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Abstract

The production of cemeiitased materials releasesimerousgreenhouse gases into the
atmospherandtherefore,accelerates global warminghe search for an alternative to Portland
cement systems has thrown up the family of alaativatedyeopolymers as a potential choitre

civil engineering, workability, setting time, strength and durability are the most important demands
asthey determine the quality of construction, engineering performance and the service life of
structures.To boost he widespread application df-A-S-H geopolymes in civil engineering,
developingmaturemix design guidelingis strongly necessarffhe mechanical performance of
N-A-S-H geopolymers has bedoundto rely onthe SiQ/Al>03, NaO/Al>203 and HO/NaO

ratios. Despite that, there so far has not been a systematic investigation on their attendant role upon
workability, setting and durability. How to optimize these properties, without sacrificing the
strength remains a challenge that limits the widesprsadoti locally available precursors for
geopolymers in practicén the meantime hie search for an effective additive that can enhance
geopolymerization, without sacrificing the fresh paste rheology or the subsequent setting and
durability, also continuesinto the present studyA preliminary review led to a watén-air
Pickering emulsion, specifically known as dwater, as a potential choice. Its promising
characteristic in the present context is that it renderadhe silicaas enlarged particles thrgh

the physical reorganization, while it retains the amorphous property af SiO

Accordingly, this doctoral study aims to explain the mechaniims underliethe mutual
interaction between oxide componeatsl dry water led enhancememigeopolymerizabn and

thus, developthe mix design guidelingfor making theworkable, strong and durable AtS-H

geopolymes incorporating dry water.



The results show thatnaincrease in any 08i0/Al203, NaO/Al203, and H.O/N&O ratios
automatically increased the liguid-solid ratioand thereforeraised the flowability of the system.

The setting processf N-A-S-H geopolymers was most sensitive to the 5M30s ratio, as this

ratio essentially dominated the degree of geopolymerization. By contrast, the other two oxide
ratios, i.e., NeO/Al.Oz and BO/N&O, causedthe relatively minor influence on settingh
deficient SiQ/Al20s3 ratio and an excessive P/AIOz ratio reduced the amorphocity and
boosted the significant formation of crystalline zeolite. Thésereforereduced the mechanical
strengthand acid resistancélthough a value oH>O/N&O ratioat the lower end may slightly
depress the geopolymerizatiothe attendant high alkalinity improved the acid resistaRoe.
generdly used NA-S-H geopolymers, a satisfactory combination of compositional ratios to
simultaneously achieve the desired workability, final set and strength may fall withitAGIO}

= 2.83.6, NaO/Al;0s = 0.751.0 and HO/N&O = 910. When subjected to the agidh
environment, the SigAl.Os ratio could besuitably narrowed to 3.43.4, and the EHD/NaO
slightly shiftsto 8-10.

Moreover, depending on the unique combination of characteristics of size coarsening, micro
filling, supplementary silica source and temporary water encapsulatiomanioesilicastabilized

dry water recol oechet Wee it t lapebedtiesdrsoptimal mtiowhsa r d e n €
found at 15% nanoparticleés-emulsion ratiao yield the most satisfactory combination of high
flow diameter, quick sehigh strength and superior acid resistasBultaneously

Overall, this thesis provides a guidelioesynthesize therorkable strong and acidesistanN-A-

S-H geopolymer incorporating dry water. The findings are very promising to boost the widespread
application of NA-S-H geopolymes with locally available precursorsn both the ordinary

conditionandan acid-rich environment



Preface

This thesis is an original work bghaofan Yi. The NA-S-H geopolymer systems with varying
principal compositional ratios anthno silicastabilized dry watewere synthesized to develop a
mix design guideline for producing the sustainable, workable,gstnd acieresistant alternative

to conventional Ordinary Portland cement systeniss thesiscontains both experimental and
modelling work ands developed froma couple ofjournal papers that areither published or
draftedfor the consideratiorior publication.

Chapter3 of this thesishas been published &8, C., Boluk, Y., & Bindiganavile, V. (2022).
Experimental Characterization and MtRactor Modelling to Achieve Desired Flow, Set and
Strength of NA-S-H GeopolymersMaterials, 15(16), 5634.

A journal paper and a manuscript have been develfspedChapterd. The first papehas been
published asYi, C., Boluk, Y., & Bindiganavile, V. (2020). Enhancing alkaltivation of
metakaolinbased geopolymers using dry watdournal of Cleaner Productiqri258, 120676.
Anotherindependentmanuscript has been submitted for peer reviewiag., Boluk, Y., &
Bindiganavile, V. (202). Aluminosilicates Geopolymerized with Dry Water Stabilized by
Hydrophobic Nanosilica: Mechanisms underlying its Rheology, Microstructure and Strength.
Construction and Building Materials

Chapters of this thesisas beesubmittedfor peer review a¥’i, C., Boluk, Y., & Bindiganavile,

V. (2022) Characterizing Mechanisms Underlying Effects of Compositional Oxide Ratios on
Performances of M\-S-H Geopolymers Subjected to Sulphuric Acid Attackement and

Concrete Composites



Chapter 6 bthis thesis has been drafted for submissiofia€., Boluk, Y., & Bindiganavile, V.
(2022), Potential Benefits of Hydrophobic Nano Silica Stabilized Dry Water féy-SNH
Geopolymers Against Sulphuric Acid Attadkement and Concrete Composites

Chapter 7 of this thesis is related to médictor modelling. The mairesultshave been published
together with the results shown in Chapter 3YasC., Boluk, Y., & Bindiganavile, V. (2022).
Experimental Characterization and MtHactor Modelling toAchieve Desired Flow, Set and
Strength of NA-S-H GeopolymersMaterials 15(16), 5634. Besides, this concept has also been
used to contribute tadditionaltwo journalpapes as (i) Li J., Tao Y.,
V., Chen Z.,Yi C. (corresponding author) (2022). Optimal Amorphous Oxide Ratios and
Multifactor Models for Binary Geopolymers from Metakaolin Blended with Substantial Sugarcane
BagasseJournal of Cleaner Productiqr877, 134215(ii) Li, J.,Yi, C., Chen, Z., Cao, W., Yin,

S., HuangH., ... & Yu, Q. (2022)Relationships between Reaction Products and Carbonation
Performance of Alkalactivated Slag with Similar Pore Structureurnal of Building Engineering

45, 103605

In this thesis my work includesconceptualizationgexperiment design and operatiodata
collection,model establishmepfiormal analysiswriting andediting Dr. Vivek Bindiganavile and

Dr. Yaman Bolukare my academic supervisgrwho were involved inconceptualization,
supervision, reources,founding acquisitionreview, and editingDr. Rajender Guptas my

supervisory committee membaitso contributed tthe reviewof this thesis.

é



DEDICATION

This thesis is dedicated to rogloved family

Vi



Acknowledgement

First andforemost, | would like to express my sincere gratitude topnycipal supervisor, Dr.
Vivek Bindiganavile for his invaluable supervisign continuous guidance and warm
encouragement throughout nh.D. programMy sincere thanks aralso extended to my co
supervisor, Dr. Yaman Boluk, feharing theexcitingconceptof Pickering emulsion andlsohis
expertise in nanomaterials is absolutelymy hugepleasure tavork under their supervisioiheir
immense knowledgandplentiful experience&onstantlyinspire me taggrow into a betterscientific
researchemBesides) would also like to acknowledge Dr. Rajender Gufiahis constructivand
helpful comments on this doctoral progrdgqualy, mysinceregratitude is extended to professors
Dr. Luca Sorelli, Dr. Rick Chalaturnylr. Wei Viktor Liu and Dr. Carlos Cruz Noguéar their
valuable comments and suggestiongtos thesis

My deepestappreciation also goes to the technical staff of several laboratories at University of
Alberta, as fdbws: (i) Mr. Rizaldy Mariano for his invaluabland unconditional technical
assistance during the specimen preparatiorvandustestsconducted at the Concrete Research
Laboratory; (ii)Mr. Nathan Gerein anillr. Guibin Ma for their professional help on carrying out
the microstructural investigation at the Scanning Electron Microscope Laboratory (iReng
Li, Dr. Nancy Zhang, Dr. Shihong XandDr. Angiang He from NanoFAB fdrelping and training
me to perform morphological and chemicalharacterizations(iv) Mr. Greg Miller and Mr.
Cameron West for their technical support the Material Test System Without thetechnical
assistancerovided by these gentlemen and ladrentioned abovehis research pragm would
notbecompleted

| would like to extend my thanks tey colleaguesand friendsDr. Jose Roberto Albuquerque

Goncalves Dr. Muhammad MamunDr. Guangping Huang and Dr. Linping War their kind

vii



helpand suggestionduring my doctoraprogram As well, | wish to express mgppreciabn to

my former supervisor Dr. Zheng Chefrom Guangxi University,who is also aresearch
collaboratorin Dr. Vivek Bindiganavil® s fa hiswwarmand selflessupport and assistance

in my careedevelopment

This acknowledgement would not be complete without expressingneiigsdove and gratitude

to my dearwife Xiaoyu Lu, mybelovedparents Zeming Yi and Hongchun Liaagd parentsn-

law Yanjie Lu and Yi Huangor their unconditional love, support, encouragement and guidance
during this important and challenging chapter my life. | sincerely appreciate them for

understanding my temporary absefroen their daily lives when pursuing my dreams

viii



Table of contets

N 6] 1 = Lo PO PR P P PP PPPPPP TR i
PIEIACE. ...t e e e v
ACKNOWIEUAGEIMENL ...ttt eerena s s s e e e e e e e e e e e e e eeeannneeeeeeeaaeeeees] Vil
Table Of CONTENTS.... ..o e e e et e e e e e e e s ammr e e e e e e e e e eeeeaeeas ix
LISt Of tADIES. ... XVi
IS A0 ) {0 TN =SSO Xviii
LiSt Of @DDIEVIALIONS. ......eiiiiiiiiiiiii et ener e e e e XXVi

(@ gF=T o] (=1 g8 11 70 07X 1 0] o 10T 1
O R = 7= T (o {010 T PP PPUPPPPP PP 1
1.2. Problem Statement.........coooiiiiiiiii e 5
1.3. Scope and ODJECHIVES. .....cciii i 6
I Y To [ o) 1=V g Lo =TSSP 7
1.5. ThESIS MYANIZALION........oiiiiiiieieie e e e e e e ereere e s e e e e e e e e e e e e e e e eeessstnnneaaaeeaees 3
Chapter 2LITErature MBVIBW........cc.uiiiiiiiiiieeeeieeeei bbbttt e e e e e e e e eeer et e et et e e e e e e e e e e e e e s s s s ammneeeeas 11
/2 W [ 11 (0T ¥ [o{ 1 [ a PP PP P PP PPPPPPPUPPPR 11
2.2. Mechanism of geopolymerizatiOn............ooooiiiiiemmn e e e 12
2.3. Effect of oxide ratios on fresh and hardened properties of geopalymer................ 15
2.3.1.Compressive Strength........cooo i 15
2.3.2.Workability and Setting.......ccccoviiiiiiiiie e eee e 17



PG S TR YU 1 011 4= U 2 TP UPPPR 20

2.4, ACIH MESISTANCE. ....eeeii e ittt eceee ettt emme e s e e e e e eeee e e e e e e e annnees 21
2.5. BeNEefitS Of NARGIO, ......eeiiiiiiiiii et 23
2.6. Watetin-air Pickering emulSion (Dry Water)..........ccoeeeeeeeeeeeeieeeieiieee e eeeeeeeeees 25
2.7. Characterizations 0N gEOPOIYMELS ........uuuuiiiiiiieiiieeairrnreerreeeeeeeeeeeeeesamereeeeaaeaaaeaeens 26
AN Y 1o 01 | V28RS 26
2.7.2. Temperature eVOIULIQN.............uuuuuuiiiimeee e emenra e e e e e e e e eeaaeas 28
2.7.3. Xray diffraction (XRD).........uuuuuuiiiiei e e e ceeeiie s e e eees e e e e e e e e e e e eeeaanaenns 29
2.7.4. Thermogravimetric analySiIBGA)......coooiiiiiiiiiiireer e 30
2.7.5. Fourier transform infrared spectroScopy (FTIR)........uuvvviiiiiiiiiicemiiiiiiiiiieeeeee 31

2.7.6. Scanning electron microscope and energy dispersiag ¥pectroscope (SEEDS)

2.8, CONCIUSION. e e et 33

Chapter 3Characterizing effects of compositional oxide ratios on workability, setting and strength

Of N-A-S-H gEOPOIYMEIS.... oo e e e e e e e e e e e ameeraa e e as 35
0 I [ 01 (o To (3 Tod 1 o] o PSP PPPPPPPPI 35
3.2. Materials and MethodS...........uuuuiiiiiiiii e 38

32,1 MALEIIAUS. ..ttt 38
3.2.2. Preparation of geopolymer samples...........oooiiiiiiiiciiis s 39
3.2.3. TeSt ProtOCOIS......uuuiiiiiiiiiiie e ceeee e sreee e eneen e e e 40



3.3. Experimental characterizations............ccouvvviiiiieeee e 42

3.3.1. Rheology of fresh geopolymer MiXtUIES............uuvveeiiiiceceeeiiiieen e e e e e eeees 42
3.3.2. Temperature @VOIULIQML...........uuiiiiiiiiiii ettt e e e e e e e e e e e 45
3.3.3. XRay diffraction (XRD) and thermogravimetric analysis (TGA)..........cc..c...... a7
3.3.4. Fourier transform infrared spectroscopy (FTIR).........ccccouviiiiiimmmniiiiiiiiieee 51
3.3.5. Scanning electron MICrOSCOREEM) .....cceeeeeeiiiieiieeeieeeee e e 55
3.4. Fresh and hardened ProPertieS.........oovvvviiiiiiiieeee e 59
G N I VY0 T = o1 USRS 59
1= 1] o TP U PP PP PP PPPPPPPPPPPPPP 60
3.4.3. COMPresSSIVE SIIENGLNL.......coiiiiiiee e s 62
3.4.4. TenSile StrENQLN.........oeee e e 63
3.4.5. EIQSHC MOAUIUS......cooiiiiiiiiieei i rmee e e e e 67
3.5. SeNSItIVILY @NAlYSIS......ccceeeeiiieiieeee et ernnnnaann 68
3.6. Further diSCUSSION..........cooiiiiiiiitieees sttt eeeeesssreseeeeeeeeeeeeeeeeessmmmeeeeeeeses o O
3.7, CONCIUSION.....eviiiiiiiiiiiiiii e es e

Chapter 4. Potential benefits of nano silica stabilized dry water on fresh and hardened properties

Of N-A-S-H gEOPOIYMETIS.....euiiiiiiiiiiiiiiiiie e iieees e L
ot I [ 1 (o o 18 ox {0 PP PPPPPPPPPPPY £
4.2. Materials and MethOdS.............uuuiiiiiiiiieee e 76

4.2, 1. MAEEITAIS. ...ttt e e nn e 76

Xi



4.2.2. Preparation Of dry WALeI............uvuuuuiiiiieeeeeiiiisss s e e emnnsns s e e e e e e e e aeeeeees 7

4.2.3. Preparation of geopolymer SaAmples............uuuiiiiiiicccieiiiiii e vreern 82
4.2.4. TESE PIOIOCOIS. ...eeeeeieiieiit ettt e e e 83
4.3. Fresh and hardened Properties. ........cccouuiiiuiimeeraiiiiie e eeees e e e e e e e e eas 84
4.3.1. Adsorption of nanoparticles at INterfaces..........ccooviiiiieemiiiiiieeeeeeeee e 84
G B 1Yo 1 & o | 1 S 87
4.3.3. FINal SEHING tIME....cooiiiiiieeee e e e e e e e e e e e anene s 88
4.3.4. COMPressSiVe SITENGLNL........oeiiicc e ereer e e e e 90
4.4. Characterizations upon geopolymers incorporating dry Water.............ccooevieaeeenn. 92
Ot N g <To ] [0 )V PP PP PP SRPPPPPPP 92
4.4.2. Temperature eVOIULION.........cccoeeeiiiiiiiiieeer e 93
4.4.3. Xray diffraction (XRD) and thermogravimetric analysis (TGA)....................... 95
4.4.4. Fourier transform infrared spectroscopy (FTIR)..........coooviiiiiiiieee e, 97

4.4.5. Scanning electron microscope and energy dispersrag Xpectroscope (SEEDS)

................................................................................................................................. 101
4.5. Schematic model of dry water led geopolymerization...............ooooevecceeeeeeeeeeee 108
T @ o 11153 o S UPUURPRRR 109

Chapter 5. Characterizing effects of compositional oxide ratios on performanceAes-N

geopolymers when subjected to swlpgh acid attack.............ccoooeeviiiiicciii e 112

LSRR I [ {0 1o ¥ To3 £ [0 ] AU 112

Xii



5.2. Materials and MEthOAS. ... .ccu vt 115

5.2.1. MALEIIAIS. ...ttt e e 115
5.2.2. SaMPIe PrepParation.........coviiiiiiiiiiiie e 116
5.2.3. SAMPIE COIBCHIONS. ......uuiiiiiiiiiiii i 117
5.2.4. TESt PrOtOCOIS.....ceiiiieeeee e eeer e 120
5.3. ReSUItS @nd iSCUSSION. .......iuuiiiiiieeiieeet et rmme e e 121
5.3.1. pH evolution of sulphuric acid SOIUtION...........cccoiiiiiiii e e 121
5.3.2. Alkalinity 0SS Of QEOPOIYMEIS.......cccoeiiiiieeeeeeee e 123
5.3.3. Changes in mass, diameter and compressive strength................coccceeeee. 126
5.3.4. Apparent volume of permeable voids............ccoooi i 128
5.3.5. Xray diffraction (XRD).........uuiiiiiiiieiiee i ieeeiee e eeeeeeeeeeeee e 130
5.3.6. Thermogravimetric analysiS (TGA)........coovireeriieiiiimmee e eeeraanaes 132
5.3.7. Fourier transform infrared spectroscopy (FTIR).....c.cccoooeeiiiiiiiiceeiiieeeee 134

5.3.8. Scanning electron microscope and energy dispersrag ¥pectroscope (SEREDS)

................................................................................................................................. 142
5.4, SENSILIVILY ANAIYSIS. .. .uutiiiiiiiiiiiiiii e 152
5.5, CONCIUSION. ...t re bbb e e 154

Chapter 6. Potential benefits of nano silica stabilized dry water-#+3NH geopolymers against

