolymer matricessTlexural strength expresses also the level of
densification and it is the result of the microstural features within the matrix of geopolymers
(Fig. 9). Fig. 10 shows the bulk density and thenagical strength of the different formulations of
geopolymers as function of RHA/NaOH content andpHevalue of the initial NaOH solution. The
bulk density decreases with the increase of thetifna of RHA-NaOH based sodium silicate from
1.75 g.cn at 25% to 1.5 g.cihat 100%. The use of 100% of RHA-NaOH sodium siéicsolution
brings a significant difference in densificationngeared to the samples in which RHA-NaOH is
partially replaced with the conventional sodiumcsile solution (Fig 9). Independently on the
concentration of the initial NaOH solution, the digy of the formulations are stable between 50
and 75% of RHA-NaOH silicate solution. In fact asnmh 25% of standard silicate solution, it is

observed that all the formulations presented vahfedensity in the interval of that generally
10



observed into the literature (Kamseu et al., 2Kli&@nseu et al., 2014, Kamseu et al., 2015). The
increase of the alkalinity contribute to improve ttiissolution and the polycondensation with the
formation of more dense final products. These otadiEms are in agreement with the hypothesis
that between 8 and 12M of NaOH, the increase ottmeentration of the initial alkaline solution
contributes to the increase in dissolution and &irom of more soluble silica oligomers capable to
enhance the geopolymerization. These results otiémsification are in line with the variation of
the flexural strength (Fig 9 and 10). The use 00%0of RHA-NaOH sodium silicate solution
conducts to final geopolymer composites with tiexdral strength of 4 MPa at 8M of NaOH and
4.5 MPa at 12M of NaOH. With the partial replacetmgfistandard sodium silicate by RHA-NaOH
one, the flexural strength increased to 5 MPa & 5 RHA-NaOH sodium silicate, and 6 MPa at
50% of RHA-NaOH sodium silicate. The flexural sgémeven reached 8 MPa with 75% of RHA-
NaOH sodium silicate demonstrating that the contlnaof both types of sodium silicate is
positive for the final properties of geopolymer quosites. This is due to the fact that standard
sodium silicate contains more fine molecular silemggregates in solution while RHA-NaOH
sodium silicate would have more coarse moleculanpmunds which when in specific percentage

contribute to the formation of more dense and carhgi@ucture with high strength.

The micrographs of the specimens with 100% of RHEGOM sodium silicate solution show
progressive improvement of the densification with increase in concentration of the initial NaOH
solution from 8 to 12M (Fig. 11). This can be easibrrelated to the results of the bulk density and
flexural strength (Fig. 9 and 10). The level ofateaty and densification is linked to the degrde o
dissolution and polycondensation: dissolution aalygondensation that is improved in the case of
amorphous silica with the concentration of the latiea solution. The microstructure of those
specimens goes from coarser and porous at 8M 1Egy.to more fine and dense matrix at 10M and
12M series (Fig. 11b and c). The specimens of dhmdlations with 10 and 12M are those with
matrices similar to that of standard metakaolinebasorganic polymers. In the micrograph of
geopolymers with initial NaOH solution of 8M, it wabe observed a significant amount of
metakaolin (still having the kaolin structure) thdias not been affected during the
geopolymerisation. This unreacted fraction of matdik coexist with residual non-dissolved
amorphous RHA contributing to the poor densificatiof those matrices with 8M NaOH. The
nanometric structure of polysialates (H-N-A-S) tbaih be observed in the Fig. 11c is typical of that
of metakaolin based geopolymer matrix (Gao et2&l14; Mo et al., 2014; Pelisser et al., 2013). It
appeared that when the RHA is well dissolved ind®M solution (cases of 10M and 12M), soluble
silica is formed capable to play similar role aattbf standard sodium silicate. The residues of

alkalis observed into XRD and FT-IR patterns ofcémens with high concentration of NaOH seem
11



