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Multiscale Microstructural Context

Nano-Size Micro-Size - Levels | and Il Macro-Size - Level lll
- Level 0 (Cement paste < 10*m and CSH matrix (Mortar, concrete > 103m)
(10°-101%m) 10®m)

Zhenghonget al. Journal of Wuhan University of Technology-Mater. Sci. Ed. Vol 28 (4), xx-yypp, Aug.2013
Constantinides et al. Cement and Concrete Research,2004 (34)67-80.
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LD and HD CHS phases (gel porosity)
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interfacial transition zone
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Geopolymers: Initial Motivation
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Geopolymers: Current Motivation
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‘Geopolymers: Current Motivation

Renca
Russia

3D Printer for buildings.
Development with Apis-Cor

of a 3D printer with a fast
setting geopolymer concrete

Rockwool
Australia

Geopolymer rockwool
brickettes used to recycle
unused fibers

y.
Pyromeral
Schlumberger Systems
France France

Patent: WO/2008/017414
Pumpable geopolymer
formulation for oilfield
application

High-tech high-temperature
structural geopolymer
composite materials for
automotive, aircraft industries

www.pyromeral.com
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Geopolymers: Current Motivation

Allied Foam
Tech Corp.
USA

GeoFoam: geopolymer foam
cement, for lightweight and
fireproof applications

Amec Foster
Wheeler
United Kingdom

SIAL® matrix, a specialised
geopolymer technique for
encapsulating various v
radioactive waste streams. amec

foster
wheeler

| www.amecfw.com
www.alliedfoamtech.com

NanoVoltaics
IncC.

USA

Nanoporous geopolymer
(npGEO™) composites for
use in water treatment as an
adsorbent for the removal of
arsenic.

GeoPol
Czech Rep.

Geopolymer sand binder for
cores in foundries

www.geopol-info.com

Www.nanovoltaics.com
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Geopolymers: Deflnltlon
 Geopolymers are

. The negative charge of Aluminun on IV
coordination state must be balanced by positive ions,
such as Na*, K*, Ca%, Ba?, NH,, H;0%, etc
[DAVIDOVITS, 1991].

* Geopolymers are considered zeolites analogous, but

[DAVIDOVITS,
1994(b)].
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Cristalinity and Amorphicity |

SiO; (Quartzo) SiO, (Glass)
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Geopolymers: Composition and Structure

b 4TS

W AlKali solutions ' ‘ w

{J -‘5&3}% ¢ 1%
Dissolution Nucleation .

Silica and alumma species Aluminosilicate oligomers
(SVAI=1)

Oligomerizationl

Si and Al sources

Geopolymer , Geopolymer paste Poly(Sialate) framework
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.Si .Al ®0 ¢ H ‘ Cation
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Geopolymers: Structure and Applications
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Geopolymerization
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Geopolymerization vs Alkaline Activation
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Geopolymerization vs Alkaline Activation

KASH

(potassium il
aluminosillicate )~ il "8
hydrate) AN 2 poesn pecson

Stoichiometric
geopolymer

KRIVEN [2018]
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Geopolymers Insumes: Precursors and Activators
Insume Precursor Alkaline Activator
Si Al Ca Alkalis  Acid Salts  Silicates/Aluminates
Clays (metakaolin, X X MOH M,CO; M,0.nSI0;
vermiculite, smectite,
bentonite, etc) T e
Slag X = = M,SO5 M,0.nAl,O;
Fly Ash X X s M;PO,  M,0.AlLO,.(2-6)SiO,
Microsilica X MF
Bioresidues ashes (Rice X X X 3 M — Alkaline Metals
rusk, sugar cane, palm 4
oil, bambu leaves, etc)
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Geopolymers Precursors
e Kaolinite calcination and reactivity
ALSi,O:(OH), > (AlL,Si,O) + H,0
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Ordinary Portland Cement (OPC): Definition

* Insumes (limestone, clay, slag, sands, etc) containing
Ca, Al, Si, Mg, Fe oxides are mixed and partially
funded from 1450°C to 1650°C, to make crystalline
Calcium silicates and aluminates, knowed as clinker.

* According to APl Spec 10A [2015], OPC is a hydraulic
binder obtained from clinker Portland grind with
addition of plaster (Calcium sulfate) to control the
hydration of it components (initial setting time).