SUIPNUIIC @CId AtEACK. .......ceviii i e e e e e b e e e eenes 156

(ST I [ 01 (00 Yo [ T3 1[0] n WO TTTOTT 156

Xiii



G IZ  =1 o To (o] (oo | VAP 158

6.2.1. MALEIIAIS. ... .eeieiiie ettt e e e e 158
6.2.2. Production of dry water POWAEIS. ........coiieiiiiiiiiiie e 159
6.2.3. Mix proportions and specimen preparations. ............ccccuvvvumeernniinererennnnneeen. 162
6.2.4. TESE PrOLOCOIS. .. .ottt ee et et e e e e e e e e e e e e s s e e e e as 163
6.3. RESUItS aNd diSCUSSION.........uuiiiiiiiiiiiiieeei et e e seeens 165
6.3.1. pH evolution of sulphuric acid SOIUtIQN................uuiiiicceec e 165
6.3.2. Alkalinity of geopolymers after acid eXpOSULE............ueviiiiiiicccveriiccee e 167
6.3.3. Changes in mass, diameter and compressive strength..............ccccoeeeeveeinns 169
6.3.4. Apparent volume of permeable vaids.............ooooiiiiier e 171
6.3.5. Xray diffraction (XRD).........uuuuiiiiiiii i e ceeeicces e eene e e e e e e 173
6.3.6. Thermogravimetric analysiS (TGA)........ccoeieiiiiiiieeeeee e 174
6.3.7. Fourier transform infrared spectroscopy (FTIR).........oveiiiiiiiiiicecncceeee 176

6.3.8. Scanning electron microscope and energy dispersrag Xpectroscope (SEREDS)

.4 . CONCIUSION. .. e e e e e e e e e e e e e e eae e e e aeaen 188

Chapter 7. Multifactor models to predict the flow, final set, strength and acid penetratioief N

SH QEOPOIYMETS....eeeeeeeeeeeeee e 190
4% R [ 1 (0T (¥ Tod 1 o] o 190
42 \Y/ 11 1 a o To (o] (o o |28 PSPPI 192

Xiv



7.2.2. Residual and least square CriteriQn................ouuvvriemmeeeeeeeeeeeeiiiiie s smmeeneeens 194
7.2.3. Determination of coefficients for regression model..............cccccciiicccvreiinnnnns 194
7.2.4. Proof of minimum reSIdU@l.............ooooiiiiiiiiiir e 195
7.2.5. Coefficient of determMiNatiON.............uueeiriiiiii e 195

7.3. Establishment of mMUactor Models...........oooiiiiiiiiiiiiee e 196
7.3.1. Find relationship between variables and predicted outcomes...................... 196
7.3.2. Determine regression coefficients for proposed #fadtor models................... 206
7.3.3. Comparison between actual observation and predicted outcomes.............. 207
7.3.4. Further investigation on:#R and loss of compressive strength.................... 210

T4, CONCIUSION.. ...ttt ettt e e e e e e e e e enenss e e e e e e e nnnnees 212
Chapter 8. Conclusion and future WOIK...............ooeviiiiimmriieiieeeee e 214
8.1, CONCIUSIONS. .....eiiieiiiiittee e ecee ettt e e e e e e e eaeer e e e e e e nnreeeeas 214
8.2. Application of the findings from this StUAY...........cooviiiiiiiiiieen e, 217
8.3. Recommendations for future StUALES.............uuiiiiiiiiieeriiiiiiiieeeeeee e 219
RETEIEINCES. ...ttt mnne e e 223
Y o] 1= [ [PPSR 243

XV



List of tables

Table 2.1 Comparison between conventional Portland cement and geopolymer systemnis2

Table 2.2 Effect of nan&iO, on workability and setting of geopolymer systems............... 25
Table 3.1 Chemicalompositionof employed metakaolin...............cccoevvviiiieemreeiieeeeiiiiiinnns 39
Table 3.2 Mixproportionsof N-A-S-H geopolymers with varying oxide ratios...................40
Table 3.3Proportioningthe NA-S-H paste mixtures for rheology test.............cceeevvivvvieeen. 44

Table 3.4Dataseu s ed f or s en.s..t.i.vi.t.y..a.na.l.y.s..s....69
Table 4.1Physicochemicgbroperties of fumed silica nanoparticles...............cccoovvvieeen. 77
Table 4.2V mroportionso f v a fAFSEHU g e M. S 82

Table 4.3Normalizede n e r of adleesion and immersion for hydrophilic and hydrophobic silica

=T T0] o 7= g 1] od =S USRS 86
Table 5.1The mainoxide components of employed metakaolin.................coceevieeeeeeennn. 115
Table 5.2Mix proportions of NA-S-H geopolymers for sulphuric acid attack.................. 117

Table 5.3Relativemass proportion of various elements constituting{48$-H geopolymers. 152

Table 6.1Physicochemicgbropertiesof silica nanoparticles from the manufacturer......... 159
Table 6.2Mix proportions of NA-S-H- geopolymers incorporating nano additives.......... 162
Table 6.3 pH value of powder suspension derived from varying depths....................... 168

Table 6.4Relative mass proportion of various elements{iA4$-H geopolymers before and after
S0 ][ o] VT ol Tt o = i = o) OSSP 188
Table7.1Trainingdataset for fresh and hardened properties and predicted outcomes..201
Table 7.2Predicted fresh and hardened properties for mixtures in the validating datase02

Table 7.3 Dataset facid penetratiomnd the predicted outcomes.............ccoeevviiiiieeeenennn. 205

XVi



Table A.1 Data of compressive strength and flow diameter for varieAsSNH geopolymers
(related to Figure 3.13(a) and FIQure 3.18).......c.couuiiiiiiiiiimeeeeeeiie s eeenr s 243

Table A.2 Data of splitting tensile strength for varioug\Ns-H geopolymers (related to Figure

Table A.3 Data of compressive strength and flow diameter for varieAsSNH geopolymers
made with dry water andne nano silica (related to Figure 4.7 and Figure 4.9 (a&b))....244
Table A.4 Data otompressive strength for variousMNS-H geopolymers after sulphuric acid
attack (related to FIgUIre 5.8).......uuuuiiiii e eee e ———— 245
Table A.5 Data of mass and dimension losses for varieGAsNH geopolymers after sulphuric
acid attack (related tO FIQUIE 5.7)-.....ooeeeiiieieiie e e emrn e e e e e e e e e e e eees 246
Table A.6 Data of compressive strength for nano silica and dry water involv&keSN
geopolymers after sulphuric acid attack (related to Figure.6.6).............ccoovvvvieeeeeeeeeenn. 248
Table A.7 Data of mass and dimension losses for nano silica and dry water inveA+«&iHN

geopolymers after sulphuric aadtack (related to Figure 6.5)...........ccoeeeviiiiiiiieeeneeeeeee, 248

XVii



List of figures
Figure 2.1 Thehemical mechanism of geopolymerization.................oovvvvvieeieeveeeeviiinnnns 14
Figure 2.2 The chemical mechanism of aatidhck in NA-S-H geopolymer systems............ 22
Figure 2.3 Brookfield DMI+ Programmable Viscometer gmoyed to determine viscosity...27
Figure 2.4 Thermal graph of geopolymer mixtures made withwsigompositions.............. 29
Figure 2.5 The Rigaku XRD Ultima IV and (b) representative XRD spectraN{8r-S-H
[0 =T0 00 1Y/ 0 0= 6P 30
Figure 2.6 The Discovery TGA instrument and (b) typical TG/DTG curvesNi&-S-H
[0 T=T0 00 1Y/ 0 01 €SP 31
Figure 2.7 (a) The FTIRS50 system and (b) the typical FTIR spectrdleA-S-H geopolymers
within the range of 802250 cm'® alongside the deconvolutian..............c..cccvevvieeeeeeienennne. 32
Figure 28 (a) The Zeiss Sigma 300 VWESEM and (b) the binarized SEM images with
microcracks and voids displayed in black pixXels............ccccoiiiiiiieeee e 33
Figure 3.1 (a) XRD and (b) FTIR spectra of the metakaolin precursar...................cccue. 39
Figure 3.2 View of employed machines and apparatus for measuring fresh and hardened properties
of N-A-S-H geopolymers: (amixer, (b) flow table, (c) Vicat needle apparatus, (d) grinder,
compression machine for (e) modulus and (f) compressive alongside splitting tensile stt&ngth.
Figure 3.3 Rheological properties of fresh geopolymer mixtures made with varying compositional
ratios: (ac) viscosity and (d) yield shear StreSS........ccceeviiiiiiiiiiiiieeei e 44
Figure 3.4 Temperature evolution as a function of time for fresh geopolymer mixture made with
varying (a) SiQ/Al 203, (b) Na&O/Al203, (€) HLO/N&O molar ratios..............eeeeeeveeiiieieenennnn. 46

Figure 3.5 NaOH regeneran during the polycondensation ofA-S-H geopolymer............47

Xviii



Figure 3.6 (&c) XRD and (@f) TGA outcomes of hardened geopolymers made with varying
SiO/Al203, N&O/AI203 and HO/Na&O MOlar ratios. ..........cceeiviiiiiiiiiieanee e 50
Figure 3.7 FTIR spectra of hardened geopolymers made with varying (a)AG@, (b)
NaO/Al203 and (€) HO/ NaO molar ratios...........oooieiiiiiiiiiiineensiiiiiveeeee e eneeeeeeeees 52

Figure 3.8 FTIR spectral deconvolutions of the mairOSi stretching band positioned at

Figure 3.9 Relative areas of the deconvoluted component peaks within the f@aint&ind. 55
Figure 3.10 SEM images of geopolymer mixture made with varyiing) (8iQ/Al>O3, (dif)
NapO/Al203 and (G i) H2O/NGRO. ....ceeiiiiiieiiiiie ettt eemme e 57
Figure 3.11 Binarized SEMnagesgenerated from Figure 3.10............cceeevviiiiiiicenn e, 58
Figure 3.12 The quantifieareafraction of voids and cracks in variousMS-H geopolymers$8
Figure 3.13 (a) Workability and (b) liquitd-solid ratio of various NA-S-H geopolymer pastes

(>350 mm indicates that thdiameter of mixture is more than 350 mm after 25 blows on flow

1221 0] =) T SO PP RRRRPRRSRR 60
Figure 3.14 Settingme of various NA-S-H geopolymer pastes..........cccceeeeeeeeeiiieeeceeeeennn. 61
Figure 3.15Compressivestrength of various M\-S-H geopolymer pastes..............cccceeeennn! 63
Figure 3.16 Tensile strength wdiriousN-A-S-H geopolymers............ccceeeiiieisceeeviiiinnn, 64
Figure 3.17Correlationbetweenensile and compressive strength...............ccccoeirieeeennl 65

Figure 3.18 Comparison between actual and predicted tetrsigth based on different models:
(a, c) dataset in this study, (b, d) dataset in this study and the one genepdtaddiyt al. (2021).
.......................................................................................................................................... 66

Figure 3.19 Elastic modulus of variousANS-H geopolymer mortars.............cocceevvvvviiiiennnn. 67

XiX



Figure 3.20 Comparison between actual and predicted elastic modulus based on different models.
.......................................................................................................................................... 68

Figure 3.21 Sensitivities of workability, final set and compressive strength to compositional ratios.

.......................................................................................................................................... 70
Figure 4.1Schematicshowingthe mechanism of dry water formation......................vvvueeee. 78
Figure 4.2 Fumed silicaowder distilled water and drwater powder..............oooevvvvvvvvvieeee.. 79
Figure 4.3FTIR of the hydrophobidumed silica and resulting dry water........................... 80
Figure 4.4Thepatrticlesof dry water observed undertagal miCroSCOPY.........cccevvvvvvvvvvvnnnnns 81
Figure 4.5Angle of repose for (a) hydrophobic fumed silica and (b) dryewat.................... 81
Figure 4.6Schematic illustrationef silica nanoparticles at air/water interfaces................. 86

Figure 4.7Flow diameterof geopolymers incorgating: (a) nano silica in different forms and (b)
varying variants Of Ary Watel.............uiiiiii e eees e e e e e e e 88

Figure 4.8Final setting time ofeopolymersncorporating: (a) nano silica in different forms and

Figure 4.9Compressivestrengthof geopolymers incorporating (a) nano silica in different forms,
(b) varying variants of dry water, and (c, d) the associated tigeslid ratio....................... 91
Figure 4.1(Rheologicalpropertiesof fresh geopolymer systems: (a) viscosity and (b) yield shear
stress (Note: Mixtures for rheology tegtre prepared with the2B/NaO ratio suitably increased

to 20, in order to capture the functional range of the rotational (0~1250 mRa.s))........... 93

Figure 4.11Temperatur@volution during the setting of the fresh geopolymer mixtures....95

Figure 4.12XRD spectra forvariousgeopolymer mixtures (A:Anatase)..........cccccveeeeeeerenens 96
Figure 4.13TGA outcomes forariousgeopolymer MiXtUres..........cccoeeevveeviiiisceeeieeeeeeeeiinnnnn 97
Figure 4.14FTIR spectrdor various geopolymer MiXtUres........ccceeeeeveevviiiieeeiseeeeeeeineeean 99

XX



Figure 4.15FTIR spectraldeconvolutionsof the main SIO-T stretching band positioned at
800~1250 crt for geopolymers reported in FIgure 4.14..........cooeveeeieeceee e 100

Figure 4.16Relativeareas of the deconvoluted component peaks within the miai Sband.

Figure 4.17SEM images of geopolymer mixtures captured at different magnifications..103
Figure 4.18SEM images in Figure 4.17 aftendergoingoinary segmentation................... 104
Figure 4.19Pore sizaistributionderived from image analysis for images taken at (a) 200X and
(D) SOO0X ettt eeeeseeeeeee et et et et ettt eseseeee e e e e et eseseseseseees et esenne et en e e e e neneeeeeeeeraes 105

Figure 4.20(a) EDS patterns and (b) actual molar Si/Al and Na/Al ratios as derived from EDS.

Figure 4.21 Schematic model describing the impact of dry water on the evolving
[oT=T0] 010) )Y 0 0 =T 121 1o ] o 109
Figure 5.1(a) XRD and (b) FTIR spectra employedmetakaolin..................cccceeevvvieeennn... 115
Figure 5.2 Schematic sketches showing (a) slicing, (b) drilling protocols and view of (c)
representative specimemamersedin acid solution, and (d) the actual operation for collecting
[OT0AT Y0 L= 5= T g o] =S TSSO 119
Figure 5.3pH evolutionof the sulphuric acid solutiathuringthe immersion of geopolymers made
with varying (a)SiOx/Al 203, (b) NaoO/Al20zand (C)H20/N@O. ......cccecvieiiiiiiiiiiieeceeeeiieee 123
Figure 5.4Effectsof (a) SiQ/AI203, (b) NaO/Al>0s and (¢) HO/N&O ratios on the remaining
alkalinity of geopolymer powders after sulphuric acid attack................ccccovcceiiiiiiennns 124
Figure 5.5Representative images of visual inspection upon geopolymer mortars after 12 weeks of

SUIPNUIIC @CIA AtEACK........cciiiiiii e e e e e e e e e mmme e e eaeees 125

XXi



Figure 5.6Effects of (a) SIQAI2Os, (b) NaO/Al.0z3 and (c) HO/N&O ratios on acid penetration
degree iN GEOPOIYMEIS........ccoo it a e e e e e e e e ema e e e e e as 126
Figure 5.7Mass and diameter losses of geopolymers after sulphuric acid attack.......... 127
Figure 5.8Compressive strength of geopolymers right before and after sulphuric acid 428ck.

Figure 5.9The apparent volume of permeable voids of geopolymers prior to sulphuric ackd atta

Figure 5.10XRD outcomedor geopolymersight before and aftesulphuricacid attack.......132
Figure 5.11TGA outcomedor geopolymersight before and aftesulphuricacidattack........ 133
Figure 5.12The polycondensation involved in the production eANs-H geopolymers....... 134
Figure 5.13Variation in the DTG peak intensity betwe@®~300 € after sulphuc acid
1010 T=T 6] (o] o TR PO PP PP 134
Figure 5.14FTIR outcomes for geopolymers right before and after sulplagid immersionl37
Figure 5.15The shift of principal SO-T band as reported in FiguBel4...........cccceeeveeeeeeen.n. 137
Figure 5.16 FTIR spectraleconvolutionsof the main SIO-T stretching band positioneat
800~1250 cim for geopolymers reported in Figure 5.140a.............cccceveierecvieesee e 140
Figure 5.17 FTIR spectral deavolutions of the main SD-T stretching band positioned at
800~1250 cim for geopolymers reported in Figure 5.14f(d...........cccooeveiericvieere e 141
Figure 5.18Relativearea proportions of the deconvoluted-gaaks right (a) before and (b) after

sulphuric acid attack, alongside (c) the variation in the area proportion of Peaks Ill. an@iAl.

Figure 5.190riginal SEM images afinexposedeopolymer mixtures at 300X................... 143
Figure 5.200riginal SEM images of unexposed geopolymer mixtures at 5000X........... 144
Figure 5.21Binarized SEM images of unexposed geopolymer mixtures at 300X........... 145

Figure 5.2Binarized SEM images of unexposed geopolymer mixtures at 5000X......... 146

XXii



Figure 5.23Cumulative area fraction of voids derived from images taken-t 380X and (ef)

Figure 5.24a) Pastespeciedor SEM test and (b) the scanned area for exposed specimb4l.
Figure 5.255EM images for geopolymers after 84 days of exposure (at 300X)............. 150

Figure 5.2€EDS results for geopolymers after 84 days of exposure, as captured from Figure 5.25.

Figure 5.27 Sensitivities of initi@ompressivetrength, strength losses and penetratigreteto
SiO/Al203, N&O/AI203 and HO/ N@O FatioS..........vvvvviieiiiiiiii e e 154
Figure 6.1 Schematic illustrations of producing dry water and the actual product with its
MICTOSCOPIC IMAGE. ....eeeeeeirettueiiiee e e e eeeeseerat e aaaeeeeeeeeaaaesaaaeaaasaeaaaaaaaeressessssssrnnneaeeeeeeennnnnnns 161
Figure 6.2 pH evolution of sulphuric acid solutiQn.............cccoeiiiiiiceeciiicccce e 166
Figure 6.3 Representative images of visual inspection upon geopolymer mortars after 56 days of
{00 1S U [PPSR 168
Figure 6.4 The neutralized degree of various geopolymers after sulphuric acid. attack.169
Figure 6.5 Mass and diameter losses of geopolymers after sulphuric acid attack......... 170
Figure 6.6 Compressive strength of geopolymers right before and after sulphuric acidlatiack.
Figure 6.7 The apparent volume of permeable voids of various geopolymers.............. 172

Figure 6.8 XRD outcomes for various geopolymers right before and after sulphuric acid attack.