not to affect the final product. However, it shoudd noted that the production of the standard
sodium silicate include a final stage of filtratiand neutralization which affect the final costloé
solution. Those two steps in the case of the usRHA-NaOH based sodium silicate solution for
the production of geopolymers have to be avoidadesresidues of alkalis and that of amorphous
silica can be managed using the mix-design. Inimegstigations, it was clearly observed that the
effects of the residual alkalis into the solidifisodium silicate solution with the sodium carbosate
formed are influenced by the initial concentratioh NaOH used. However the presence of
carbonates into the matrices of geopolymers wasrgaly proportional to the concentration of the
initial NaOH. The higher the concentration of iaitisodium silicate, the lower the carbonate
concentration into the final geopolymer matriceg)(R2). This confirms the fact that the in situ
preparation of the sodium silicate as from RHA @enwell monitored with the mix-design to
achieve optimal quality of the metakaolin basedpgdomer composites. Fig. 10 shows the
micrographs of the specimens produced with 50 todi86 of RHA-NaOH based sodium silicate
solution. The presence of the components into tetakaolin and sand capable to fix unreacted
elements from sodium silicate is contributive foe good compaction and adhesion bonds observed

at high magnification (Fig. 13).
5. Discussion

Fawer et al. (2012) described four major commemmiatiuction routes for the sodium silicate. For
the geopolymerization, sodium silicate with molatie between 2 and 3.3 are generally used
(Davidovits, 2008; Kamseu et al., 2014; Kamseulet2813; Kamseu et al., 2012; Okada et al.,
2011). Sodium silicate with MR of 3.3 is producey direct fusion of precisely measured
proportions of pure silica sand and soda ash gpeemture ~ 1400°C. This class of sodium silicate
has high cost and high Global Warming Potential Wts use in geopolymers will increase the
rate of CQ emitted and influence the sustainability of theafiproduct. Relatively low molar ratio
(~ 2) of sodium silicate solution is produced bydiothermal dissolution of silica in sodium
hydroxide solution. This kind of sodium silicatetvimolar ratio 2 is described into the literatuse a
having low GWP because of the low temperature reduor their production. The furnace process
accounts for 80-90% of the energy consumptionenctytle of the production of high molar ratio of
sodium silicate (Fawer et al., 2012). Therefore, WP of sodium silicate produced at relatively
low temperature can be reduced by 50-70% or mone itonsider the Rice Husk Ash as source of
amorphous silica and its calcination as waste rireat. RHA offers the advantage that it can be
dissolved easily into high concentrated NaOH sofutiThe silicate oligomers that are formed are

function of the concentration of NaOH and the edtef dissolution of RHA. Tchakouté et al.
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(2016a and 2016b) proposed a pre-treatment ofhtis& ash and waste glasses which increase the
cost and affect the environmental impact of thalfiproducts. The solution of the present study
appears as one of the more sustainable routedasubstitution of the standard commercial sodium
silicate solution into structural matrices of gelypwers.

Studying the Global Warming Potential of the comgruts of geopolymer in details, Heath et al.
(2014) indicated that sodium silicate accounts4é8% and being the major concern regarding the
environmental impacts for the production of thisvnelass of materials. Our approach works
without the fusion into the furnace as well asefilhig since the residual undissolved amorphous
silica are going to remain into the matrix actirsgfiler or contributing in the interfacial reaatis at

the level of interfaces of grain particles of gelgpters.

From the phases evolution, mechanical strength mmdostructure (Fig. 9, 11 and 13), it was
concluded that the production of RHA-NaOH basediwsudsilicate solution with equilibrated
fractions of monomers, clusters and larger colloigarticles is capable to achieve good
densification and strength. The necessity of hathigyequilibrium between fractions of monomers,
clusters and colloidal particles of sodium silicatdution suggested ideal composite solution made
of ~ 25 vol.% of standard and up to 75 vol.% of RNAOH based sodium silicate solution.

The hypothesis of using RHA-NaOH based sodiumat#icto replace partially up to 75 vol.% the
standard sodium silicate, provide significant rdolns in the GWP of metakaolin-based
geopolymers. The mix-design in this context inssimilar bulk composition and therefore the
physico-mechanical performance can be monitoredptesent final matrix with optimum
characteristics. The use of multiple precursorsiyaiors and curing temperatures for geopolymer
manufacturing can lead to complex mix design, lag the potential to reduce the GWP potential to
a level well below that of “just add water” of Fartd cement (Heath et al., 2014).