 The final product reacts with water to produce a
hydrated compound with cementing properties
TAYLOR [1998], HEWLETT [2001].
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OPC: Anhydrous Phases

Cal (Ca0O) de 60% a 67%
Silica (SiO,) de 17% a 25%
Alumina (Al,0;) de3% a 8%

Oxido de ferro (Fe,0;) de0,5% a 6%

Fases cristalinas do CP nao
hidratado HEWLETT [2001]
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- OPC: Hydration Reactions

Formagio rapida Formagio de
de C-S-He CH monosulBito
E Dissolugio de
R ewringita ¢ formagfio
g de gel C-S-H
)
? Reagdes
1 controdadas por
=g . M difusio,
= Pedodo de indugio: Fim da pega
Com POftam ento Com portam ento ComPOI‘tam ento S‘ aumento da conventragio
fludo: plastico solido: @ de Ca” ¢ OH
Cimento~ Agua Cimento+Agua Cimento aposapega /
durante a hidratagao inicio da pega
min horas dias
Setting evolution process Tempo de hidratagéio

NELSON [1990]
2 CasSiOs + 8 H,O — 6 Ca2* + 10 OH- + 2 H3SiO4~ (dissolucao)
2 Ca2* + 2 OH- + 2 H3SiO,~ — Cay(OH),H4Si,O0; + H,O  (precipitagao)

2C3S+7H,0 - 2C-S-H+4 Ca2+*+8 OH-
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OPC Classifications: ASTM, ABNT and API
DENOM]‘NAC;\O SIGLA NORMA SIGLA NORMA SIGLA NORMA
ASTM NBR API

Portland comum I C 150 CPI 5732 A SPEC 10A

Portland com moderada II C 150 CPIRS 5737 BMSR SPEC 10A
resisténcia a sulfato

Portland com alta resisténcia v C 150 - - B HSR  SPEC 10A
a sulfato

Portland com alta resisténcia III C 150 CP V- 5733 & SPEC 10A
inicial ARI

Portland para temperatura - - - - D SPEC 10A
moderadamente elevada
(*)

Portland para temperatura - - - - E SPEC 10A
elevada (¥)

Portland para temperatura - - - - F SPEC 10A
extremamente elevada (*)

Portland para pogo de - - CPP 9831 G SPEC 10A
petroleo classe

G

Portland para po¢o de - - - - H SPEC 10A

petroleo

Nota: (*) Ndo ha um nome oficial para este tipo de cimento.

T olEdomiios  Adaptado de PAIVA[2008]

N
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OPC vs Geopolymers

CsS K-oligo(sialate-siloxo)
ca++ 0-Si-0 OH—SI-O-AI-O-SI-OH
0’ ; OH OH" OH
car+ :
0$i-0 Ca** J7 Polycondensation  Geopolymer is a
N 2
W e S Polymer Chemistry
- ° 0 o ly-sialat
(poly-sialate)
Ca{OH), ) O-Sn-O-AI-O-Sl-O-
e 3& 0Si-0 ors 0 6 &
oo -0 cq s
5440 caNg S:i DAVIDOVITS 2018
Ca-d,
“’"3;‘,‘,*""”"’ K-poly(sialate-siloxo)
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OPC: Idealized
Structres

mﬂ +Hzﬂ= H‘2m3 l - “ "
i i Pl C'COa +H,0
Hzcca+ dl = 6 _., OO wbl TS

1 .:.1, IIJ 'IF 'niui

B 5 )5 + @.(‘m. = g ' 0; +2H,0

— LEA’s 2008
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Insumes Availability and Challenges

Metakaolin

Rice husk ash
Silica fume

Burnt shale
Natural pozzolana
Blast furnace slag
Fly ash

Cement

Mt/yr:

Large volumes of clays are available, but most are not pure kaolins

Shales are another source of clay minerals Used in cement

| M Reserve
Reserves and quality unclear

- Significant volumes of fly ash are available, but many give poor performance
I |

)

2000 3000

WO CECHENI | imestone is widely available but only a small fraction can act as a SCM

USP, March 2016

Ellis Gartner- 3

-:ﬁ‘_, INSTITUCION UNIVERSITARIA
® | COLEGIO MAYOR
>/ DE ANTIOQUIA




X SEMINARIO

LA SOSTENIBILIDAD UN
PunNTO DE ENCUENTRO P P’Unucas

Limestone Calcined Clay Cement (LC3)

« Availability, purity, performance and cristalization
* Blended OPC
» Additional reaction: limestone and
metakaolin > CASH

clinker
50%

Portland
Cement
A L.imestone

LC3, 2018
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OPC, Geopolymers and LC3

Reaction Dissolution Alkaline
Activation
Exothermic Produtos de
Reactions reacao
amorfo