Figure 6.10 The polycondensation and the-#utliced dealumination of 4-S-H chains... 176

XXili



Figure 6.11 FTIR outcomes for various geopolymers right before and after sulphuric acid
10100 T=T 6] (o] o TR OO PP RPPP PP 177
Figure 6.12 FTIR spectral deconvolutions of the mawOSi stretching band positioned at
800~1250 cm' for geopolymers reported in Figure 6.11(a).........c..coueieeierieeeeseeeerseeanns 180

Figure 6.13 FTIR spectral deconvoluts of the main SD-T stretching band positioned at
800~1250 crt for geopolymers reported in FIure 6.11(C). ...c..covrieeireeierieeeeeireeeeeseeanns 181

Figure 6.14 Changes in the area fraction of resolved Peaks Ill and.M........................... 182

Figure 6.15 SEM images of geopolymer pastes before sulphuric acid immersion (at 300X): (a)

Figure 6.16 SEM images of geopolymer pastes after 12 weeks of acid imnmatsa@®Xx): (a)
reference, (b) NS, (¢) DWV(d) DWP and (€) DW.........coveiviiiieeeeee e, 184

Figure 6.17 SEM images gkopolymer pastes after 12 weeks of acid immersion (at 5000X): (a)
reference, (b) NS, (¢) DWV(d) DWP and (€) DW.........coveiviiiieeieeee e, 184

Figure 6.18 Binarized SEM images of geopolymer pastes before sulphuric acid immersion (at
300X): (a) reference, (b) NS, (c) W) DWP and (€) DW. .......ccoooveeeieeeeee e 185

Figure 6.19 Binarized SEM images of geopolymer pastes after 12 weeks of acid immersion (at
300X): (a) reference, (b) NS, (c) W) DWP and (€) DW. .......ccoooveieeeeee e 185

Figure 6.20 Quantified area proportion of voids and cracks in geopolymer mixtures: (a) before and
(D) after aCIAMMEISION.........cooiiiieii e e e e e e e e e e e e e e e anaeeaaeeeeeas 186

Figure 7.1 Correlation between flow diameter and various compositional oxide .ratias.197

Figure 7.2 Correlation between final set and various compositional oxide.ratias.......... 199

Figure 7.3 Correlation between compressive strength and various compositional oxid2g@tios.

Figure 7.4Correlationbetween the penetration degree and exposure fme.(.................. 203

XXV



Figure 7.5Correlationbetween the penetration degree and various compositional oxide ratios.

Figure 7.6 Comparing actual flow diameter with the predicted results from (a) uncoupled model
and (D) coupled MOAEL...........cooiiiiii e e anr e s 208

Figure 7.7 Comparing actual final setting time with the predicted results from (a) uncoupled model
and (b) coupled MOAEL..........ccoo i e e e ene e 208

Figure 7.8 Comparing actual compressive strength witlptéicted results from (a) uncoupled
model and (b) coupled MOAEL.......ccooouii i ——— 209

Figure 7.9 Comparing preded results with validation dataset for (a) flow diameter, (b) final
setting time, and (C) compressive StreNgthL............ooovviiiiiee e 209

Figure 7.10 Comparing the actual acid penetration degree with the predicted results from (a)
uncoupled model and (b) coupled MOdEL..............oevviiiiiccri e 210

Figure 7.11 The correlation between the neutralized degree and the loss of compressive strength.

Figure A.1 Fracture types of some representativ&-8H geopolymer mortars collected from

COMPression teSt iN ChaPter B........coooiiiiieeeee e e e e e e e 250

XXV



List of abbreviations

A Anatase

AFt Ettringite

Al203 Aluminium oxide or alumina

AlO4 Tetrahedral aluminum

ASTM American Society for Testing and Materials

AVPV Apparent volume of permeable voids

C N&habazite

CaO Calcium ke

C-A-S-H Calcium aluminosilicate hydrate

0] Carbon dioxide

C-SH Calcium silicate hydrate

CS Compressive strength

CSL Compressive strength loss

DL Dimension loss

DTG Derivative of thermogravimetric

Dw?2 Dry water made with 10% nano silica and 90% water
DWP Dry water made with 15% nano silica and 85% water

XXVI



DW¢

EDS

FTIR

H/Na

H-O

L/S

MIP

ML

Na/Al

NaO

NaSiOs

NaOH

N-A-S-H

NBO

NS

OPC

Dry water made with 20% nano silica and 80% water

Energy Dispersiverdy Spectroscope

Faujasite

Fourietransform infrared spectroscopy

H>O/NaO

Water

Liquieto-solid ratio

Mercury intrusion porosimetry

Mass loss

NaxO/Al-O3

Sodium oxide

Sodium silicate

Sodiurhydroxide

NaQ-Al203-Si0Ox-H20

Nonbridging oxygen

Nan8iO,

Ordinary Portland cement

XXVii



SEM

Si/Al

SiO;

SiOy

SSS

TGA

STS

XRD

Quartz

Hydroxysodalite

8anning etctron microscopy

SiIG/AlIO3

Silicon dioxide or silica

Tetrahedral silicon

Sodium silicate solution

Thermogravimetric analysis

Splitting tensilestrength

Xray diffraction

XXVili



Chapter 1. Introduction

1.1.Background

Cementbased materials now represent one of the most consumed commodities in the world,
second only to potable watékécin, 2000) however, the production of cemdrdsed materials
releases a large number of greenhouse gases into the atmosphersu€hmsssof late attracted
global attentionAlso, Canada has joined over 120 countries to commit tz@et emissions by

2050. In the meantime, Alberta plans to invest $131 million in projects designed to help prevent
carbon emissions from entering thenasphere. The popularity of Portland cement concrete
serving as a building material in the last 150 years is mainly associated with the success of its
primary binder: Ordinary Portland cement (OPC). OPC possesses a host of traits with practical
value, suchas high plasticity, satisfactory compressive strength and stiffness, outstanding fire
resistance and, when suitably designed, even excellent durability. At the same time, its raw
materials may be sourced widely, with relatively low cost across its ajptis@Juenger et al.,

2011) On the other hand, its environmental cost is high as its production releases a large number
of pollutants into the atmosphere and especially, it adds to the carbon footprint of the construction
industry (Gartner, 2004; Tayloet al., 2006; Damtoft et al., 2008; Ali et al., 201%pecifically,
manufacturing one tonne of ordinary Portland cement releases 0.8~0.9 tonnesearhi€€on
(Gartner, 2004)This has triggered a wide range of scientific efforts towards finding anatiiey

to Portland cement.

The family of alkakactivated geopolymers has emerged as a potential choice. Past studies
conducted on their development have confirmed that the corresponding greenhouse gas emissions

are significantly lower in alkalactivatedmaterials than for Portland cemébuxson et al., 2007;



Pachecerlorgal et al., 2008a; Pachedorgal et al., 2008b; Li et al., 201@avidovits et al(1990)

found that producing one tonne of binder as required for geopolymerization would generate only
0.184 tonnes of C& while McLellan et al(2011)recorded a 64% reduction in the associated
carbon emission in comparison with an equal volume of concrete. Their findings are further
corroborated by Habert et g2011) using the Life Cycle Assessment math In addition,
manufacturing geopolymers is reported to consume much less eKergarand Kumar, 2034
Statistically, the embodied energy has been reported as 4000~4400 MJ/ton for Portland cement,
whereas the corresponding value drops down to 2200~2400 MJ/ton, equivalent to about a 50%

reduction(Kumar and Kumar, 2014)

In general, the synthesis of alkalttivated geopolymer systems consists of activating an
aluminosilicate using strong alkali solutions, such as sodium hydroxide and/or sodium silicate, to
form a threedimensional polycondensed network,-N-S-H (N: NaO, A: Al>O3, S: SiQ and H:

H20), canprising the tetrahedral Si@nd AIQ; units. A wide range of aluminosilicates sourced
mostly as industrial byproducts is proven to be suitable precursors. These include calcined clays
(Kong et al., 2007; Yunsheng et al., 20%0) ash(Olivia and Nikraz 2012; Zhuang et al., 2016)

other ashefChindaprasirt et al., 2009; Hardjito and Fung, 2010; Temuujin et al., 208i33ome
artificial aluminosilicates such as zeol{téilla et al., 2010) pure AbOs-2Si0O; powder(Zheng et

al., 2015) magnesiuntontaning mineral{MacKenzie et al., 2013nd red mud@Hu et al., 2018)

As a potential alternative to Portland cemenncrete,excellentworkability and setting are
important for insitu construction, while compressive strength and durability are essential
throughout its service life. In this regard, it has been widely confirmed that when suitably designed,
the geopolymer system displaysistactory workability, with a flow diameter ranging from 150

mm to 250 mm(Huseien et al., 2016; Ghosh and Ghosh, aD1useien et al(2016)reported



the geopolymerized mixture comprising granulated blast furnace slag (GBFS), fly ash (FA) and
palm oil fuel ash (POFA) could quickly set within 1 hour. The aHealiivated metakaolin
geopolymeiis also able to finish its final setting within 6 hoBe Silva et al., 2007)which is
equivalent to the required setting time f@rious types oPortland cemet specified INnASTM
C150/C150M19a Prior research observed that the compressive strength of-atkishted
systems was at least as much as that obtained with Portland ¢&tuiovsky, 1981; Duxson

et al., 2005; Chindaprasirt et al., 20005 partialar note, the former is reported to rapidly achieve
structural integrity and acquire high early stren@®ovnark, 2010). Besides their mechanical
performance, alkalactivated geopolymers are resistant to common durability concerns which
have been widglreported upon cemebiased systems, including sulphate attack, other acids and
chlorideinduced corrosion of embedded reld&hi and Stegemann, 2010; Bakharev, 2003;

Fernando, 2010; Ebayed et al., 2011)

However,when conducting the mixture design fé+A-S-H based geopolymerthe interaction

between compositional ratios namely, 3.0z, N&O/Al.03 and HO/N&O, triggers mutual
sacrifi cef,f ®r hWdtrwmelen t he above equally import
mix design guideline for the practitioner to regulate and then optimize the proportions of the raw
materials, in order to simultaneoushchieve satisfactory workability, quick final set, high
compressive strength and excellent durability. The above scientifimgapbe filled with the

aim to boost the widespread application eANS-H geopolymers

The merits of nanomaterials have badtnacting intensive scientific attention, with the potential
to enhance the fresh and hardened properties of both conventional OPC andcaliakd
systemsAdding nanoparticles is one of the most popular means. AndARS\H geopolymers,

nanaeSiO; is the most commonly used nanoparticle to impreehanical strengtltonsidering



its silica composition and th@morphous characteristielowever, their nansgize has been found

to cause local agglomeration, which in tdraquentlyreduces the workabilitand sometimes
extends the setting proce@Sao et al., 2015 Clearly, these shortcomings must be resolved to
derive maximum benefits from nano additives forANS-H geopolymers According to the
literature, solid particles of nanometric size (or-suibron, D100 nm) allow the stabilization of
droplets as large as a few micrometardiameter or even largéChevalier and Bolzinger, 2013)

The resulting emulsiqralso called watein-air Pickering emulsion or dry watemuld then range

in size from 10 em to 300 &m. This offers
agglomeration of nanopatrticles on the workability of the fresh mixture due to itssizaneffect.

However, its potential application in the fielda#mentitious materials has never been explored.

In view of the foregoing, the present doctoral study is directed to synthe#iz8-N geopolymer
mixtures with naneésiO, stabilized dry water and understand the mechanisms that govern
geopolymerization inmler to optimize the design for wider application 6ANS-H geopolymer
concrete systems. Accordingly, the following aspects will be investigated: (a) The mechanisms
underlying effects of various oxide ratios on workability, setting, compressive stramjétiel

resistanceof N-A-S-H geopolymes will be studied; (b) Nan&iO; stabilized dry water will be

used to improve the four aforementioned properties, and the associated enhancement mechanisms

will be clarified; (c) Multifactor models will be proposexhd validated based on tgenerated

experimental data, to predict these fundamental engineering properties and so, provide a design

guideline for NA-S-H geopolymes. These models could be used further by practitioners to

conduct and validate their mix sign in practice.

a



1.2.Problem Statement

After reviewing the available literature, geopolymer is known as a potential alternative to Portland
cement concrete with comparable engineering properties and much lower carbon emissions and
energy consumptions during its manufacture. As compared todhelesigned OPC systems,

there so far lacks mature mix design techniqueiNfé-S-H geopolymer systems. Prior studies
confirmed that the compositional oxide ratios, namely>&il303, N&O/Al>03 and HO/N&O,
dominate the compressive strength of geopelysystems. However, the following challenges are

still existing and require to be solved to promote its further application in the building industry:

(1) There is no current mixture design guideline available feA-8-H geopolymers. A
conventional mix dgign on the lines of Portland cement concrete quantifies the binder, water and
aggregates. However, unlike Portland cement, the oxide composition of the precursor, itself

usually an agrandustrial waste, is not standardized.

(2) In addition to compressiatrength, the mechanisms underlying the effects of oxide ratios on
other basic and equally important propertiesg,., workability, setting and acid resistance, have
not been revealed clearBesides,lte mutual interactions between the compositional@xatios
result in a tradeff for practical engineering benefitEherefore, a flexible mixture design for N

A-S-H geopolymers is indeed required, when the priority of the above propertiesvariastice.

(3) There so far lacks predictimeodels that could be used by practitioner to condndtvalidate

thar mix design for NA-S-H geopolymes.

(4) NaneSiO is known to impart greater compressive strength-A-8-H geopolymers, but at
the cost of workability and often, delayed setting. N&O; stabilized dry water powders (Water

in-air Pickering emulsions) potentially offer a resolution to this t@lfidoetween the desired



engineering properties due to the unique combination of characteristics: (i) the size coarsening
effect; (ii) theamorphous of stabilizing nar8iO, and (iii) thetemporarilyencapsulated water

droplet. However, this has never been explored

1.3.Scope and bjectives

N-A-S-H geopolymer is essentially made from the aluminosilicate precursor with extremely low
calcium content, alongside the sodimaolved alkali activator. Due to the wide clay resource and
the rich amorphous SiOand AbOs contents, metakaolin is used as the most popular
aluminosilicate precursor to be activated by the combination of sodiunoige and sodium
silicate solutions to produce-N-S-H geopolymers. Thus, the focus is limited to metakaotised
geopolymers in this project. Other types of aluminosilicate precursor and alkali activator are
currently not considered. In addition, asaential alternative to the OPC system, thé&MNo-H
geopolymer must ensure satisfactory workability, quick final set and excellent compressive
strength, simultaneously. So that, the mixture design guidelines developed-Acs-Ml
geopolymers will be aimedt the above engineering properties. Besides, due to the low calcium
content contained in M\ -S-H geopolymes, some classic durability concerns such as chloride and
sulphate attacks may not threaten the durability that much and therefore, will not beeskami

this study, Instead, the acid attack will significantly reduce the alkaline condition ing\d&-N
geopolymes and then depolymerize tlassociatedtructure. Accordingly, the acid resistance of
N-A-S-H geopolymers will be one of the scientifictses in this doctoral project. With regard to

the watefin-air Pickering emulsion, dry water, prior studies have reported that any hydrophobic
nanoparticles are promising to produce it with varying application purposes. ForARS-H
geopolymer, the higer SiQ/Al>Oz molar ratio essentially boosts the geopolymerization and then

improves the engineering properties. Thus, the dry vpaedersstabilized by amorphous nano



SiO; will be investigated in this study, as a reinforcing additive to enhance the engineering

properties of NA-S-H geopolymers.

The overall objective of this doctoral project is to understand the geopolymerizaticA-i8 N
geopolymes made with varying congsitions alongside the potential enhancement led by dry
water,and in turnpromote the widespread application 6fANS-H geopolymers in the Canadian

region. To achieve this, three primary goals are set accordingly:

(1) To clarify the mechanisms underlyirige effects ofprincipal compositional ratios namely,
SiO/Al03, N&O/Al>03 and HO/N&O ratios on workability, final set, compressive strength and

acid resistancef N-A-S-H geopolymers

(2) To develop NA-S-H geopolymers incorporating nai®0O, stablized dry water and
investigate the enhancing mechanism of this dry water upon geopolymerization as well as the

ensuing properties of M-S-H geopolymers.

(3) To establish mukliactor modelshatwill be used as a predictive tool to help design a workable
strong andacid-resistaniN-A-S-H geopolymer system to meet different engineering requirements

in the Canadian region.

1.4. Significance

As a promising alternative to Portland cement systems, the successful and widespread application
of N-A-S-H geopolymers alongside naisiO, stabilized dry water will significantly offset the

huge use of conventional Portland cement and concrete in building engineering. This will in turn
impart excellent engineering properties to built infrastructures and alsobcte to global
sustainability. However, as aforementioned, there so far lacks mature mixture design technique

to guide the production of !4-S-H geopolymers incorporating nat$O; stabilized dry water



and, achieve great workability, final set, strgngnd durability simultaneously. Also, very few
related articles could be found in the current literature to resolve the above scientific gap. Thus,

this Ph.D. study may be deemed novel and significant.

1.5. Thesis organization

The present Chapter namely, @tex 1, brieflyintroduces the background of the topic and states
the existing problems related to this research. Besides, this Chapter also highlights the main

objectives and significance of this doctoral stuéiyally, the outline of this thesis is led

Chapter 2 gives a comprehensive literature review upon the issues approached by this research.
Along with the mechanism underlying the geopolymerization of aluminosilicate, the effects of
compositional oxides upon properties of geopolymers, mainly cesae strength, are reviewed
critically. And, both advantages and disadvantages of using conventionaSi@nuoarticles in
alkali-activated geopolymers are discussed. In addition, the methodology to evaluate and

characterize the performance of geopolymers is introduced in detail.

Chapter 3 investigates the effects of principal oxide ratios namely/A$:Os, NaO/AlOz and
H>0O/N&0O ratios, on workability, final set and strength ofANS-H geopolymers. In the regard,
N-A-S-H geopolymers with varying oxide compositions are produced, and tested for flow
diameter, final setting time, splitting tensile strength antpessive strength. Alongside, the
companion rheological, thermal, morphological, chemical, and microstructural characterizations

are carried out to help understand the underlying mechanisms.

Chapter 4 aims to examine the potential benefitaoio SiO;, stabilized dry water upon enhancing
the fresh and hardened properties eANs-H geopolymers. In this Chapter, various dry water

powders are produced and added to the geopolymer mixture, followed by the combination of



workability, final set and strength tesiBhe reference mixtures respectively made without any
nano additive and with lone nasdica are prepared as well, to compare with those dry water
involved mixtures. Further, the rheological, thermal, morphological, chemical, and microstructural
characteizations are conducted to clarify the mechanism of enhancement led by dry water upon

N-A-S-H geopolymers.

Chapter 5 explores the effects of principal oxide ratios namely,/ADs, NaO/Al>Os and
H>O/N&O, on the acidesistance of M\-S-H geopolymers. In this manner, the produced
specimens are immersed in the sulphuric acid solution with a pH value of 1 for up to 12 weeks.
During this continuous chemical attack, a couple of physical and mechanicaltipoRee
monitored, including the pH evolution of sulphuric acid solution, mass and diameter variations,
strength changesnd penetration depth. In the meantime, the companion characterizations of
morphology, chemistry, porometry and microstructure asduated for NA-S-H geopolymer

specimens right before and afteeacid attack, in order to understand the underlying mechanisms.

