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Abstract

In this study onepart “just add water” geopolymer binders agnthesized
through the alkalthermal activation othe redmud which is relatively rich in both
alumina and calciumThe calcination of the red mud with sodium hydroxide pe#ets
800°C leads to decomposition of the origiralicate and aluminosilicatphases
present in the red mudyhich promotes the formation of new compounds with
hydrauliccharacterincludingan alkalirich phaseperalkaline aluminosilicate glass and
the calciumrich phase GA and a-C,S. The hydration of the ‘ongart geopolymer’
leads to the formation of zeolitesxd a disordered binder gat themain reaction
products, and the consequent development of compressive strengths of up to 10 MPa
after7 days of curing. These results demonstrate that red mud is an effectivesprecur
to produce one-part geopolymer binders, via thermal and al&@iation processes.
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1. Introduction

As the demand for construction matesiahs increased over the past century with
growth ininfrastructue worldwide there has beesn increasing interegt developing
lower cost, more sustainable, and high performance cements, which can meet the
strength and environmental requirements of modern civil structures. Porttardtde
the main binder used for concrete production; howeveGaheentproduction process
emits around 850 kgf carbon dioxide per toreof cement, which currently represents
significantlymore tharb% of worldwide CQ generatiorandwill continue toincrease
up to 2050. This has been one of the drifersthe developnentand studyof more
environmentally friendly alternative construction matearialich as alkalactivated
binders %3,

Alkali-activated materials derived from an aluminosilicate precursor, also referred
to as ‘geopolymers’have beerthe object of study in the past decades as alternative
binders to traditional Portland cement, and are starting to be proda@dndustrial
scale and commerciatid in several countriésin most of these publications and
implementations geopolymer materials are synttezesi from calcined clays such as
metakaolin, fly ash derived from the caaimbustionprocess, or metallurgical skag
from the ironand steemaking process along with an alkaline activatoio form a
hardened solid with desirableementitiousproperties. However, these binders can
potentially be produced using rmuch wider range ofluminosilicate precurssy
particularly thosewith a poorly crystalline structure, iformulaied and cured
appropriately* °.

The microstructure, and consequently the performamtegeopolymers is

controled by the chemistry and mineralogy of the precursor, the type and
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concentréion of the alkaliactivator and the curing conditior’s’. Themost commonly
used actiators are sodium hydroxide (NaOH) and sodium silicates(‘nSiO,). The
efficiency of the activator is influenced by theailable alkalinity asthis controls the
initial dissolution of the precursor and the consequent condensation reactionm
the insolublealuminosilicatecompound® ® °. The alkaline activator can be included
in the mix & a liquid solutioror as a powder mixed with ttsolid raw material; it is
usually included as a highly alkaline solution.

However it is more desirable and convenient for commercial usage to develop
onepart “just add water” geopolymers that can be used in a similar way to Portland
cement. Studies focused on synthesi onepart geopolymer are relatively limited
this growing area of researéh® ** > 1 althoughsome have reported mechanical
strength comparable with geopolyrsgroduced using liquid alkaline solutidfis®.
Nonethelessthe mineralogy and formation mechanism of reaction of theseanme
geopolymer precursors requires further and detaglsedarch

One ofthe technical barrierdacing produdion of onepart geopolymers is the
initial dissolution of the aluminosilicate precursor, whigdnerallyrequires a highly
alkaline environment with a miniam pH of 11 to initiate. By adding alkaline
sdutionsto activate thegeopolymeran alkaline environment with a pH of 14 can be
easily achieved. Conversely, when using powdered activators and adding water to the
systems, the solutiomoves more slowly from neutral to higher alkalinity, slowing
down the kinetis of reactim®. Therefore, one plausible way to produce -pag
geopolymer isto synthesze mixes with a precursor preontaining high contents of
alkalis that can be easily leachable when the water is added.

Red mud is an alkaline residue (pH between 9.2 to 12.8 in untreated residue liquor

of red mud’) derived from alumina extraction via the Bayer procegsere bauxite
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ore is digested in NaOH solutiansfter the majority of the Al is recovered, the red
mud contains a significant quantity of entrained NaOH. The material is red dse to i
content of Fe oxidg but is also relatively rich in Si from impurities in the bauxite, as
well as containing some residual Al, if the process is not fully efficiém. worldwide
annual production of red mud is estimatééd20 million tomes/year, which makes its
disposalan issue of great environmental importdficeCurrently this material is
underutilizd, and even thoughsitthemical and mineralogical compositsorary
widely depending on the source of bauxite and the production ptd&si has
desirable properties for the production of geopolymer materials.