Structure Cementitious Brittle
Materials

Portland
and LC3

Geopolymer

Drying
Shrinkage

\ AN /  INSTITUCION UNIVERSITARIA

® | COLEGIO MAYOR
¥y DE ANTIOQUIA

Hydration Reaction

Monomeric Products

Micrometric Matrix

Caustic Solids

Chemical Shrinkage

Slow reaction with controlled setting

Geopolymerization Reaction
Polymeric Products
Nanometric Matrix

Neutral Solid

No Chemical Shrinkage

Fast reaction and setting

More pronounced on geopolymer
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‘OPC, Geopolymers and LC3

Mechanical Performance targetting Durability

Durability

Cementing System Environmental Harshness
Materials Process Physical Chemical
Cement Type and Content Mixture Abrasion Dissolution
Agregates Transport Erosion Lixiviation
Additives Compactation Cavitation Expansion
Dosage Cure Mechanical Cycling Contration

Temperature Thermal Cycling Alteration
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Chemical Bonds
Covalente e Octet Rule ®

l Semicondutores

Metais Polimeros

Metalica Secundaria

Ceramicas e vidros

I6nica
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Solubility and Molarity

Table 17.3 Solubilities of lonic Compounds* aq = aqueous (dissolves in water);
s = solid (does not dissolve in water)

@ o )
elg|Elele|e|B8|8|.lelelZ]alels
§|1E(2|2|5|8|88|8|8|E|c|8|2|2|¢

lons a |8 |8 g 5 o 58 E SI2IRI|& 3 3 (3

Aluminum | s aq aq | aq | s s — | aq s |ag | —

Ammonium | aq | aq [ aq | aq | ag | aq | aq — |l ag | aq| aq | aq | aq | aq | aq

Barium aq | aq | s aq | aq | s aq | ag | aq| aq | s |s — | s

Calcium aq | aq | s aq | aq | s S aq | aq| aq | s |s — | s

Cobalt(ll) aq [ aq | s aq | aq | — 8 aq | aq s |aq | s 8

Copper(ll) aq [ aq | s aq | aq | aq s aq s |ag | s

Irontll) aq | aq | s aq | s S aq | aq s |aq | s S

Iron(lll) — | aq aq | s S aq | aq s |aq | —

Leadl(ll) aq | s S aq | s S S S ag| aq [ s |s S S

Lithium aq [ aq | aq | aq | ag | agq | aq aq | aq | aq) aq | s |aq | aq | aq

Magnesium | aq | aq | s aq | aq | s s aq | aq| aq [ s |agq | — | aq moles solute
Nickel aq [ aq | s aq | aq | aq S aq | aq s |aqg | s S M=

Potassium | aq [ aq | aq | aq| aqg | aq| ag | aq | ag| aq| aq | ag |ag | aq | aq Liters of solution
Silver S 5 s aq | s aq — | s aq | s s |s 5 S8

Sodium aq [ aq | aq | aq | ag | aq | aq aq | aq | aq| aq | aq | aq | aq | aq

Zinc aq | aq | s aq | aq | aq S aq | aq s |lag | s |s
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Critical Factors for Geopolymer Design

- Precursor Nature
- Chemical composition, granulometry, SSA, amorphous,
microestructure, porosity

Activator Alkalinity / Acidity
- Precursor dissolution and reaction rate
Molar Ratio
- Si0,/Al, 05 (mechanical performance)
- M,0/Al,O; (network stability and durability)
- H,0/M,0 (liquid/solid ratio)
Curing Conditions
- Temperature, pressure and environment effects
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QAQC and Performance Techniques

- Physical

- XRF, XRD, granulometry, SSA,
picnometry, permeability

-  Chemycal
- Solubility, FTIR, amorficity, cristalinity,

Fisico

- Physical-Chemical | Quimicas_ | g
- TG/DTA/DSC, calorimetry, NMR

Técnicas

Experimentais

- Mechanical
- Compression, tension, flexao

- Térmicas
- Expansdo/contracdo térmica
- Condutividade térmica

? INSTITUCION UNIVERSITARIA
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Geopolymers: Al amorphous structure

KRIVEN [2018] DAVIDOVITS [2018]

-

Al(4)
Al(VI1) in crystalline Al(V) in amorphous AlO, tetrahedra and
(AIzOg’ZSiOz’ZH;O) Ale;'ZSiOz forms SiO;.AlO[ Oligomefs
k highly strained molecule in solution
"V Heat 750 °C/1h i i 2
ea / Dissolve at high pH AE) MK-750 AL NMR

INSTITUCION UNIVERSITARIA
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Geopolymer Properties

S
(=]