Chapter 6 examines the potential enhancement lethbgSiO, stabilizeddry water upon the
acidresistance of M\-S-H geopoymers. Three variants of dry water, respectively containing
10%, 15% and 20%ano silicaare prepared and then added to th&-S-H system. Besides, the
plain reference mixture and the other one incorporating lone sibeeare produced as well, to
compare with the associated dry watavolved sample. The testing protocols in this Chapter are

same as the previous Chapter 5.

Chapter 7 establishes mudiéictor models for predicting flow diameter, final setting time,
compressive strength and acid peneatratof N-A-S-H geopolymers, by taking the principal
mixing ratios namely, SigAl 203, NaO/Al>03, H2O/N&O and liquidto-solid ratios, into account.

These models are validated against untrained data, and the satisfactory accuracy proves that they



may be used as the predictive tool for practitioners to conduct and validate their mix design for N

A-S-H geopolyners in practical projects.

In Chapter 8, the significant findings and concluding remarks generated from Chapter 3~7 are
condensed. Besides, this Chapter also states the limitation of the present study and

recommendation®r ongoing and further studies this topic.
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Chapter 2. Literature review

2.1.Introduction

As widely reported, alkalactivated geopolymer systems are recognized as a promising alternative
to conventional OPC systems. Besides meritsin termsof low carbon emissions arahergy
consumption, they also displ@pmparablesngineering properties, includiriggh workability,

quick final set, great strengtland even superior durability when served in some aggressive
conditions.Table 2.1 compares the geopolynaeid conventionalOPC systems to highlight the
applicability of the formel(Kumar and Kumar, 2014As seen therein, besides environmental
merits, the geopolymer displays much superior performance on both fresh and hardened properties.
However, there exists limited applicat of geopolymers in practice. One of the most important
factors behind this is that there currently is no design guideline available for practitioners to help
them design a geopolymer mixture to meet the various performance requirements. Also, the
durablity of geopolymers, for example, under acid penetration, resistance to shrinkage, chloride
and sulphate attack, have not been investigated as systematically as the OPC systems.
Consequently, some of the above issues have been taken up here as the®bjettis thesis,

with the view to promoting the widespread application of geopolymers in Canada.
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Table 21 Comparison betweertonventionaPortland cement and geopolymer systems

Properties Portland cement Geopolymer
Physicaimechanical properties
Setting time 30~300 mins 60~120 mins
Compressive strengt 33~53 MPa after 28 days 30~120 MPa after 7 days
Durability Moderate More durable than Portland ceme
Environmental impact
CQO, emission 800~900 kg/ton 150~200 kg/ton
Embodied energy 4000~4400 MJ/ton 2200~2400 MJ/ton
Water requirement ~600 liters/ton ~450 liters/ton

The N-A-S-H geopolymer is commonly produced by activating the solid aluminosilicate precursor
with the blended alkaline solution of sodium hydroxide and sodium silidgateording to prior
studies, theperformance of NA-S-H geopolymersis strongly dependd upon the chemical
compositions, chiefly the ratio of the component oxides and especially HFABD3,
NaO/Al0s and HO/Na&O molar ratios.Therefore, this chaptewill firstly present a detailed
review of the mechanisms of geopolymerization, alodgghe effects of oxide compositions on
fresh and hardened propert@sN-A-S-H geopolymersin addition,althoughdry water has not
been examined in the available literature, its raw materiglne@oSiO; itself, has been widely
used as an additive to enhance the mechanical property of geopolymer sgisfgensjng orits
nano size andmorphous characteristic. So that, the application of-&@gparticles in this topic
will be reviewed as wellFinally, the relgant experimental techniques that are widely used to

characterize geopolymer systems will be introduced in detail.

2.2.Mechanism of geopolymerization
In the last a few decades, intensive scientific efforts have been carried out to understand the

mechanism of gopolymerization, and it has been widely recognized that the formation of
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geopolymer systems may be summarized as follows: (i) Dissolution and hydrolysis of
aluminosilicate precursor ithe alkaliactivator solution, mainly comprising alkali hydroxides
andor silicates; (ii) Physical transportation of dissolved Si and Al complexes; (iii) Chemical
polycondensation between the tetrahedral 4S#dd AIO; units to form the oligomeric
aluminosilicatein the gel phase, which may continuously transform into a m@gick gel phase;

(iv) Final hardening of formed M\-S-H gek (Provis and Van Deventer, 200The formed NA-

S-H geopolymer network is typically expressed a$-{%i-O2),-Al-O]nTwH-0O (Davidovits, 1988;
Palomo and Glasser, 1992; Davidovits et al., 1994 J&arsveld et al., 199%yherein M means

the alkali metal ions such as' KNa', and C&', which play a significant role in balancing the
negative chargéKhale and Chaudhary, 2007; Juengsuwattananon et al.,. 204:@), n indicates

the polycondensationegiree while z represents the amount of ailiatoms contained in each
oligomer and may variously be 1, 2 and 3, depending on the type of the sliraieate structure
(Palomo and Glasser, 199Zhe above processsfurtherbeenexpressed by Davidogit2008

in a couple of chemicaquatiors, asnow replotted anghown in Figure 2.1
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Step | (formation of tetrahedral Al):

OH S | _ Na®
— S —0D—AlZT +OH- & Na'! _~OH
Sil 0—Al OH S|1 _Q_All"“‘OH
Itl)l (o] OH
I
— Si— — Si—
| I
Step 2 (alkaline dissolution and formation of pentavalent Si):
| Na* | Na*t
Qi A+ OH +OH- .~ @ _OH
S|1 (0] A]\OH —/Sll—Q—All\OH
10l OH HO 1) OH
I I
— Si— —Si—
I
Step 3 (cleavage of siloxane oxygen and formation of intermediate silanol Si-OH): P ,
| Na' = | Na* | | i
= -_~-OH +OH L= -~-OH | . i
— S — 0O —AlZ — Si—0—Al I —Si—
HO o) OH 107 OH . oH |

|' T, 1
_Sl_
|

Step 4 (formation of ortho-sialate unit):

| OH
Na® +OH- | Na*
.= -~-OH L= -~-OH
S|1 0 Pil*\oH HO— SII_Q_PTL\OH
1O OH 1071 OH

Step 5 (balancing the negative charge carried by Si):

Figure 21 The chemical mechanism of geopolymerization
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It is clear to see thahe tetrahedral SiQand AIQ: groups mutually connect with each other by
sharing the oxygen atgrforming the skeleton ofhe oligomeric chain And, the additioml silica
species appear to extend the length of the polymerized aluminosilicate framework. This in turn
manifests in anmprovementin the degree of geopolymerizatiddotice also thathe last step
namely, thecondensation, is a process of'N@&ad OH regenerations. Thisnayimply the amount

of alkali may need to be controlled within a suitable range, in order to ensure adequate activation

efficiency on the one hand and avoid the depression of condensation on the other hand.

2.3. Effect of oxide ratios on fresh and hardened propertiesof geopolymer

2.3.1.Compressive strength

Compressive strength is one of the most significant properties of cementitious systems when
serving as a structural material. The main responsibility of a celpased system is sustain the
compressive load. Being a potential alternative to conventional Portland cement concrete,
geopolymer systems must display adequate compressive strength, which could be determined as

per ASTM C39 (2018).

In general, the amount of amorphous S&d AbOs determing the polycondensation degree

while the metal cations and hydroxyl ions control the dissolution and hydrolyssscould also

be confirmed, according to the mechanism of the geopolymerization shown in Figider:é.

a large number of studies have been conducted to investigate the effect of compositional ratios on
the compressive strength of theANS-H geopolymer. In particular, Davidoviest al. (1994)
recommended the following range for each compositional rati@actueve a satisfactory

compressive strength: SiA\l20:=3.5~4.5, NaO/AlI203=0.8~1.2 and ED/NaO=10~25.
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The SiQ/Al.Oz ratio carries priority in the polycondensation. Stevenson and Sagoesil
(2005)reported that the highest strength was witnesseah e SiQ/Al 05 ratio was between
3.5-3.8. This finding was partially supported by Duxson e{2007) It was seen that regardless

of the alkaline solution, the compressive strength of the-8tH-based geopolymer increased
linearly as the Si@dAl>Os ratio increased from 2.3 to 3.8lowever, ay further increase in this

ratio beyond 3.8 led to a noticeable decrease in compressive strengdboVagphenomenanay

be explained through the following: (i) A higher Si8I>0s molar ratio promotethe formaion

of sialate siloxo, i.€.Mn(-Si-O-Al-O-Si-O-),, and sialate disiloxo i.eMn(-Si-O-Al-O-Si-O-Si-

O)n, which both have stronger bonds between the silicon compounds themselvesOTrberfli

is long recognized as much stronger than theOAbond, and thefore, the resulting
aluminosilicate framework involving more-8i bonds will exhibit better structural integrity. In as
much as the structure being tighter, this densification results in a higher compressive strength
(Kong et al., 2007Xii). On the otler hand, an ovenigh SiQ/AlOs ratio (beyond 4.0) may hinder

the corresponding strength development since the rate of condensation between the silicate species
is substantially slower than that between silicon and aluminum of@iesdaprasirt et al., 2009;
Hardjito and Fung, 2009; Teuujin et al., 2010)(iii) Further, the SiQ/Al.Os ratio in N-A-S-H
geopolymes is commonly adjusted by the sodium silicate solutford, the higher Si@Al>0Os

ratio usually corresponds to the greater liquid content brought into the mixture jmvhishplants

a potential risk fothe degradation of the microstructued accordingly, damages the eventual

strength.

As for theNapO/Al>Os molar ratiq a few studies were conducted to investigate its effectkalr
activated geopolymerkKovalchuk et al(2008)examined the fly ashased geopolymer and found

that both flexural and compressive strength increased as this molar ratio rose from 0.3 to 1.0.

16



similar tendency was witnessed elsewh@reakur and Ghosh, 200%dam, 2009;Ghosh and
Ghosh, 201B). On the other hand, Kani and Allahve(@D03)reporedthe optimum NzO/Al>O3

molar ratioof 0.92 to achieve the greatest compressive strength. Based on the statistical analysis,
Lahoti et al. (2017) found that the optimum range of Na/Al.Os for metakaolirbased
geopolymer to yield the greatest strength was between 0.8 gnalhlch coincided with the one
recommended by Davidovigs al. (1994) Note however that, while the preceding studies replort

the effect of the N#/AI>Oz molar ratioupon compressive strength, the underlying mechanism

has not been described cleaybt and therefore requires further clarification.

The HO/NaO molar ratio essentially indicates the alkalinity within the geopolymer mixture, and
it plays a significant r@ in the dissolution of aluminosilicate precursassvell as the subsequent
activation(Heah et al., 2013; Xu and Van Deventer, 20@9me studies reported that this ratio
would not affect the nature of the formed geopolymer network nathelyype andhedegree of
polycondensation in the geopolymer netw({Rahier et al., 1997Recall earlier, the acceptable
H>O/NaO molar ratio was recommended as2B)by Davidovits to produce geopolymer systems
with acceptable strengtDavidovits et al., 1994 However, many studies claimed that the above
range might be too broadlvhile a value of 10n this ratioresulted inadequate compressive
strength, the value close to the upper bourel, 25, may not be able to trigger sufficient
geopolymerizatiorfBarboseet al., 2000; Kirschner and Harmuth, 2004; Yusuf et al., 2@4149,

a continuousncrease in the #0/NaO molar ratio beyond 10as been noted to causdexrease

in compressive strength for-N-S-H geopolymes (Hardjito et al., 200 Gul ¢, 2009)

2.3.2.Workability and setting
As compared to compressive strength, theists verylittle literatureto clarify how the oxide

ratios impact other equally vital properties such as workajsiéiting timeand durability
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Workability defines the ability of camete and other cementitious materials to be placed and
compacted without any segregation. It also determines how easily the fresh mixture could fill in
the mould with different shapes during thesitu constructionFor cementitious paste mixtures,

the @rrespondingvorkability is usually evaluateds per ASTM C230/C230M (2008), expressing

in theaverage flow diametam the flow table

There so far is no specific study directed to investigate the effect o450z molar ratio on the
rheology of geopgimer.Considering thigatio ismainly adjusted by the silicateased activator,

such as sodium silicatene higher this ratidhereforeraisesthe liquidto-solid ratio in the mixture

(Yi et al., 2020)Based on th&nowledgeof conventional OPC systerna increase in thigguid-
to-solid ratio could reductheinter-particle friction(Meng et al., 2019)Given this, increasing the
SiO/Al>03 molar ratio is expected to enhance the workability oA4$-H geopolymers. But this
spewlation has not been verified experimentally. Therefore, further experimental investigations

are indeed required and also the underlying mechanism must be clarified.

The final setting time refers to the moment at which the fresh mixture completely $qesticity
and starts to gain strength. This parameter could be determined by using a Vicat Needle apparatus,

conforming to ASTM C191 (2@&).

De Silva et al.(2007) examined the final setting time of-AFS-H geopolymers made with a
SiO/Al,03 molar ratioranging from 2.5 to 5.01. Aonsiderablyexponential increase thefinal

setting time was witnessed when raising the 003 molar ratio continuously. Ti&
phenomenomvassupportedy another related studyajunnisa et al., 2017t is recognizedHat

the rate of condensation between the silica species is substantially slower than that between silica

and alumingHardjito and Fung, 2009As a result, the higher the Si@l.0Os molar ratio, the
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longer the final setting time. However, it should benpedl outherethat the examinatioof the
SiO/Al,03 molar ratio below 2.5s rarely conductedTheinitial SiO./Al>O3 molar ratio in some
aluminosilicate precursors, such as metakaolin, is only about 1.8~2.0 and therefore, the range close
to the lower endlso deserves detailed investigations. Besides, the underlying mechanisms must

be clarified.

In general, the aluminosilicate precursor is the sol®©Asourceof N-A-S-H geopolymers, and
the NaO content is related to the alkaline activator. Hertloe, larger NgO content usually
corresponds to the greater liquid contédtseien et al., 2016)which is in turn expected to
improve the workability of the freslyeopolymemixture. However, very limited experimental
studies were carried out to justifpis. Besides, the mechanism underlying the effect of

NaO/Al-Os molar ratio on workability is not revealed yet.

According to Davidovitet al. (1994)while the alkali metalbn is required to balance the charge
during the synthesis of 4-S-H geopolymes, the associated geopolymerization is also a
regeneration process of Nand OH, see Figure 2.1Given this, eitheanexcessive oadeficient
NaO content may deter thpgrocess of geopolymerizati@nd in turn, hinder the further setting
process. Howeverthe above speculation has not been verifiedrip experimental studand

therefore, requires further detailed investigations.

The liquid phase effectively enlarges the irparticle distance antthen enhanceshe flowability
of thefresh geopolymer mture. This determines that the®Na&O molar ratios able toaffect
the workability of NA-S-H geopolymer mixturestrongly. According to Sathonsaowaphak et al.
(2009) the flonability of the fresh mixture increased significantly as th©M a0 ratio 0se from

12.27 to 19.08. This tendency was then corroborated by Berger(20@9) who evaluated the
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workability of fresh geopolymer mixture within the®/NaO molar ratio range of 10~15. Once

again, the higher theJ®/NaO molar ratio, the greater tilewability.

As for the final set, although an increase in this molar ratio is recognized to dilute the alkali
concentration anth turndepress the alkafictivation efficiencyKirschner and Harmuth, 2004)
thereis limited information in theavailable literature to clarify the influence of theO/NaO

molar ratioon the setting process of geopolymekiso, the underlying mechanism of this ratio on

final setting timas notclarified yet

2.3.3.Summary

As summarized above, the influencelod SiO,/Al 203 molar ratio on the strength of geopolymer
systems has been well documented. However, the underlying mechanisms, that detail the role of
NaO/Al>0s and HO/N&O, have not been comprehensively revealed. Besides, their effects upon
other equally vitalproperties such as workability, setting and even durability have not been
systematically examined, and therefore require further investigations. Notwithstanding the active
research on M\-S-H geopolymes, there exists very limited information to guide tméxture

design to guarantee all of these attributes namely, workability, setting, strength and durability
simultaneously. It should be noted here that due to the mutual interactions between mixing design
ratios, the best performance of one property, ¢rgngth, is likely to be achieved by sacrificing

other engineering properties. Besides, there currently is no set of accurate and explicit models for
practitioners to operate a flexible mix design feANS-H geopolymerspervarying engineering

demands.
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2.4.Acid resistance

As a potential alternative to OPC, geopolymers should register not only superior strength but also
enough resistance to durability concerns. Depending on the low calcium corHARE-HN
geopolymers are recognized to be durable, against some typicalitursduies such as chloride

and sulphate attacks. This is mainly because these chemical attacks essentially require adequate
calcium to form the respective corrosion proc
ettringite (Aft) for sulphate attk. However, due tthe highly alkaline nature, both OPC and N

A-S-H geopolymer systems are susceptiblariacid-rich environment. As broadly reported, the

acid attack occurring in OPC and geopolymer systems will cause irreversible deteriorations,
manifesting as significant stiffness and strength logsigamoto et al., 2014; Aiken et al., 2018)
Accordingly, the acid resistance of geopolymers essentially governs the lifespan of structural
members when served in such a harsh environ(@ariberlet et aJ.2015) Also, the maintenance

of these structures increases additional costs on the one hand and, is harmful to the ecological

environment and resource conservation on the other(@urtterlet et al., 2015)

Although the excellent acid resistance 6ANS-H geopolymers isvidely confirmedacidinduced
degradation has still been obserwaling continuous exposute an acidrich environment
Al | ahver di (20aln 2005)propogedtre mechanismunderlying the acid attack in
geopolymer systemsvhich has been widely accepted by other researdi@gae et al., 2018.
The mechanisnof this durability issuén geopolymes mainly involves the followingwo steps:
Firstly, themetal cationsonstitutingthe N-A-S-H framework, i.e., Ng will be replaced byhe
penetratingH*, which in turn causes thialumination ofthe geopolymerizedtructure Then,an

imperfect siliceous structurell be formed,due to the framework vacancidsthe meantime, the
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released aluminum species will gbstantially leached out toward the external environriéet.

above process has now been schematically plotted by the author and shown in Figure 2.2.
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Figure 22 The chemical mechanism of acid attack HANS-H geopolymer sysims

In the current literaturefactors in termsof precursorand alkaliactivator have been broadly
investigated. Fonstance Thokchom et a2009) foundhat although increasing the alkali dosage
caused a rise in the mass loss for geopolymers suthjextsulphuric acid attack, the residual
compressive strength was increased. Aiken g8ll8) examined the acid resistance of binary
slagfly ash geopolymersand the result revealédat the porosity of geopolymer specimens was
refined gradually withmincreasing slag contertiowever, the resultant reaction products became
more susceptible to sulfuric acid attagksimilar result was noticed byee and Le€2016. In
addition,Vogt et al.(2021) noted thatthe N'A-S-H geopolymer made frormetakaolinwith a

7.5%~9% silica fumeeplacement displayed the enhanced eeststance, attributed theboosted
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formation of silicaterich geopolymerized structuiseBouguermouh et a{2017) examined the
effect of activator type on the acid resistaotmetakaolinbased geopolymerand theotassiurm
based and sodiuased activatorsvere employed, respectivelit was found that the former
helped alleviate the mass loss led by the acid attack. The reason behind thistheagrbsence
of secondary mmerals such as quartz and muscoint¢éhe case othe potassiurrbased activator

These crystals acted as the filler in porestardeafterhinderedhe penetration diydrogen ions.