The geopolymemation of red mudas a sole precursbias generally beeimited
in success, due to tHew availableAl content of the red mud sourceshich have
generally been testeHowever, the use of mofd-rich red mud* and incorporation of
supplementanAl sources such as metakaoffnor fly ash?*?* contributes to enhance
the mechanical strength development. The inclusion efidbamaterialssuch as slag
hasalsoproven to have a positive impact in the compressive strength ofuddased
geopolymers™ 2% 27 A recent study has shown that thermal treatment is an effective
way to make red mud more reactifa production of geopolymers, thoudiguid
alkalinesilicatesolutionswere stillrequired®” %,

In this studya series ofjust add water” geopolymsmareproduced from red mud
throughalkali-thermal preprocessing of the red mud, then reaction with water to form
a hardened solid. The microstructared mineralogyf the alkalithermally treated red
mud, before and after addition of watarestudied through Xay diffraction infrared
spectroscopy scanning electron microscopy (SEMand determination of the

compressive strength of the hydrated geopolymer saraplasunction of time
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2. Experimental program

2.1. Materialscharacterization

The red mud used in this study was supplied by the alumina plant of CHALCO Henan
Branch, Zhengzhou, China, and was dried and stored at room temperature. The
chemical composition of the red mud is giveTable 1. These results indicate that the

red mud is rich in Al, and also has a significant content of Ca, which make it suitable
for production of geopolymer€ommercial sodium hydroxide pellets findSinopharm
Chemical Reagent Co., Ltd with NaOH >96.0% were used as an additional alkali

source.

Table 1. Chemical composition of the red mud and slag used, determinedraia X-

fluorescence analysis. LOI is loss on ignition at 1000°C

2.1.1. Alkali-thermal pre-activation of red mud

The red mudvassieved {300 um), and then dried in an oven at 45°C for 24 hours
prior to thermal treatment. The dried red mud was then mixed with 5 wt.%, 10 wt.%
and 15 wt.% oN&O, addedassodium hydroxide. The dry miwas goundin a ring
mill for 2 min to assure good bleind of the powders. Afterwards, the powder blends
with different contents of sodium hydroxideese heated to 800°C, at a heating rate of
5 °C/min, and held at 800°C for an hour before coolagurally in the furnacéo
room temperature (2&). As a reference to compare the effect of incorporated alkali
the red mud was also treated under same thermal condititimsut alkali addition
(sampls labeled0% NaO). The cooled samples were sieved0() um) again to
minimize potential effects of particle dissolution in the geopolymerization.

This treatment temperature was selected considering the thermogravimétsy resu
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of red mudfrom this same source esportecby Ye et al*’, where it was identified that
the dehydoxylation and decarbonation of alif the crystalline compoundgresent
takes place at temperatures below 800 It haspreviouslybeen suggested that the
thermal behavior of red mud could be modified by the inclusion of alkalis, shifieng t
peaks of dehydroxylationand decarbonation towarddower temperature and
preliminary testing ofthese sampleshowedthat both mechanissnwill take place
below 800C.
2.1.2. Red mud based one-part geopolymer

Pastes specimens were then prepared by adding water to thewstblich
water/solid ratio of 0.6. Aftemixing in the Hobart mixerfor 4 min, the fresh pastes
were cast into 40x40x40m molds and sealedvith polymer film All the specimens
were cured at 20 + IC anda relative humidity of 95%, in a controlled humidity
chamberAfter 1, 3, 7 and 28 days of curintpe compressive strengthastested.The
crushedsamples wer¢ghenimmersed in acetone for 24 hours befbetngoven dried
at 60C, andpulverized for analysis.It is worth notingthat the red mud binder pre
heated without alkali addition showed no hydraulicity even after 28 days of curing;
therefore only limited characteration result othis sample (denotedM800-0%Ng0)
are presented

2.2.  Analytical methods
X-ray diffractomety andFourier transform infrared spectroscopy were usexhalyze
the anhydrous red mud binders. Similar techniques were used taeattayhydrated
geopolymer binders, along with SEM analysis of fracegetionsThe equipmenand

conditions used for this analysis are described below.

e X-ray diffractionwasconductedising a D/Max3B X-ray diffractometemvith


http://dx.doi.org/10.1111/jace.13231

Preprint version of accepted article. Please cite as:

X. Ke S.A. Bernal, N. Y&,L. Provis J. Yang: Onepart geopolymers based on thermally treated red
mud/NaOH blends Journal of the American Ceramic Soci@fi5, 98(1)5-11.