[~
S

n
o

STRENGTH MPa

e
\’ ll

o

SETTING TEW‘ DEG

$ LT.G.S. on kaolinitic soils. Mechanical compressive strength in MPa for untreated and

geopolymerized kaolinitic earth (with 3% tz)y weight equivalent Na20). Setting
temperature range between 20°C and 1000°C
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Table 1 Summary of porosimetry of pure K-GP measured by Porotech, Inc., United States

Parameter Valve

Average logarithmic pore radius 0.4362 nm
Average pore radius 33711 nm
Porosity over weight 0.3165 cm’/g
Porosity over volume 0.4106 cm’/em®
Meso- and macro-pore surface over welght 1905778 m’lg
Meso- and macro-pore surface over volume 2472794 m*/cm®
Total pore surface over weight 2746912 m'fg
Total pore surface over volume 356.4186 m/cm’
Density of solid phase 2.0481 g/em®

Fig. 6 SEM micrograph of fully reacted region of geopolymer showing its nanoparticulate microstructure.™
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20 ] ! Table3  Comparison of mechanical properties of Ordinary portiand cement
Y | ll ” | ‘ concrete (OPC) and Geopolymer composites (GPC)"’
o) o
T u n L= = =
i Compressive strength (MPa) 60 100-120
10 1 Flexure strength (MPa) 56 10-15
S Density (g/cc) 2.7 15
g Setting time 28 1
0 ) Table 5: Permeability values in cm/s:
1 2 3 4 5 6 7 8 9 10 11 12 sand 107 t0 107
5 5 clay 10-7
Setting time, Hours Craite 10°10
Figure 6: Room temperature setting for concretes Fly Ash cement 10
Portland cement 1010

made of (K-Ca)-Poly(sialate-siloxo), PZ-Geopoly®

Geopolymer cement

10°

cement.
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Table 5 Summary of flexure strengths of geopolymer composites (GPCs) with various inorganic reinforcements

Reinforcement Wt% additions Flexure strength (MPa)
Chamotte (25 um)'® 50 1533
Dolomite (45 pm)™ 20 15.92
Mica phlogopite platelets (50-100 um)® 20 114
Granite powder (<90 um)'’ 55 103
Dicalcium phosphate (2Ca0 - P,0s)™ 15 104
Hydroxyapatite bone ash™ 15 10.0
Bangladeshi Mymensingh clay containing 40 wt% quartz reinforced 75475 143
with dicalcium phosphate (2Ca0 - P,0s) and glass frit*™®
Alumina platelet grinding media (50 pm)™** 70 20 (RT) to 40
(at 1200°C)
Alumina chopped Saffil fibers (¢ = 3 pm)® 20 20
Carbon chopped fibers (60 pm x 7 pm ¢)** ' 20 222
Carbon chopped fibers (100 pm x 7 pm ¢)** ™" 20 299
Basalt chopped fibers (1/4”)'*'° 10 195
Basalt chopped fibers (1/27)'*"® 10 27
Graphene nanoplatelets 3 12
Basalt felt'® 10 222
Fiberglass felt'® 10 56
Basalt 4” chopped strand mat"® 20 31
Basalt fiber weave'” 30 1
E-glass Leno weave®’ 25 256
Carbon unidirectional fiber™ ™ 20 269
Nextel 610 alumina (8 satin weave)™ 50 458
Nextel 720 (mullite 4 15 vol% alumina)™ 50 46
Xtegra auxetic fibers from Advanced Fiber Technologies, 50 12.9 25% strain to

Inc. failure
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Fig. 12 Fusion temperature of geopolymers (pure matrix) (**)  Fig. 13 Coefficient of thermal expansion for geopolymers and tooling materials
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Figure 11: Break up in acidic environment (5% Days

acid solutions) for Portland cement, blended
slag/Portland, Ca-aluminate cement and
Poly(sialate-siloxo) cement.
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Figure 12: Radium level in uranium Figure 13: Efficiency of geopolymeric
waste tailing cements, % of trapped heavy metal

iﬁ"’ INSTITUCION UNIVERSITARIA
W | COLEGIO MAYOR
>/ DE ANTIOQUIA



X SEMINARIO

LA SOSTENIBILIDAD UN
PunTO DE ENCUENTERO MATERIALES, GESTION Y POLITICAS PUBLICAS

Geopolymer Properties

Geopolymer
concrete
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Figure 18: Estimated increase or decrease of
production costs for construction materials,
due to planed Eco-taxes on Energy alone or on
actual CO, emissions (Energy+Chem.CO,). v
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Independent of the Cement System!

THE WORLD IS BEAUTIFUL
OUTSIDE WHEN THERE IS
STABILITY INSIDE.
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