Although the acidnduced degradatiomf the N-A-S-H geopolymer framewrk is strongly
dependent upon the principal oxide components, very limited information exists in the current
literature to clarify the effectef SiG/Al.O3, NaO/Al203 and BO/N&O ratioson this topic
Therefore further investigations along this lineust be conducted, to develop the mixture design

guideline for acigresistant NA-S-H geopolymers.

2.5.Benefits ofnano-SiO2

As aforementioned amorphous Si® and AbOs are the two most important sourcesf
geopolymerization, and the higher Si81,03 ratio essentiallycorresponds ta higher degreef
polycondensatianTherefore, nan&iO; is the most commonly used nanoparticle to strengthen the
mechanical strengtbf geopolymersystems It has beeriound that Prior studies reported that a
1%~3% (w./w.) addition of nano silicato geopolymer mixtures was able to improve the
compressive strength by 10%~5%@ao0 et al., 2018 Gao et al., 2015; Deb et al., 2016; Rashad

and Ouda, 2019; Rashad, 2019he reasonsehind this are firstly attributed to that the
supplementary silicaource ofhaneSiO, promotesthe degree ofjeopolymerization. Secondly,
depending upon the nature of the nanoscale in particle size, nanoparticles may act as a filler to

alleviatethe microcrack propagation inside geopolymer systems.
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Besides mechanical properties, adding nanoparticées also bee reportedto improve the
durability of geopolymer systems. Some studies reported that the presence of nanoparticles
alleviated the leaching behaviour inside the geopolymer and in turn, strengthened the resistance of
geopolymes against chloride and sulpieaattackgCevik et al., 2018; Nuaklong et al., 2018)

Also, the geopolymer system made with n&i0 displayed a stronger resistance to acid attack,
manifesting asthe higher remaining compressive and splitting strength after various acid
exposuregSunesh et al., 2017)he detectecenhancemenipon acid resistands likely linked

to thatthe additionof nanoparticles reduséhe pore size, porosity and sorptivity of geopolymers

(Duan et al., 2016As a resultthe penetration of external chemicalay bedepressedffectively.

In spite of the potential enhancement upon mechanical property and dur#idifyresence of
naneSiO; was widely found to sacrifice other equally important engineering propertes,
reducingthe workability and extending the final selue to thesignificantly large surface area of
nanoparticles and in turn the increasing water denf@ad et al., 2015)Somerepresentative
studiesare summarized in Table 2.he above disadvantagalsobecomeheimportant reasons

for its limitedapplication incementitious systems
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Table 22 Effect of naneSiO, on workability and setting of geopolymer systems

Reference NanoSiO, Nano size Precursor Positive

Workability

Deb et al. (2016) 0.5%~3% 15 nm Fly ash No

Gao et al. (2015) 1%~3% - Fly ash/slag No

Luo et al. (2017) 1%~3% 20~50 nm Metakaolin/slag No

Shahrajabian and Behfarnia 1%~3%  11~13 nm Slag No

Nuaklong et al. (2018) 1%~3% 40 nm Fly ash No

Rashad and Ouda (281 0.5%~4% 240 nt/g Metakaolin No

Ramezanianpour and Moein  2%~4% 12 nm Slag No
Setting time

Luo et al. (2017) 1%~3% 20~50 nm Metakaolin/slag No

Lo et al. (2017) 1%~2% 10 nm Metakaolin No

Gao et al. (2015) 1%~3% - Fly ash/slag No

2.6.Water-in-air Pickering emulsion (Dry water)

Pickering emulsions are emulsions of any type, eithaneaater (o/w), watein-oil (w/0), or air

in-water (a/w), watem-air (w/a), stabilized by solid particles in place of surfactéBisks and

Horozov, 2006)Pickering emulsions retain the basrogerties of classical emulsions stabilized

by surfactants (emulsifiers), so that a Pickering emulsion can be substituted for a classical emulsion

in most applications of emulsions. In general, solid stabilizing particles are necessarily smaller

than emul®n droplets. Solid particles of nanometric size (orsutron ~100nm) allowfor the

stabilization of droplets as large as a few micromeatreBameter or even largéChevalier and

Bolzinger, 2013) The resulting emulsion could then range in size fio

offers a possibility to offset the damage led by the agglomeration of nanoparticles on the

workability of the fresh mixture due to its nasize effect.
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Dry water is a watein-air (w/a) Pickering emulsion, which is usually produdsdstabilizing
90%~95% water droplets with 5%~10% predominantly hydrophobic nanoparticles under the
highly shearing stirring procegBinks and Murakami, 2006; Forny et al., 200B)e obtained dry

water will exist in the form of soft powder with the wiatkkoplet encapsulated inside. Recall that,
amorphous Si®@and AbOs arethe two most important sources for tfi@mation of N-A-S-H
frameworls, and the higher SifAl.Oz ratio essentially leads t@ greater degree of
geopolymerization and in turn, the stronger structural integritgrefore, nan&iOz is the most
suitable stabilizer to produce the eligible Pickering emulsidosording to relevant literaturéye
hydrophilic particles are used taooluce the aiin-water emulsion, viz. foam, whereas the
hydrophobic stabilizer could successfully yield the parsthbilized watein-air powders,
namely dry wate(Dieter et al., 1968; Aussillous and Qué&é 2001 the civil engineering field,

foam has been widely reported to magnify the porous character of OPC as well as geopolymer
systems. This causes a significant decrease in density and a considerable increase in the porosity
of the hardened structure. Eventually, the mechanical properties argBmodiganavile and
Hoseini, 2019)Given this the watetin-air emulsion namely, dry water, is thus more suitable to

be used as a functional material iIRANS-H geopolymers. However, this topic has not been

touched.

2.7.Characterizations on geopolymers

2.7.1.Viscosity

Viscosity is an important rheological property. It essentially indicates the resistance of the fresh
mixture to a change idimension or the movement of neightwng portions relative to one
another.As the fresh mixture is forced to move aralry along to some extent adjacent parts,

viscosity is considered as internal friction between the molecules. Viscosity also controls the
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flowable mixturein such processes as sprayisigaping and surface coatindhus, this parameter
could beused to eplain the flowability of alkahactivated geopolymer mixtures made with
varying oxide compositiondn general, thalistilled water has a viscosity ol mPa.sat room
temperaturgandthat of sodium hydroxide and sodium silicate solutio®isnPa.sand 200~400
mPa.s, respectivelifhis, thereforedetermines the viscous nature of alkadtivated geopolymer
mixtures.In addition, theflowability of the fresh mixture could also be affed by the liquieto-

solid ratio(Mu et al., 2017)Usually, the largethe liquid-to-solid ratio, the smallethe internal
friction and in turn the lower viscosityiscosity iscommonlymeasured with various types of
viscometers and rheometers. Foramste, théBrookfield DV-1I+ Programmable Viscometer that

is fitted with a SC47 spindlecan capture the viscosity within thenge of 61250 mPas as
shown in Figure 2.3It must be emphasized here that while determining the viscosity of fresh
geopolymemixtures, close temperature control must be ensured, as the temperature change may

cause a significant error upon the measurement.

(BROOKFIELD

PROGRAMMARBLE
DV-II+ VISCOMETER

86

Figure 23 Brookfield DV-11+ Programmable Viscometer employed to determine viscosity
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2.7.2. Temperature evolution

Thermodynamically, geopolymerization is found as exothermic, mainly attributed to the following
two processes namely, (i) the dissolution of solid aluminosilicate precursor and (ii) the
condensation betwegetrahedral Si@and AlQ; unitsas well as the subsequent polycondensation
betweenformed oligomeric aluminosilicate chainshe above twagrocessedoth release an
amount of heafThe enthalpy changes during the first processdigsolution, is founad s 1¥pH

208.3 kJ/mol Zhang et al., 2013 according toEquation(2-1). However, the polymerization
products are too complex to enable us to perform the thermodynamic calculation for the second
process of polymerization. In addition, it is often diffictdt attribute the overlapping thermal
peaks to each dhe reactions as the above two processesuatmlly taking place in parallel.
(Zhang et al., 2014)Therefore, some thermodynamic parameters, such as temperature evolution

and heat release, are usedetter analyze the exothermicity of geopolymerization.

AlO ,+2Si0,+5H,0+40H - 2AI(OH) + 2SiO(OH) (2-1)

One commonly used method to evaluate the exothermic geopolymerization idloatiestmal

graph method, as recommended by Davidovits (2008). In this wayenmgerature evolution
during the geopolymerization is monitored against tixsallustrated in Figure 2.4, there is a slow
temperature res, attributed to the progressive dissolution of solid precursor. As time eldpses,
temperature may increase inteey and reach the maximum after the condensation begins. But

it should be mentioned here that, the peak temperature during the geopolymerization is strongly
dependent upon the composition of geopolymers. Further, the moment for reaching the maximum
tempeature is usually close to the final set of the associated geopolymer mixture. Therefore, the

thermal graphs very helpful for understanding the setting process of various geopolymers.
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Figure 24 Thermal graph of geopolymerixtures made with various compositions

2.7.3.X-ray diffraction (XRD)

X-ray diffraction (XRD) is a rapid analytical technique primarily used for the phase identification
of crystalline materials. The degree of disorder in a geopolymer can be infewbsgdryations of

the way it diffracts Xrays usuallyresulting in a broad diffuse hapmsitioned at 25359 n. 2 d
In general, the mineral phases that constitute the geopolymer samples are assessed-tAgough X
Diffraction, using a Coppelk U r a d iam (opemted ab40kV and 44mA), with a step size of

0.02A/s, from 10A to 60A diffraction angle (2

Accordingto Yuaneta(2016) t he value of 2d corresponding t
for various geopolymer mixturesyhich is usually teated as anndicative of the varying
amorphicity of the geopolymerized systeAnd, such a changeill further manifest in avariation
in mechanical performancdn addition, numerous crystalline phases including Fauja@ig

Anatase(A), Hydroxysodali¢ (S), NaChabazitgC) and QuartdQ) could be detectedthen the
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aluminosilicate is not well activatedee Figure 2.5Thesecrystal impuritiesnay be detrimental

to the ensuing strength developmenth@fhardened geopolymer systé@undy and Cox, 2003)

Mix 2 with a median SiO,/Al, O,
Mix 3 with a high SiO/ALO; |

F
Q 9agof

Intensity

10 15 20 25 30 35 40 45 50 55 60
2 Theta

Figure 25 The Rigaku XRD Ultima IV and (b) representativéRD spectra for NA-S-H

geopolymers.

2.7.4. Thermogravimetric analysis(TGA)

Thermogravimetric analysis (TGA) allowmr identifying the type and amount of reaction
products in geopolymer systems, based on the weight loss during h@damgogravimetric
analysis is usually carried out using the TGA instrument that functions in a temperature range of
20~1000€ and at a heitg rate of 10 €/min under a nitrogen atmosphérke most weight loss

for N-A-S-H geopolymes usually occurs between 100~300 €, and this is attributed to the
evaporation of chemically bound water constituting geopolymer, led by the dehydroxylatien of th
N-A-S-H phasgTchakoutéet al., 2017)Besides, the differential thermogravimetry (DTG) peak
assigned to the principal-N-S-H framework has been found to slightly shift toward the larger
end of heating temperatuf®i et al., 2022) This is possibly due to the presence of crystal

impurities i.e, Na-substitutedzeolites. According to Davidovits (2008)he associated DTG peak
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of Na-substituted zeolites appears at a slightly higher temperature (~170 €) than the oligomeric

aluminosilicate chia (-Si-O-Al-O-Si-O-) that constitutes the--S-H framework (~125 €).
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Figure 26 The Dscovery TGA instrument and (b) typicdlG/DTG curves for NA-S-H

geopolymers.

2.7.5.Fourier transform infrared spectroscopy (FTIR)

The Fourieftransform infrared spectroscopy (FTIR) spectra for geopolymer associated with its
precursor consist of the strongest vibration found in all aluminosilicates, which is mainly assigned
to internal vibrations of SO-T in thethreedimensional NA-S-H framework (T: tetrahedral Si or

Al) and is found at 800250 cm!. More importantly, the shift athe Si-O-T band towards the
higher wavenumber is widely recognized as an indication of the higher geopolymerization degree

(Li et al., 2@9).

In generalthe iS50 FTIR system coupled with a beihdATR modules used to obtain the eligible
FTIR spectraBesides analyzing the aforementioned shift in terms of the over@{TSband,a
guantitative assessmenbuld be carried out byleconvduting the SiO-T band withinthe

wavenumber 0B00-1250 cmt (Zhang et al., 2012; Li et al., 2019)ccording to prior studies
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(Cortes et al., 20213he followingsub-peaks arérequentlyconsidered in thianalysigsee Figure

2.7).

Peak | (850~860 cr) to SFOH bending; Peak Il (930 ctto SiO-T in @ Peak Il (950~960

cml) to asymmetric stretching vibrations of nonbridging oxygen (NBO) sites; Peak IV (990~1000
cm?) to SiO-T in athreedimensional NA-S-H network; Peak V (1080~1090 cinto S+O-Si of

silica gels; and Peak VI (1150~1160&no SiO-T of unreactegrecursor Also, it shouldbe
emphasized here thatreduced area proportion for Peak Il batincreased fraction fdPeak 1V

togethernindicatesa greater degree of gopolymreizati@ortes et al., 2021)

s g o v 2
(b) £ 2 % .% s iz
NBO : |OT|n3DHASH
‘ L 5|os|
S|OT|n

Si-OH |

un reacted MK

800 850 900 950 1000 1050 IIOO 1150 1200 1250

Figure 27 (a) The FTIRIS50 system and (b) the typical FTIR spectrumek-S-H geopolymers

within the range of 86A250 cm' alongside the deconvolution

2.7.6.Scanningelectron microscopeand energy dispersive Xray spectroscopeg(SEM-EDS)

Both OPC and geopolymseystemsare porous building materials and involve a few migracks

even after hardening. The intrinsic cracks associated with the compacttiesshafrostructure
strongly determine theorresponding mechanical propeand durability. Adopting the Scanning
Electron Microscope (SEM) technique allows us to evaluate the microstructure of the hardened N

A-S-H geopolymer(Nath and Kumar, 2020)As well, the coupled Energy Dispersiverdy
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Spectroscope (EDS) could yield the chemical element compositions constitutirexdhgned

geopolymer network.

Further, the generated SEM images can be binarized to show the voids and microcracks as the
black area and the solid geopolymer gel as fully wiitsample image is nowhown in Figure
2.8. The compactness of the geopolymer microstructure may tlousibgfiedas the area fraction

of the flaws by counting the black pixelsut of the total

Figure 28 (a) The Zeiss Sigm 300 VRFESEM and (b) the ibarized SEM images with

microcracks and voids displayed in black pixels.

2.8.Conclusion

After reviewing the relevant literature, it is noted that several aspects in terms of mix design for
N-A-S-H geopolymerswere scarcely investigate®or starters, lthough the influence othe
SiO/Al>,03 molar ratio on the strength of geopolymer systems has been well docujkated
underlying mechanisms, that detail the role o.QI&l20s and HO/N&O, have not been
comprelensively revealed. Besides, their effects upon other equally vital properties such as the
rheology settingand acid resistandgve not been systematically examined, and therefore require

further investigationsSecondlythere exists very limited infornian to guide the mixture design
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to guarantee all of these attributes namely, workability, setstrgngth and acid resistance
simultaneously.Even though some studies recommended a workable range -FoiS-N
geopolymers to achieve satisfactory compresstrength, based on the technique of neural
network,there currently is no set of accurate and explicit models for practitioners to cgeiate

validate theirmix design for NA-S-H geopolymers,in order to meetvarying engineering
demandsFurthermorethe watefin-air Pickering emulsion, also called dry water, is a promising
resolution tof$é$ol betweennnwoadabil ity, setting
nanoparticles into cementitio@nd geopolymerizedystems. However, this topic hastrbeen

investigated.
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Chapter 3. Characterizing effects of compositional oxide ratios on workability,
setting and strength of NA-S-H gegpolymers

3.1.Introduction

It is well-established that the manufacturing of Portland cement results in inordinately high carbon
emissions and is recognized as a significant contributor to global wa(@arther, 2004; Damtoft

tal., 2008; Ali et al., 2011Hence, in recent decades, it has become an absolute necessity to reduce
the use of Portland cement and natural aggregates, aiming to alleviate the associated carbon
footprint( Hr abova et al ., 2 0.Morereddrly, &l&lkctvati&isysiems a | . ,
have been identified as potential substitutes for Portland cement, due to the significantly low
carbon emissions during manufacturing and their satisfactory mechanical performance.
Specifically, a reduction in C£&missions up to 70~80% can beiagkd(Davidovits et al., 1990;
McLellan et al., 2011)Furthermore, while the strength is comparable with that of conventional
Portland cemenbased systems, alkalctivation often assures high early strength as(@etkson

et al., 2007)The NaO-Al20s-SiOx-H20 (N-A-S-H) geopolymer is a subset of the family of alkali
activated systems, which is usually produced with a precursor that is rich in silica and alumina but
low in calcium conten(Davidovits et al., 1990; Hrabova et al., 202Dhe alkaline envonment

required for its activation may be generated with either sodium hydroxide or potassium hydroxide
in combination with their respective silicate in an aqueous sol(itiew et al., 2016) The latter

serves as a secondary source of silica to extemeligomeric aluminosilicate chai et al.,

2020) The first step in the synthesis of alkatitivated systems is the dissolution of the solid
aluminosilicate precursor in a strongly alkaline environment. This forms the tetrahedsainlO

which is thereafter linked to the tetrahedral %init, through sharing an oxygen atoirhe

negatively charged [OHijon supplied by the alkahctivating solution will attach to the oligomeric
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aluminosilicate chain, which extends the valence sphere. In thisemahe system achieves
polycondensationNoll, 2012) On the other hand, although the tetrahedral sAd@up is
preferentially formed in the prevailing alkaline environment, it still carries a unit negative charge
due to the donation of an electron frohe tshared oxygen atom. Thus, the alkali metal ions are
essentially needed to balance this negative charge in order to attain chemical eqyiarihwsa

et al., 2000; Zakka et al., 202Bventually, the oligomeric aluminosilicate framework will self
cordense and form a more complex and stronger network, which may be expressed chemically as
Mn[-(Si-O2).i AlT O]nTwH20 (Palomo and Glasser, 1992; Davidovits et al., 1994; Van Jaarsveld et
al., 1997) Here, M is the alkali metal ion sourced from the activatod, n represents the eventual
degree of polycondensation. Additionally, w is the number of chemically bound water molecules,
while z is the number of silicon atoms that constitute a single oligomeric aluminosilicate chain.
The latter depends, in turn, upthre molar ratio of SigdAl.Os contained in the raw materials. The
choice of this ratio varies according to the desired setting time and st{@®mytidovits et al.,

2008) As this value progressively increases from 1 to 3, a sialate, keSIND-Al-O-),, a sialate

siloxo, i.e., Mi(-Si-O-Al-O-Si-O-),, or a sialate disiloxo, i.e., NtSi-O-Al-O-Si-O-Si-O),, will be

formed, respectively.