Conclusion
RHA-NaOH based sodium silicate solution cured abnrotemperature in open air showed
characteristics (FT-IR and XRD) similar to thatsthndard sodium silicate solution of same bulk
composition with Si@NaO molar ratio of 3.1. The presence of carbonatesavadenced in RHA-
NaOH solidificated sodium solution and increaseintensity with the increase of the initial
concentration of NaOH. 100 vol.% of RHA-NaOH sodiusilicate solution conducted to
metakaolin based geopolymer with relatively highmalative pore volume and more porous
microstructure. From the phases analysis and ntraasral investigations, the above described
behavior were ascribed to the effectiveness ofdiksolution of RHA and formation of different

classes of silica oligomers as function of theahilaOH concentration.

13



The association between standard sodium silica® RRA-NaOH one contributed to the
production of good matrix with optimum mechanictiksgth correlated to good densification. 25
vol.% of the standard sodium silicate seem suffici® equilibrated 75 vol.% of RHA-NaOH
sodium silicate solution with effective action asder in metakaolin based geopolymer matrix. The
mechanism of the improvement in densification atréngth is found on the symbiotic effects
between the &of the standard sodium silicate solution and tHeafd J of the RHA-NaOH
sodium silicate solution.

The design of metakaolin based geopolymer compositth 75 vol.% of sodium silicate replaced
with RHA-NaOH sodium silicate reduces the environtakimpacts of the geopolymerization and

appears as a viable solution for the productiosustainable geopolymers.
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Figures and Tables Captions

Figure 1: XRD patterns of the standard and RHA-Nal@slded sodium silicate solutions showing

the impact of NaOH concentration into the formatidrsilicate oligomers.

Figure 2: FT-IR spectroscopy patterns of the stahdamd RHA-NaOH based sodium silicate

solutions showing the impact of NaOH concentraiida the formation of silicate oligomers.

Figure 3: FT-IR spectroscopy patterns of geopolyras function of the RHA-NaOH sodium

silicate content.
Figure 4: XRD patterns of geopolymers as functibthe RHA-NaOH sodium silicate content.

Figure 5: Cumulative pore volume of metakaolin lblageopolymers as function of the RHA-NaOH

sodium silicate solution.
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Figure 6: Pore size distribution of metakaolin lsageopolymers as function of the RHA-NaOH

sodium silicate solution.

Figure 7. Water Absorption of metakaolin based gégppers as function of the RHA-NaOH

sodium silicate solution.

Figure 8: Variation of the moisture content as tiorc of the molarity of the concentration of the

initial NaOH solution.

Figure 9: Flexural strength of metakaolin basedoggoners as function of the RHA-NaOH sodium

silicate solution.

Figure 10: Variation of the Bulk density (g.cm-3)roetakaolin based geopolymers as function of

the RHA-NaOH sodium silicate solution.
Figure 11: Micrographs of metakaolin based geopelgm(a) 8M100; (b) 10M100; (c) 12M100.

Figure 12: Variation of the carbonates content itite final matrices of metakaolin based

geopolymers as function of RHA-NaOH sodium silicadatent.

Figure 13: Micrographs of high compact matrix mafl@5 vol.% of standard commercial sodium
silicate and 75 vol.% RHA-NaOH silicate.

Table 1: Physical properties of the metakaolin RrtA used for the formulation of geopolymer
composites.
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Table 1: Physical properties of the metakaolin RitA used for the formulation of geopolymer
composites.

Physico-chemical properties

Materials " Specific area Specific density | Particles under
Bulk composition 3
glent g.cm 10 pm
Metakaolin | 5.4SiQ4Al,05 37 1.23 74.8
RHA SIO, 42 2.21 100

River Sand | Si® / 2.34 1.2
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Highlights

* RHA-NaOH sodium silicate have similar characteristics to that of standard one.
e 75 vol.% of standard sodium silicate replaced with RHA-NaOH as a sustainable

binder

» Using RHA-NaOH sodium silicates for geopolymers manufacture reduce the GWP