It is widely reported that the engineering properties -&-4S-H geopolymer systems are strongly
dependent uportheir chemical compositions and other mixing proportions. Among the
compositional ratios, the role of SiI.03 has been examined extensively. A higher,5/303

molar ratio usually promotes the polycondensation degree and, in turn, yields a highessomapr
strength(Panagiotopoulou et al., 2013)jowever, the higher S#AI.Oz molar ratio makes the
self-condensation between silicon compounds more difficult than that occurring between silica

and alumina and, therefore, the corresponding condensateis neelatively slow(Sadat et al.,
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2016. Since the oligomeric aluminosilicate chain carries a single negative charge due to the
tetrahedral AlQunit, the molarity otlkali metal ionshould theoretically be equivalent to that of

the aluminum specie®ntained in the mixture in order to attain chemical equilibritazumder

and Laskar, 2015)However, excessivalkali metal ionswill hinder the geopolymerization
(Rovnark et al., 2010) Prior studies also indicate that both an excess and a defi@tkh@iM 0O

molar ratiomay bedetrimental to the properties of the evolving geopolymer. Whereas very low
ratios adversely affect the stability of the aluminosilig®evnark et al., 2010) an excessively

high ratio hinders the structural integrity dueirisufficient activation(Kirschner and Harmuth,

2004) Besides the experimental investigations, some numerical studies have been conducted to
predict the compressive strength of geopolymers. At present, the artificial neural network method
is most frequemy used to forecastompressive strengfKamalloo et al., 2010; Nazari and Torgal,

2013; Ghanbari et al., 2017; Shahmansouri et al., 202#)instance, Kamalloo et gR010)
optimized SiQ/AI,03, M20O/Al,0z and HO/M20 ratios as 3i8.8, 1.0/1.2, and 1011,
respectively, to achieve the maximum compressive strength, whereas the optimal combination was

predicted as SighAlI03 = 2.90, NaO/Al>0z3 = 0.58, HO/N&O = 13.75 by Ghanbari et §2017)

As summarized above, the influencetlo SiO./Al 203 molar ratio on the strength of geopolymer
systems has been welbcumented. However, the underlying mechanisms that detail the role of
NaO/Al>0s and HO/N&O have not been comprehensively revealed. Additionally, their effects
upon other equally \ail properties such as the rheology and setting have not been systematically
examined and, therefore, require further investigations. Notwithstanding the active research on N
A-S-H geopolymers, there exists very limited information to guide the mixturgrdesguarantee

all of these attributes, namely, workability, setting and strength, simultaneously. It should be noted

here that due to the mutual interactions between mixing design ratios, the best performance of one
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property, e.g., strength, is likely toe achieved by sacrificing other engineering properties.
Accordingly, this study proposed multfactor models to predict workability, final set and
compressive strength based on the compositional ratios, i.e., the-tbegotid, SiQ/Al2Os,
NaO/Al>03 and HO/N&O ratios. In the meantime, a set of experimental characterizations was
carried outo clarify the underlying mechanism of these ratios affecting the individual engineering
properties of geopolymers. Further, the sensitivities of workabilityingedind strength to these
compositional ratios are quantified by a variabesed analysis. When serving as a potential
alternative to conventional Portland cement concrete used in civil engineering, the outcomes
generated in this study are promising tadguthe mixture design of #-S-H geopolymers for

structural members with varying priorities upon workabilégttingand strength.

3.2. Materials and methods

3.2.1.Materials

A combination of sodium silicate and sodium hydroxide was used as the activatsoditmem
silicate solution comprised approximately 40% sodium silicate compound and 60% deionized
water, and the overall SNacO modulus (molar ratio) wasbout3.22. The sodium hydroxide

was sourced as solid pellets with a purity of 99%. The formatidhAfS-H geopolymer requires

high amorphous Si©and AbOs content(Davidovits et al., 2008)A commercially sourced
metakaolin was selected to serve as the aluminosilicate precursor. Its chemical composition,
determined by Xay fluorescence (XRF), is lstl in Table3.1. As seen therein, this metakaolin

is composed of 53.8% Si@nd 43.8% AIO3 by mass. Considering the molar mass of these two
oxides, namely, 60 and 102, respectively, the correspondingA$Oz molar ratio may be
calculated as approximdye2.1. The associated XRD and FTIR spectra for this precursor are

presented in Figur.1. Notice the smooth hump in Figu3ei.(a), centre at 2d =
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minor crystals identified as anatase and quartz. Three prominent pealdeteeted in the FTIR
spectrum at 1060 cdrhy 792 cm® and 434 ci'; see Figur8.1(b). These are identified as the Si

O bonds in amorphous SiQetrahedral Al@and TFO-T (T: Si or Al), respectively.

Table 31 Chemicalcompositian of employedmetakaolin

SiO, Al203 TiO2 FeOs P>Os NaO K20 CaO
53.8% 43.8% 0.9% 0.5% 0.4% 0.3% 0.2% 0.1%

(@) (o) T-O-T (T:Si or Al
TetrahedrahlO,
o ! S
Si-O inamorphous Si©

1060+

Intensity

Anatase

M

10 15 20 25 30 35 40 45 50 55 60 4500 4000 3500 3000 2500 2000 1500 1000 500 O
2 Theta Wavenumber / (ci)

Absorbance

Figure 31 (a) XRD and (b) FTIR spectra of the metakaolin precursor

3.2.2.Preparation of geopolymer amples

Threeseries of mixtures incorporating varying 48203, NaO/Al203 and HO/N&O molar

ratios were designed, as listed in Table 3[Be production of NA-S-H geopolymer specimens

starts with the preparation of the alkattivating solution. It should be emphasized here that the
solubility of sodium hydroxide pelleis about 111 g in 100 mL water under room temperature,
here, ~20 €. Therefore, for those mixtures made with a higher.8i{Q0s molar ratio, such as

3.6 and 4.0, the water is predominantly sourced from the sodium silicate solution. Hence, a very
small amount of extra water needs to be added manually. More importanthgatat evolves

in the process of preparing the alkaline solution, especially for higher concentrations, poses

39



potential risks of causticity. Thus, the sodium hydroxide pellets were blended with the sodium
silicate solution along with extra distilled veatto produce the alkali activator in solution. The
beaker containing the blended activator solution was sealed and placed in a fume hood for 24 h,
allowing the contents to cool down to room temperature. On the following day, the alkali activator
in solution was first poured into the mixer and stirred for 60 s to ensure its homogeneity. Next, the
solid precursor was added gradually to let it blend withatttevatorsolution for 3~5 min until a
homogeneous slurry was obtained. This mixture was then cagti@stic cylindrical moulds with

di mensions of 050 mm | 100 mm height. The spe

tight plastic bags under ambient conditions to reach 28 days of maturity.

Table 32 Mix proportionsof N-A-S-H geopolymersvith varying oxide ratios

SiO/ Al,0;  NaO/AIO3  HO/NaO  Metakaolin NaSiO;  NaOH Water  Liquid-

(molar ratio) (molar ratio) (molar ratio) (9) (9) (9) (9) to-solid
2.1 1.15 11 500 6.63 196.86 484.96 1.377
2.8 1.15 11 500 320.98 160.76 400.76 1.540
3.6 1.15 11 500 680.23 11950 63.96 1.727
4.0 1.15 11 500 837.41 104.89 0 1.885
2.8 0.75 11 500 320.98 92.02 118.37 1.063
2.8 1.00 11 500 320.98 134.98 22470 1.361
2.8 1.30 11 500 320.98 186.54 352.29 1.720
2.8 1.00 8 500 320.98 13498 108.71 1.129
2.8 1.00 9 500 320.98 134.98 147.37 1.207
2.8 1.00 10 500 320.98 13498 186.04 1.284
2.8 1.00 11 500 320.98 13498 22470 1.361
2.8 1.00 12 500 320.98 13498 263.37 1.439
2.8 1.00 14 500 320.98 134.98 340.70 1.593

Note: Liquid components includdaSiOs solutionand dissolved NaOH in water; Solids means
metakaolin

3.2.3.Test protocols

The engineering properties were evaluated govducedgeopolymers. In this manner, the

workability and setting time were tested as per ASTM C230/C2@8§2008)and ASTM C191
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08 (2008) respectively. Theompression testasconducted for geopolymer specimens aged 28
days, conforming tASTM C39/C39M18 (2018). The tensile strengtivas measuredas per

ASTM C496C496M-17 (2017) The employed machines and apparatus are shown in Figure 3.2.

Figure 32 View of employed machines and apparatusrieasuringresh and hardened properties
of N-A-S-H geopolymers (a) mixer, (b) flow table, (c) Vicat needle apparatugd) grinder,

compressiomachine for (ejnodulusand (fy)compressive alongsidplitting tersile strength

Further characterizations were also conducted in order to understand the mechanisms underlying
the attendant effects of each oxide ratio on the above engineering properties. In this regard, the
rheology of fresh mixtures was investigatechgsa Brookfield DVII+ Programmable Viscometer

that was fitted with a SG27 spindle. This viscometer operates within a specified range of

41



viscosity between 0 to 1250 mPas with a constant rotation of 200 rpm. The temperature evolution
during the setting nocess was investigated usitige thermographymethod(Davidovits et al.,

2008) For each mixture, the fresh paste was fir
mm) that could be closed with a tightly secured lid. The lid was bored with a holeénits to
accommodate the thermometer with a functioning range of 50~300 €. Once secure, the
thermometer was inserted through the lid and thetimeal temperature was recorded against time.

The mineral phases constituting the hardened composite wessedshrough Xay diffraction

( XRD) , of representative sampl es, using a cop
mA) with a step size of 2A/min, from 10A to
analysis (TGA) was carried out usingtheco TGA 701 instrument that functions in a temperature

range of 20~800€C and at a heating rate of 10 €/min under a nitrogen atmosphere. The chemical
bonds involved in geopolymers were examined by using the iS50 Fourier transform infrared (FTIR)
spectroneter coupled with a builh attenuated total reflection (ATR) module. The mistaucture

of representative paste samples was examined under a field emission scanning electron microscope
(FE-SEM) with a 15 kV accelerating voltage. The generated imagestiven binarized to show

the voids and cracks as black and the solidmmgmer gel as fully white. The compactness of the

geopolymer microstructure may, thus, be quantified by counting the black pixels.

3.3. Experimental characterizations

3.3.1.Rheology offresh geopolymer mixtures

The rheological parameters of fresh geopolymer mixtures help explain the associated workability.
We recall that the functional range of the rotational viscometer used here is 0~1250 mPas.
However, all the mixtures listed in T&bB.2 exceeded this upper bound during the experimental

trials, due to the viscous nature of alkatitivated geopolymeiHence, an independent batch of
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mixtures with suitably higher NafAl .0z and BO/N&O ratios was prepared, as shown in Table

3.3, and heir rheological outcomes are presented in Fi@e Notice that as the SHAI.Os

molar ratio increases from 2.4 to 3.6, both the viscosity and the yield shear stress drop at first,
reaching a minimum at 3.2; see Fig@r&(@) and3.3(d). This is followed by a recovery for higher
values of this ratio. Recall that the Si€dntent was raised through an increase in th&idg and,

as such, it increases the liquid content. Whereas thf@i®sused here has a viscosity of 200~400
mPas at 20 €, that of the NaOH and water is only 70 mPa.s and 1 mPa.s, respectively. Therefore,
an increase in the viscosity and the yield shear stress may now be explained through the
Acompetiti on 0 asedconertefrsodiur slicate satutioa and the enlargediquid
to-solid ratio. On the one hand, an increase in sodium silicate solution raises the overall viscosity
of the alkaltactivator solution since the viscosity of sodium silicate solution isfgigntly higher

than NaOH and water. In turn, the viscosity of the fresh geopolymer slurry is also higher. On the
other hand, thenoresodium silicate solution also leads to a greater ligoHgolid ratio, which has

long been recognized to make the slumrgre flowable by alleviating the intgarticle friction

(Lei et al., 2016) The smaller mutual friction is supposed to reduce the viscosity of the slurry.
Given the above, there may exist a competition between the above two effects. Based on these
resuls, when increasing the Si@l>0s molar ratio from 2.4 to 3.2, the effect led by the increase

in the liquidto-solid ratio governs the rheology of the geopolymer mixture, as the content of
sodium silicate is relatively small. However, with a further insegia SiQ/Al>Os beyond 3.2, the
sodium silicate content dominates over the presence of water alone; see33Balffer the
NaO/Al03 and HO/Na&O molar ratios, any change in their value is independent of the content

of sodium silicate solution in the ntixe. As a result, increasing either one of them simply raises
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the liquidto-solid ratio. This, in turn, lowers both the viscosity and the yield shear stress of the

fresh geopolymer mixture.

Table 33 Proportioningthe NA-S-H paste mixtures for rheology test

SiIOJ/AI; O3 NaO/AI O3  HO/NaO  Metakaolin NaSiOs NaOH  Water  Liquid-

(molar ratio) (molar ratio) (molar ratio) (9) (9) (9) (9) to-solid

2.4 1.40 16 50 14.14 22.43 77.77 2.287
2.8 1.40 16 50 32.10 20.37 66.55 2.380
3.2 1.40 16 50 50.06 18.31 55.32 2474
3.5 1.40 16 50 63.53 16.76 46.90 2.544
3.6 1.40 16 50 68.02 16.25 44.09 2.556
2.8 1.10 16 50 32.10 15.22 47.99 1.906
2.8 1.25 16 50 32.10 17.79 57.27 2.143
2.8 1.40 16 50 32.10 20.37 66.55 2.380
2.8 1.40 12 50 32.10 20.37 44.90 1.947
2.8 1.40 14 50 32.10 20.37 55.72 2.164
2.8 1.40 16 50 32.10 20.37 66.55 2.380
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Figure 33 Rheological properties of fresh geopolymer mixtures made with varying compositional

ratios: (ac) viscosity and (€f) yield shear stress
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3.3.2. Temperature evolution

N-A-S-H geopolymer mixtures show strong exothermicity and, therefore, the associated
temperature changes are related to the reaction rate and dBgrédovits et al., 2008)
Accordingly, the temperatuitme history for each geopolymer mixture here issgnted in
Figure 34. To begin with, a significant difference, not only in the peak temperatures but also in its
rate of rise, was witnessed for the series made with varying th#A&O: molar ratio. The
mixture registering the quickest rate of increasawell as the highest peak temperature (see Figure
34(a)), was that made with a SiBI>0s molar ratio of 2.8. However, both an increase and a
decrease in this ratio led to progressively lower peaks and a slower rate of temperature rise. This
indicatesthat the Si@QAI>Os molar ratio must be in an optimum range, otherwise, it will slow
down the geopolymerization. It is likely due to the competition in the dissolution between the solid
silica and alumina, in the precursor. At the lower end, the raw @cis the sole source of
aluminosilicate, and the progress of subsequent chemical reactions is dominated by the availability
of dissolved silica and alumina. However, as the 830z molar ratio increases through the
addition of sodium silicate, thegtiolved alumina will quickly react with the liquid silicon groups
from the activator to form thei-O-Al-O-) chain(Davidovits et al., 2008)On the other hand,
when this molar ratio exceeds a certain value (here, 2.8) any further rise triggers amulex co
polycondensation, i.e., the formation e8§O-Al-O-Si-O-) (Davidovits et al., 2008)This extends

the reaction time and manifests in a slower temperature rise. Note that Da2e@8&%eported

a geopolymerization thermograph forANS-H geopolyners made with different sources of
metakaolin having varied chemical compositiodBpecifically, the one made with the larger 5iO
to-Al203 mass fraction also displays slower temperature evolution. However, this result is not

comparable with the data geated in the present study, as the former was examined in an oven
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with the curing temperature set to 80 €. For mixtures made with differep©Md.Os molar
ratios, the generated peak temperatures differed slightly from one another; see B{gir<8.

the values chosen in this study, the mixture made with ®M&0s; = 1.0 showed a faster
temperature evolution with a slightly higher peak than the rest. As mentioned earlierSe&Eh (
Al-O-) or (-Si-O-Al-O-Si-O-) chain contains a single AlQunit andcarries a negative charge.
Therefore, an equivalent amount of N&required in order to maintain the chemical equilibrium.
This accounts for the slowing down of the geopolymerization process at log@tA\gD3 molar
ratios. Additionally, at the higher range of this ratio, the excessiVenlsa deter polycondensation

as per the reaction kinetics, since this reaction is also a NaOH regeneration (Davetsvits,
2008),see Figure.5. Similarly, it also explais the slightly depressed geopolymerization in the
case of a low EHD/N&O ratio, manifesting in the reduction in both the rise and the peak
temperature. On the other hand, at ratios higher than a threshold, there is too much water, which
will dilute the akali and lower the activation efficiency. Once again, this will reduce the
exothermicity. Thus, as seen in Figurd(8), the rate of temperaturaises,and its peaks

maximum for a HO/N&O ratio of 9.
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Figure 34 Temperatue evolution as a function of time for fresh geopolymer mixture made with

varying (a) SiQ/Al20s, (b) NaO/Al203, (c) HHO/N&O molar ratios.
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Figure 35 NaOH regeneration during the polycondensatibN-A-S-H geopolymer.

3.3.3.X-Ray diffraction (XRD) and thermogravimetric analysis (TGA)

The XRD diffractograms and TG/DTG curves of the hardened geopolymer systems are shown in
Figure 36(ai c) and (dif), respectivly. One can see from Figure68a) that when Si@Al.O3

molar ratio is 2.1, numerous crystalline phases including faujasite, anatase, hydroxysodalite, Na
chabazite and quartz show up. This clearly indicates that for lowefA$:Os molar ratios,
geopolymerization is suppressed, formingsudstituted zeolitemstead Cundy and Cox, 2003)

Now, as this ratio rises through 2.8 and to 4, the peaks in the XRD trace that represent the
crystalline phases reduce substantially. Simultaneously, a broad and clear diffuse hump appears,
implying a greater degree of ambrgty. Connecting with the amorphous character o&A{$-H

networks, an increase in the Si81,0s molar ratio favours this geopolymerization. Interestingly,
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the mixture displaying the better amorphicity also registers a sharper and taller differential
thermogravimetry (DTG) peak positioned at 100~300 €. These taller peaks are mainly connected
to the dehydroxylation of the sodium aluminosilicate hydrate phage 8\H) (Tchakoutéet al.,

2017) As the SiQ/Al20s molar ratio drops through 2.8 and to 2.%s theak becomes flatter and
lower. It also shifts towards the higher end of the testing temperature. Whereas these Na
substituted zeolites lose their chemically bound water when raised from 100 € to 300 C, the
associated DTG peak appears at a slightihdn temperature (~170 €) than th&S{-O-Al-O-Si-

O-) chain that constitutes the-AFS-H framework (~125 €)(Davidovits et al., 2008)Clearly,

this is attributed to other <crystall3i6@e, Ai mpu

namely faujasite, anatase, Ndnabazite and hydroxysodalite.

For the NaO/Al20z3 molar ratio, the two mixtures at the lower end of the@Al>Os molar ratio
registered fewer crystalline phases and displayed thtatelhump of amorphous constituents, as
evidentfrom Figure3.6(b). On the other hand, the mixture containing aQJAl>Os3 ratio of 1.3
displays significant crystalline phases, an outcome of the formation of zeolite at high alkali content
(Juengsuwattananon et al., 2018his agrees well with the TGA findings presented in Figure
3.6(e). As seen therein, the mixture exhibgithe superior amorphicity, once again, registers the
sharper DTG peak assigned to thehgidroxylation of the NA-S-H network. Furthermore, the
corresponding DTG peak shifts towards the lower end of the temperature scale a©idé.Na

ratio decreasedown to 0.75.

Figure3.6(c) maps the XRD trace for mixtures made with varying th®M a0 ratio. All three
traces show only limited crystalline phases. Nevertheless, a small yet significant difference is
observed by locating the centre of the diffuse himgach trace. When the®/Na&O ratio moves

from either extreme of 9 and 12 to the medi
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peak increases from 28.43°and 28.49; respectively, to a local maximum of 29? According to
Yuan et al.(2016) swch a shift is indicative of an increase in the amorphicity of the
geopolymerized system despite a limited presence of crystals. In the case gDtNex8 ratio,

it is evident that this has no bearing upon the nature of the reaction products formadSsN
geopolymers. The corresponding TGA data shown in Fige(#) illustrate that, regardless of the
H>0O/N&0O ratio, identical DTG plots were obtained, especially ai 200 €, associated with the

dehydroxylation of the MA-S-H framework.
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Figure 36 (aic) XRD and (@f) TGA outcomes of hardened geopolymers made with varying

SiO/Al203, NaO/Al203 and HO/N&O molar ratios.
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3.3.4.Fourier transform infrared spectroscopy (FTIR)

In their mature state, the geopolymerized samples were examined through FTIR, as presented in
Figure3.7. As seen therein, a small band located around 560~570scascribed to the external
linkage vibrations of the TOin the double rings of zeolittZhang et al., 2013; Moudio et al.,
2021) In addition, it has been widely reported that the most significant signal, assigned to the
asymmetric stretching vibrations of the geopolymer ban®-%j is usually found between
850~1250 crit* (Chen et al., 2019 et al., 2019. Here, T is the 4oordinated atom, Si or Al.

More importantly, the degree of geopolymerization is associated with the shift of this main band
(Chen et al., 2019; Li et al., 201%urther, the band positied at ~1645 chi is attributed to the
bending vibrations HD-H, implying the presence of structural water in the reaction products
(Zhang et al., 2013Now, as seen from Figu7(a), the mixture made with a Sl .05 ratio

of 4.0 registered the highewavenumber associated with theGBil band; in turn, the weakest
signal was assigned to the 7@ the double rings of zeolite. This was followed by those for
SiO/AI0z3 of 2.8 and 2.1, respectively. From the above, it is clear that an increase in the
SiO2/Al203 ratio promotes geopolymerization and simultaneously depresses the formation of
zeolites. This agrees well with the XRD traces in FigBiifa). A continuous increase in the
NaO/Al>0s molar ratio was seen to deter the associated geopolymerizasi@vjdent from the
principal StO-T bands shifting towards the smaller wavelength in the FTIR spectra; see Figure
3.7(b). As expected, the wavelength ascribed to the zeolite formation increases as this ratio rises
from 0.75 to 1.3. Assuming a perfectlgtimated system, the optimum MHAI>Oz ratio is
theoretically calculated as 1.0 in order to achieve the charge balance. However, in practice, the
raw aluminosilicate precursor may not be completely activated. The XRD traces and the detected

TO4 band assigned to zeolites in the FTIR spectrigo lad to the same inference. Thus, it is not
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surprising that the actual optimum X0dAI2Oz is, in fact, a bit lower than the predicted value of
1. As opposed to the variation in the€dST band seen with varying the SiBI.03 or N&O/Al>O3
molarratio, he FTIR spectra for the series prepared with varying #@/MeO molar ratio do
not register a significant change; see FigBrgc). Nevertheless, the mixture made with a
H>0O/N&0O ratio of 10 is seen to register the highest wavenumber for {@eTS3andamong the
three values of this molar ratio. Once again, when t#@MNgO molar ratio is excessive, it deters

geopolymerization. When it is too low, the excessive alkalinity in the mixture depresses

polycondensation, as explained through Figuge 3.

—— Si0,/AL,0,=2.1 Si‘-)()iT sl:%:())4 Na,0/AL,0,=0.75 Si-0-T940
Si0,/ALO,=2.8 Na,0/ALO;=1.0
—— 8i0,/AL,0;=4.0 Na,0/ALO,=1.3
3366”01 on

-OH
P H-O-H
ki 1644

Absorbance
Absorbance

(b)

(a)

4500 4000 3500 3000 2500 2000 1500 1000 500 0 4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber / cm’! Wavenumber / cm’!
——H,0/Na,0=9 Si-O-T
——H,0MNa,0=10 953 - ToO,
——H,0MNa,0-12 *f

Absorbance

(©

4500 4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber / cm™!

Figure 37 FTIR spectra of hardened geopolymers made with varying (ayAiQs, (b)

NaO/Al203 and (c) HO/ Na&O molar ratios
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In order to interpret the structural changes referred to above, the FTIR spectdeomreoluted

for the range of 800~1250 &hwith Gaussian peak shapémt correspond to the -8-T band

(Zhang et al., 2013 he associated fitting procedure was performed in accordance with the related
literature (Zhang et al., 2013; Cortes et al., 2D2The following peaks are considered: Peak |
(850~860 crit) to SFOH bending; Peak Il (930 ¢i) to SFO-T in Q; Peak I1l (950~960 chi)

to asymmetric stretching vibrations of nonbridging oxygen (NBO) sites; Peak IV (990 ~1000 cm

to SFO-T in a 3dimentional NA-S-H network; Peak V (1080~1090 &t to SHO-Si of silica

gels; and Peak VI (1150~1160 dinto SFO-T of unreacted metakaolin. The FTIR deconvolution
peaks for each mixture are now presented in Fi§@ewith a regression coefficie® beyand

0.997. In addition, the relative peak areas are quantified in F3glurk is evident that an increase

in the SiQ/Al20s ratio from 2.1 to 4.0 leads to a reduced area for Peak Il but an increase in areas
for both Peaks IV and V. Clearly, this corresgs to a greater degree of geopolymerizgt@ortes

et al., 2021)Further, a slight increase is also seen in the area of Peak VI A = 4.0, i.e.,

in the unreacted metakaolin particles. This implies a slight increase in the unreacted metakaolin
for an increase in the sodium silicate content. This is not surprising, since adding more sodium
silicate solution will lower the relative amaunf sodium hydroxide in the mixture and, thsiew

the dissolution of the precursor due to the slightly reduced alkalitéymohammadi et al., 2008)
Nevertheless, the rise in unreacted metakaolin is minor when compared to the rise in the areas of
Pe&s IV and V. In sum, therefore, a rise in the KD.Oz ratio favours a higher degree of

geopolymerization.

On the other hand, a continuous increase i¥fON&>0s leads to a drop in areas of both Peaks IV
and V. Further, a noticeable rise is witnessedMeak Il when this ratio increases to 1.3. This

corresponds to an increase in the €jlicate. Together, they imply a depressed degree of
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geopolymerization. Finally, in the case of thgdNaO ratio, the highest area for Peaks IV and
V is noticed for themixture with HO/N&O = 10. As noted in Figurg6(c andf), it confirms that

there exists an optimum alkali concentration to yield the maximum degree of geopolymerization.
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Figure 38 FTIR spectral deconvolutions of the main-GiT stretching band positioned at

800~1250 crit for geopolymers reported in Figure/3.
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3.3.5.Sanning electron microscope (SEM)

The microstructure of representative mixtures from the three series was examined under SEM. The
images captured at 300X magnification are shown in Figli@ Ihose mixtures prepared with
varying the SiQAIOs ratio are llustrated in Figure 30(ai ¢). From a ratio of 2.1 through 4.0,

while microcracks are visible, it is wider in the former, progressively becoming narrow in the
latter. The higher the SuAI.Os ratio, the more compact and the more homogenous the
microstrudure. This illustrates that the condensed structure, resulting from the higher degree of

geopolymerization, has the greater structural integrity.

Figure 310(di f) represents mixtures made with varying thex®&l>Os molar ratio. While
microcracks appeanithe sample made with the X8AI>O3 of 0.75, the corresponding crack

widths are significantly smaller than in the other two mixtures containing the high®/MNg0s
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ratios. Particularly, the mixture containing a2R&AI>0s of 1.3 displays the widest microcrack in

this series. This may betabuted to the following: (i) the continuous increase in this ratio
depresses the geopolymerization degree, as confirmed in previous XRD and FTIR outcomes. Note
here that the lower degree of geopolymerization usually indicates the lower structuréliofegr
formed NA-S-H networks; (ii) the larger N&®/Al>Os corresponds to a greater ligttiotsolid ratio

(see Table 3.1), and the increased liquid content may degrade the texture of hardened geopolymer
networks. Given these, it may not be surprising tie tloe widest microcracks appear in the case

of NaO/Al203 = 1.3.

Figure3.10(gi i) shows the variation in the.8/N&O molar ratio. Clearly, the mixture made with

the HO/N&O = 10 registers the best microstructure, as evident from the smallest micsocrack
Both a decrease and an increase in this ratio appear to degrade the microstructd-&-of N
geopolymers, due to the depressed degree of geopolymerization. The former may be led by an
excessive alkali concentration, as the geopolymerization is a rajengrocess of Naand OH

(see Figur8.5), while the latter is simply due to the inefficient alkali activation.

The raw SEM images shown in Figurd@are binarized to highlight the voids and microcracks,
as now updated in Figure 3.1t is then fdlowed by a quantification upon these flalyscounting

the black pixels. According to Figure 3,lthe lowest area fraction of cracks and voids is found
for SiG/Al203 = 4.0, NaO/Al20s = 0.75 and HO/N&O = 10, respectively, across each series.

This quantitatively validates their densest microstructure.
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Figure 311 BinarizedSEM imagesgenerated fronfrigure 310.
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3.4.Fresh and hardened properties

3.4.1.Workability

The workability is expressed here in the formflotv diameter. As seen in Figure 3(&), the
workability increases substantially with an increase in any of the three compositional ratios. While
it is clear that an increase in the®iN&O ratio directly implies a higher water contentjrarease

in the SiQ/Al>0s or N&O/Al>Os ratios also, indirectly, implies a higher ligeio-solid fraction.

This is because the Si@nd NaO may only be varied bghangingthe activator, which in this

case is introduced as a solution. It is illustratedrigure 3.B(b), wherein an increase in any of
these three oxide ratios leads to an increase in theictsdlid ratio. For a fixed amount of dry
powder in the mixture, a higher liqutd-solid ratio will act as a lubricafiHajimohammadi et al.,
2008)and, thus, lead to a greater flowability. Recall that for the rheological parameters presented
in Figure 33, an increase in the Na/Al20s or H:O/N&O ratio corresponds to a decrease in the
viscosity and yield shear stress of the fresh mixture. Thieagvell with the superior flow seen

in Figure 3.B(a). As explained earlier, it is due to the>Si¥s being substantially more viscous,

in comparison with NaOH or water, at 20 €. Beyond a critical #D,Os ratio, foundearlieras

3.2, the geopolymer gity turns more viscous due to a higher sodium silicate content, despite an
associated increase in the ligd@solid ratio. However, for an increase in the $/KD.Os ratio,

the flow is governed by the liquim-solid ratio, andeventually manifests as aontinuous

improvement in flow diameter.
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Figure 313 (a) Workability and (b) liquieto-solid ratio of various NA-S-H geopolymer pastes
(>350 mm indicates that the diameter of mixture is more than 350 mm after 25 bldlegvon

table).

3.4.2.Setting

The effect of the compositional ratios in the mixture components upon the setting time is shown
in Figure3.14. It is seen that at a low Si@\l20s ratio, i.e., 2.1, the setting process is delayed
because all the silica originates frothe metakaolin, and so it takes time to allow the
aluminosilicate to dissolve and then be activated. On the other hand, an excesfAbiGi@atio,

as noticed beyond 2.8 in this series, iraph transformation of the product from the relatively
simple sialate {Si-O-Al-O-) structure to the more complex sialgtxo (-Si-O-Al-O-Si-O-)
framework. The latter is a more interconnected network that requires some time to form and so,
once again, extends the setting time so that there exists an optimunforahgeSiQ/Al 205 ratio

to ensure the minimurfinal setting time. In Figurg.4, the mixture made with the optimum
SiOY/Al>Oz ratio may be taken as that which displays the highest peak temperature and the quickest

temperature evolution.

60



800

T

700

600

T

500

T

----initial setting timg

Final setting time / mins

21283640  0.751.013 8 9 10 11 12
SIO/AlL0, Na,O/Al,O, H,0/Na,0

Figure 314 Settingtime of various NA-S-H geopolymer pastes.

The HO/N&O ratio directly reflects the alkalinityf the system. So, under very high alkalinity,

the excessive Naand OH will deter the polycondensation (see Fig®B6), manifesting as a
delayed final set. In contrast, the excessig®M a0 ratio dilutes the alkali concentration and,

thus, reduces thactivation efficiency. An optimum range for theOdNaO ratio is found around

8~10 to ensure the shortest duration for the finalldevertheless, any further increase in this ratio
only causes minor extension, likely due to the slightly diluted alkaliAgyfor the initial setting,

an increase in this ratio extends the initial setting time, possibly due to the highetdigoidi

ratio. The effect seen for the N&®/AI>Os ratio upon the final setting time wasdso minor.
Nevertheless, a value of about 1.0 makes both initial and final set occur somewhat sooner. A deficit

in the NaO/Al>Oz ratio leads to insufficient Narequired to hlance the negative charge carried
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by AIO,. On the other hand, earlier characterizations reported that an excess in this ratio is likely
to depress the M\-S-H formation and even cause the transformation into various crystals. This,
thereafter, corresposdo a delay in the set of mixture. Note that all tHesd setting outcomes

agree well with the temperature evolution curves presented in FHdure

3.4.3.Compressive strength

As seen from Figur8.15, within the examined range of 2.1~4.0, an increase irSi@gAl O3

ratio boosts the associated strength. Recall that the mixture made with a lowé&it SiEratio
witnessed a substantial presence of crystalline phases, namely, varsubdituted zeolites, in

the XRD trace. The same mixture also registered fewer peak areas ascribed40-thé&id in

3-D N-A-S-H network under FTIR inspection. These tibggg confirm that increasing the
SiO,/Al03 ratio restricts the formation of other crystalline impurities (principally the Na
substituted zeolites) and also improves the compactness of -theés-N framework. This
eventually manifests as higher mechanit@drgyth. An increase in the Ma/Al>Os ratio implies

a lower compressive strength, with the associated optimum range lying between 0.75~1.0,
according to Figur8.15(b). Note that a continuous increase ino@awill result in the formation

of other zeoliteerystals, which strongly depresses the polycondensatiorA”efS\H geopolymers,

as evident from the associated XRD, TGA and FTIR outcomes. Furthermore, the alumina
contained in the raw precursor may not completely be associated with the geopolymehd hus, t
optimum value for the N®/Al>Os molar ratio was somewhat lower than the theoretical value, viz.
1.0. In the case of thexB/N&O ratio, where a lower value denotes a stronger alkalinity, excessive
alkali concentration may also supprdase regenerationof NaOH and, in turn, hinder the
geopolymerization progress, accordinghe aspect of reaction kinetics (degure3.5). On the

other hand, when this ratio is too high, it deters activation efficiency and reteécissociated
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geopolymerization. Asuch, the compressive strength was highest faGING&O ratio of 10 as
found in this serieslt is worth noting here that unlike the SI®I>0s and NaO/Al>Os ratios,
varying the HO/N&O ratio has minimal impact upon the products resulting inNb&-S-H
geopolymer and the resulting impact of this ratio may be achieved through the microstructural

aspect.
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Figure 315 Compressivestrengthof various NA-S-H geopolymer pastes.

3.4.4.Tensile strength

Figure 3.5 presents the fwsile strength of MA-S-H geopolymers, made with varying
compositional oxide ratios. As expected, these specimens dis@aymiar tendencyasnoted
for compressive strength in Figure B.1In this regard, the mixtures SKAI>0s=4.0,

NaxO/Al>0:=0.75 and HO/NaO=10 registered the highest tensile strength across the respective
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series.The reason behind thshould bethe same as those discussed in Section 3.4.3 eatrlier,

namely, the greatest degree of geopolymerization alongside the densesrucicnes
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Figure 316 Tensile strength ofariousN-A-S-H geopolymers

Further, the correlation between compressive and tensile strisnigtrestigated in this study,
based on the obtained experimental data. For conventional OPC s\thiena exist a few model
proposed in prior studiedmong them, the power function model is widely recognized and used
(Albidah t al., 2021)For instanceizquatiors (31) and (32) are recommended by AS 36(XD09)
andACI 318(2008), respectively. Based on this, the correlation between compressive and tensile
strength of NA-S-H geopolymers is explored in this study.similar model, in the form o&

power function, isfirstly presented irEquation(3.3). Besides, considering the value of tensile
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strength usually falls into the ramgf 8%~15% of its compressive strengtionfirmed byFigure

3.17 as wel), another model including both power and linear foamesproposeth Equation(3.4).

f, =0.4/T, (3.1)
f, =0.56/f, (3.2)
f,=a f.* (3.3)
ft:alfca2+a3fc ( 3. 4)
7 - - - - - — T
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= | ® Data generated by Albidah t al. (2021)
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Figure 317 Correlationbetween tensile and compressive strength.

The optimum solutbn to thecoefficientvectorin these two sets of models could determined
using the nonlinear recession analysgsed orOrdinary Square Method. The models now
updated inEquatiors (3.5) ~ (3.8),which are respectively determindzhsed on the dataset
generated in this study only and after combining with the data from Albidah t al. (B02Feen
from Figure 3.8 that thetwo sets oimodelsconsidering the power fortmothdisplay satisfactory
predicting efficiency(R>=0.83%~0.8). However, considering thinear formon the basis of the

above models (Equations (3.5) and (3.8pes not contribute to the accuracy, as evident from the
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slightly reduced coefficient of determinatiqi®?=0.80~0.85). This may indicate that there

predominantly exists a power correlation between compressive and tensile strength.
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Figure 318 Comparison between actual and predicted tensile strength bas#ttmntmodels

(a, ¢) dataset in this study, (b, d) dataset in this studyh@nahe generated Bybidah t al. (2021).
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3.4.5.Elastic modulus

The elastic modulus of i-S-H geopolymers made with various compositional ratios is presented
in Figure 3.9. Asseen therein, an increase in the SOz ratio or a decrease in the XAI0O3

ratio leads to a rise in the associated elastic modulus. And, the mixture made@/iNad®d=10

is found to register the largest moduaursosshe respective series. Onceaay the above findings
coincide with the& outcomesof compressive and tensile strength. This may also indicate that the
optimized mixture will not only show the highest strength but also the best resistance to

deformation during the elastic stage, duéghmimproved geopolymerization and microstructure.
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Figure 319 Elastic modulus of various-X-S-H geopolymer mortars

According to prior studiesHardijito et al., 200d; Thomas and Peethamparan, 20Azarsa and
Gupta,2020, a similar power correlation may also exist between compressive strength and elastic
modulus Hence, two sets ahodelsthatare composed & similar form as Equations (3.3) and
(3.4) areassumedhere Then, the least square method alongside thknean regression analysis

is adopted again to determine timum coefficients based on the dataset generated in this study.
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Now, the two sets of models correlating the elastic modulus to compressive strength are updated
in Equations (3.9) and (3.10)e&n from Figure 20, these two modbtsth register acceptable
prediction efficiency, as evident from the coefficient of determinaf8pni{eyond 0.8. However,

once again, the consideration of linear fmmthe basis ahe power modetloes not improve th

accuracy significantly.

E =1.4233f2-59 (9).

E =0.84812°°° +0.1388, (3D

N
o
N
o
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Figure 320 Comparison between actual and predi@kstic moduludased on different models.

3.5. Sensitivity analysis

An effective variancdased sensitivity analysf¥i et al., 2019)s conductechereto quantify the
influence of these oxide ratios on workabilityndl set and compressive strength. It is illustrated
mathematically byequatiors (311) and (312). The sensitivity indeX§, for each factor is defined

as the proportion of the effective partial variandg, in the total effective varianc&/e. An
increment coefficient();, is introduced to eliminate the disturbance and normalize the traditional

variance. The oxide rati, and the engineering property,are the input and output variables,
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respectively. In this study, the engineering property denotes either the flow, the setting time or the
compressive strengtin. denotes the size of the dataset, witlbeing the mediaralue of each

factor. The data used for this analysis are listed in Table 3.4, and the resulting sensitivity indices
are illustrated in Figure 31. As seen therejramong this specific series of mixdéise workability

of the fresh mixture is most senséito the HO/NaO molar ratio, while the compressive strength

of N-A-S-H geopolymers is more dependent upon, firstly, th®/Na&O and secondly, the
SiO/Al03 molar ratios. Further, the Si@\l.0s molar ratio dominates the setting process, as

evident fromits sensitivity index beyond 95%.

Table 34 Dataseu s ed f or sensitivity analysis

Fi na
Si0 Bl NaO/ A% HO/ N dFilaomV(\; sett Compr e:
(mol ar (mol ar (mol ar ti mestrengt
( mm) .
(mi n
2.1 152. - -
2.4 203. - -
2.8 0.95 11 257. - -
3.1 261 - -
2.1 - 480 11. 78
2.8 - 190 32.71
3.6 1.15 11 - 360 40. 23
4.0 - 740 46. 19
0. 75 101. - -
0.95 152. - -
2.1 1. 15 11 196. - -
1. 25 247 . - -
0. 75 - 195 47 .54
1.00 - 180 29.53
2.8 1.15 11 - 190 32.71
1. 30 - 210 19. 214
8 225. 160 39. 83
9 239. 130 43.03
2.8 1.00 10 254. 165 50. 68
11 261 180 29.53

Not*:denotes the median value.
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Figure 321 Sensitivities of workability, final set and compressive strength to compositional ratios.

3.6. Further discussion

The present studghows that the interaction between these oxides triggers mutual sacrifice
between workability, setting time and strength eANs-H geopolymers. For example, although a
continuous increase in the SiAl>0Os molar ratioboosts the compressive strength eARS-H
geopolymers, it extends the final set considerably once this ratio exceeds a threshold. Furthermore,
an increase in ¥0/Na&O molar ratio beyond an upper bound appears to damage the structural
integrity andstrength while it contributes to the workability. As per ASTM C150/C15(8sl

(2019) the final setting timerequestedfor Portland cement should not exceed 375 min.
Additionally, going by the workability criterion for geopolymgShosh and Ghosh, 204)2 a

fresh geopolymer mixture with a median flow diameter larger than 180 mm may be viewed as

70



highly workable. The experimental observations in this study show that those mixtures produced
with a liquidto-solid ratio beyond 1.1 could easily achieve this ditan Further, extreme oxide
ratios may hinder the strength development even though the corresponding mixture registered
satisfactory workability and setting time, e.g.,88\>03 = 1.3 (SiQ/Al 03 = 2.8 and HO/NaO

= 11). Taking this togethett, is remgnizedthat the mix design for M-S-H geopolymers must
simultaneously guarantee the desired workability, setting and strength. As seen irs Figure
3.13~3.16 when the Si@AIl.Os ratio falls within 2.8~3.6, it results in satisfactory strength
alongside aagptable final setting time and workability. When the actualMal.Os ratio falls

slightly below the theoretical value of unity, it achieves a quicker final set and a higher strength.
The optimum range for this ratio was found to lie in 0.75~1.0 in thagmt study. A HO/NaO

ratio between 9~10 guaranteegraatflowability for the N-A-S-H mixture without undermining

the other two engineering properties. Together, the above range of oxide ratios gffieisliae

for N-A-S-H geopolymers to achieve thaost practical combination of workability, final set and
compressive strength. If a specific application puts a premium on only one of three properties, the
sensitivity results now provide an insight into the design strategy. Adjustinge@@&IO ratio

is the most effective means to improving workability, while controlling the,/8i@03 ratio

imparts the greatest efficiency towarashorter setting time. The mechanical strength may be

adjusted by regulating the above two rasosultaneously.

3.7.Conclusion
This Chaptemainly investigated the mechanisms that underlie the effects of compositional oxide
ratios on thefresh and hardened properties N-A-S-H geopolymers. The experimental

observations demonstrate that, when suitablgigied, the NA-S-H geopolymer displays
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excellentworkability, settingand strengthBased on the results, the following specific conclusions

may be drawn:

(1) An increase in the N®/Al>0Os or H.O/N&O ratio reduces the viscosity of the fresh
geopolymer miture due to a corresponding increase in the liqoisiolid ratio. There was an
accompanying drop in the yield shear stress. Together, this leads to a greater flowability. However,
there exists an optimum Si@\l .03 ratio to obtain the lowest viscosity.N&reas, at lower values,

the system is dominated by sodium silicate, once this ratio exceeds 3.2, thaohgoiid ratio

dominates and eventually raises the flowability of the system

(2) In N-A-S-H geopolymers, the setting time is associated with xoghermicity during the
geopolymerization, which was found most sensitive to the/8leDs ratio. When the other two

ratios were fixed as N&®/Al,03=1.15 and HO/N&O=11, he mixture made with a S§AI.03

ratio of about 2.8 registered the highest peak temperature and the fastest temperature rise, both of

which coincide with its fastest setting time

(3) A deficient SiQ/Al0s ratio and an excessive PAAI2O3 ratio will, in either case, deter
geopolymerizéion. Additionally, they promote significant zeolite formation. This was evident
from the reduced amorphicity in XRD, a wider but much lower DTG peak assigned to
depolymerization of NA-S-H in TGA, and also a smaller peak area ascribed to @ Sband

in the NA-S-H framework in FTIR.These together reduce the mechanical strength and elastic
modulus.The BHO/N&O ratio at its optimum value, found to be 9~10 here, led to the highest

degree ofjeopolymerization and eventually, the best mechanical perfaenan

4 A satisfactory combination of compositional ratios to simultaneously achieve the desired

workability, final set and strength may fall within SI@I,0s = 2.8~3.6, NaO/Al>03 = 0.75~1.0
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and BO/Na0O = 9~10. The workability of the fresh-A-S-H mixture is most sensitive to the

H>0O/N&0O ratio, while the setting time is predominantly governed by the/Si¢Ds ratio.

(5) Therepredominantlyexists gpowercorrelation between the compressive and tensile strength
and between the compressive strength and elastic maaflli8-S-H geopolymersConsidering
an additional linear form on the basistb&é power model does not contribute to the predicting

accuracy
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Chapter 4. Potential benefits of nano silica stabilized dry water on fresh and
hardened properties ofN-A-S-H geopolymers

4.1.Introduction

Geopolymers have been widely confirmed as a promising alternative to conventional OPC systems.
More importantly, theproperties of geopolymer systems are strongly dependent upon the
compositional ratios that make up the raw materials. Among the principal oxide ratios, the varying
SiOY/AlO3 ratio triggers polycondensation to various degrees. De Silva €2807)noted that

within a certain range, a continuous increase in the/Ai&D: molar ratio improves the strength

of geopolymer systems, principally attributed to the formation of ghlyi condensed
aluminosilicate structuré&ince the main oxides comprising the aluminosilicate precursor age SiO
and AbOs, recent studies have found merit in adding nsihca (Rashad, 2019)The additional

silica supplied by the nanoparticles promdtesgeopolymerization process. Specifically, adding
about 1%~3% nanoparticles to the system manifests in an increase of strength of between 10% to
55%(Gao et al., 2013 Gao et al., 2015; Deb et al., 2016; Sumesh et al., 28&¢pndly, as seen

in cemenitious systems, the nanoparticles may also act as a physical filler and densify the
microstructurgNazari and Riahi, 2011However, due to the nature of extremely small particle
size, those prior studies have widely reported that for a given mixturerpoop the improvement
through nanoparticles on strength are frequently achieved by sacrificing workébdibyet al.,

2015; Deb et al., 2016A smaller particle size distribution, and therefore a greater specific surface
area, understandably raiseg tiquid demand and in turn drops the slump. As for the effect of
nanoparticles on the setting process, there is no consensus in the literature; some studies report a
reduction in the setting time in presencenahoparticle§Phoongernkham et al., 201Ayhereas

others argue that these nanoparticles prolong the séttingt al., 2017) Given the above, the
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At rr-afdfed0 bet ween the desired engineering prope
resolved, in order to promote the widespread applicatidooth geopolymer and nanomaterials in

building engineering field.

Emulsion is the mixture consisting of multiple liquids that are chemically immiscible.
Conventionally, amphophilic surfactants are frequently used as the emulsifier to produce different
emulsions. However, these conventional emulsions show an instability, mainly manifesting as
coalescence, flocculation, creaming and sedimentation as time elapses. Considering this, solid
particles with a nanometric or micrometric size begun to attract se@etific attentions and, the

produced emulsion was noted to register much stronger stability, depending on the partial wetting

of the employed solid particles. Amorphous silica nanoparticles, when they are predominantly
hydrophobic, can be used to stedgi a watefin-ai r Pi ckering emul sion, of
More importantly, such a novel material usually registers a micrometric size after the physical re
organization and in the meantime, retains the properties of stalizeyard et al., 208; Binks,

2002; Binks and Murakami, 2006Chevalier and Bolzinger, 2013This offers a possible
resolution to -oheowbéenhwesedf ieshdand hardened
nanoparticles alone. Developed in 1964, such Pickering emulsiensnare stable against
coalescence and have found application in biomedicine, food processing, fire extinguishing, fine
chemical synthesis and cosmefigang et al., 2017; Wang et al., 2028Hpwever, the application

of Pickering emulsions in building eimgering has not been seeand the corresponding
mechanisms underlying ifgotential enhancement upon rheology, geopolymerization and the
ensuing reaction products are still not clear enotibbrefore, further systematbaracterizations

are required Also, the comparison between this Pickering emulsion and convensiical
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nanoparticles needs to be conducted when addedwyspementaryadmixture to geopolymers.

However, there so far exists no information in thisardg

The present study describes the mechanisms underlying this interaction between dry water and the
geopolymer system. The dry water, itself formed wiith varyingcontent ofhydrophobic nano

silica, was added to an aluminosilicate geopolymerized sys§terther, the geopolymer system
respectivelyeinforced by nano silica and the associated dry watxe compared in this Chapter.
Besides alain reference mixturevithout any nanoparticlgwo others were also prepared, one

with hydrophilic silica naoparticles, and the other with hydrophobic silica nanoparticles. These
systems were examined under a suite of rheological, thermal, physical, chemical and
morphological analyses. The findings were matched with results from +seal® tests that
measuredhe strength, flowability and setting time. Accordingly, a schematic model is proposed
here to convey how dry water powders enhance the geopolymerization involved in the

aluminosilicate geopolymer.

4.2.Materials and methods

4.2.1.Materials

A commercially sourced makaolin was employed as the aluminosilicate precursor. Its chemical
compositionasdetermined through Xay Fluorescence (XRFas beempresented in Tabld.1 in

the previous Chapter. 7As seen therein, the corresponding S#&d AbOs contents together
account for about 97% of the total and have &/8i03 molar ratio equal to 2.approximately

The alkaline activator was a sodium silicate solution withaas fractiorof Wna2o+ sioc2d 4 0 %,
blendedwith sodium hydroxide pellets (NaQK9% purity). Hydrophobic silica nanoparticles are

a hexamethyldisilazane treated version of hydrophilic nanoparticles and contain methylated silicon
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surface groups. The physicochemical characteristics of fumed silica nanoparticles are listed in

Table4.1

Table 41 Physicochemicgbroperties of fumed silica nanoparticles

Properties and test method Unit Hydrophobic Hydrophilic
Average particle diameter nm 7 7

Specific surface area (BET) m2/g 195245 270330
Contactangle against water ° 118 14

pH value (in 4% dispersion) - 5.59.0 3.74.5

Loss on drying (2 hours at 105 €) % O 0.5 O 1.5
C content (as methyl groups) % 3.04.0 -
SiO, content (based on ignited) % O 99. 8 O 99. 8

4.2.2.Preparation of dry water

As introduced earlier, dry water is an-aiater Pickering emulsion, stabilized by nano particles of
hydrophobic silica. The procedure employed in producing dry water in this study is schematically
shown in Figire 41. Nanoparticles of hydrophobicried silica were mixed with water in a
blender that had a stirring rate approximately ranging from 1,000 to 30,000 rpm. It must be noted
here that whereas hydrophobic silica produces the desired dry water, hydrophilisiliano
resulted in a foam and wageemed unsuitable for this study. Note that the blender was stirred at
close to the upper limit of 30,000 rpm in producing the dry water for the present study. Aside from
the hydrophobicity of the encapsulating particles, the watsolid ratio also play an important

part when stabilizing suclaterin-air Pickering emulsions: the more taenountof nanosilica

particles, the drier the resulting powder.
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Hydrophobic fumed silica
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Figure 41 Schematicshowingthe mechanism of dry water formation

Typically, a maximum of about 96% deionized water can be encapsulated by 4% of such highly
hydrophobic particles of narslica. Note that the encapsulated water is gradually released into
the alkaltactivated mixtureso that it should be deducted from the batched amount in the design
mix. Based on prior studies, it is suggested that a secondary source of silica in the form of the
nanoparticles when added between 1%~2%, improves mechanical performance (Gao djal., 201
Taking this into account, three dry water compositions were prepared such that the-dojid

water ratio ranged from 10% to 20%. Prior reports note that the mixing time required to produce
a fully encapsulated dry water sample istandard blendeangefrom a minimum of 10 seconds

up to a maximum of 5 minutes (Forny et al., 2009). Complete encapsulationfisnedby a

visual examination of the dry water produced here. When there was insufficient encapsulation, the
individual water droplets werdistinctly seen inside the blender. Through tematierror, a
blending time of 2 minutes was chosen in this study. The hydrophobanosilica and the

resulting dry water are shown in kig4.2.
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Figure 42 Fumed silicgpowder, distilled water and dry water powder

Fourier transform infrared spectroscopy (FTIR) was applied to confirm the successful
encapsulation of water droplets by the hydrophobic silica nanoparticles. As well, this technique
identifies the nature of the naus bonds resulting in the dry water powders. It is seen froord-ig

4 3 that the peak at 1080 ¢rand the relatively weak peaks at 458 and 811 crit were detected

upon the hydrophobic fumed silica. They are essentially attributed to the asymmetric stretching
and bending bands of-8)-Si. As for the dry water samples, apart from the above peaks, two fresh
peaksoccurringat 1636.9Zm* and 3380.48 crhwere observed, which respectively reflect the
bending vibration of HO-H and the stretching vibration eé®-H or H-O-H. In addition, the dry

water samples were observed under optical microscopy, as showrure ## Note that, this
silica-stabilizedwaterin-air Pickering emulsion registers irregular shapes in a rucate size
ranging from 10 to 100 &m. Such was reported
nonspherical shape of dry water is attributed mainly to the mechanical emeemgleetween the

branched silica nanoparticles promoted by high shearing forces (Forny et al., 2009, Golkhou &
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Haghtalab, 2019). The angle of repose was measured to confirm the physical state of the resultant
dry water, as presented in big 45. It is wath pointing out that wet sand has a lower angle of
repose than does dry sand (Glover, 1995). In the present instance however, the dry water has an
angle of repose of 34.775 which is higher than that for the original hydrophobic nanoparticles of
fumed silca (26.36. This may be attributed to the transformation in the mean particle size, going

from the nanescale in the latter to the micszale of the newly formed particles of tRekering

emulsion.
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Figure 43 FTIR of the hydrophobi¢dumed silica and resulting dry water
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Figure 44 The particlesof dry water observed under optical microscopy

Figure 45 Angle of repose for (a) hydrophobic fumed silica and (b) dry water
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