Official journal version is online aittp://dx.doi.org/10.1111/jace.13231

a scan step size of 0.0167 degrper step operating with a voltage and
current of 40 kV and 40 mA respectively, addfiltered Cu-Ka radiation.

e Fourier transform infrared spectroscopy was carriebgtihe KBr method in
a VERTEX 70 spectrometer, in a scanning range of 400 to 4000 cm

e Compressive strength of the cubes of hardened geopolyaste was
conducted in a universal testing machine (YAQO0E), with a loading rate of
144 kN/min. Each value reported corresponds t@tleeage ofwo samples.

e SEM imageswere obtained ina Sirion 2000 Field Emission Scanning
Electron Microscope (FSEMgxaminng gold coated fracture sections of the
geopolymers produced, operating in the vacuum mode and using an

acceleration voltage of 2%

3. Resultsand discussion

3.1. Characterization of theanhydrousred mud binder

3.1.1. X-ray Diffraction

The mineralogical analysis of thenreactedred mud has been conducted byray
diffraction (Fig. 1, Unreacted Ry where the main crystalline compounds identified
are the Alrich and alkalirich phases gibbsite (Al(Okl)powder diffraction file (PDF)
#00-0330018), cancrisilite (N#AIsSi024)C0Oz-3H,O, PDF #00046-1381) and
muscovite (KA}Si;AIO;0 (OH),, PDF #00007-0025); the Caontaining phases
hydrogarnet(Ca.g9sAl 1.94Si0.6402.56) (OH)o 44, PDF #01077-1713) and calcite (CaGO
PDF #00005-0586), along with traces of hematite {6¢ PDF #01072-0469).
Cancrisilite haghe frameworkstructureof cancrinitebuta higher Si/Al ratio of around

7:5 (rather than 1:1 in cancrinitahda largely disordered arrangemeitSi and AF°.
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Fig. 1 X-ray diffractograms of unreacted red mud and red mud binders prepared by
thermally treated at 800°C incorporated with different amount of alkalcaerisilite,

H - hydrogarnetG - gibbsite, M - muscovite, acalcite, F- hematite, N - nepheline,

Ge- gehlenite, P and - disordered pmalkaline aluminosilicateC —Ca-substituted

cancrinite, T - tricalcium aluminate, A — hexagonal GAS- belite.

The crystalline phaseidenified in the unreacted red mudecomposed after
thermal treanent at 800C for 1 hour this is associated with dehydration,
dehydroxylation and decarbonation process. Upon thermal prmogessabsence of
alkalis Fig. 1), the alkalirich crystalline phas@epheline (K,Na)AlSiO,4, similar to
PDF #01-076-1858 orPDF #01-0881191) and the GCach phase gehlenite
(CaAl;SiO;, PDF#00-009216 ) are identified. Nepheline is the dehydration and
decarbonation product ofhe cancrisilite present in the unreacted red mdt
Cancrisilite and cancrinite exhibit similar twestep decomposition processupon
thermal treatmentfirst dehydration, thendecarbonation (sometimes along with

dehydroxylation if hydroxyl groups are availaBife)

The dehydration process of cancrinite is usually complete &C6Qehile the
release of C@starts at 500C andis complete by 1300°G%3* 34 Although the range
of temperature at which these decomptisn processes occur is dependent on the
exact chemical composition of the cancrinite, the formation of nepheline is always
identified®" %>, consistent with the results showrFiiy. 1.
Gehlenite ismost likely derived fronthe chemical interaction betwedhermally

decomposettydrogarne(identified in the unreacted red mud, Figabdthe available
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silicate and aluminaerived from the other compounds present in the unreacted red
mud, suchas muscovite and gibbsitevhich are no longer observed in the thermally
treated red mudrlhe reflections assigned toematiteremain unchangedfter thermal
treatmentat 800°C.

When alkali is incorporated during the thermpie-activaion processinstead of

forming nepheline a newNarich phase @& partially disorderedperalkaline
aluminosilicate [Na,O],{ NaAlO,],[ NaAISiOy], represented by phase PHiy. 1, PDF#
01-076-2385~7hen x>0, y=0represented by phasg PDF# 00049-0004when x=0,
y>0, bothdescribedelowasNa-aluminosilicatefor brevity) is identified, along witla
Casubstitutedcancrinitephase(NasCay sAl 6SisO24(COs)1.6, PDF#00-034-0176)Both
of thesephases arenodificationsof cancrisilite and belong to the cancringeup**
% The crystal structure of members from this group otin vacanciesand large
channels in the cancrinite framework, especially some accesstblegs2which allow
the ingressof excess cationsuch asNa" and C&"; or even largeclusterions such as
[Na-H,0] "2,

In this study, he [NaH,O]" clusters aresupplied by the incorporation sbdium
hydroxide, whichmelts andis partially ionized intheflux state wherthe mixreaches a
temperature ofaround 319°C%. The availability of C& could bedue to both
decomposed calcite artd decompostion producs of hydrogarnet. Capturef both
[Na-H,O]* clusters and CA can happen simultaneolys however, a higher Na
concentration increases the driving fofoe the incorporatiorof [NarH,O]" clusters
and thus enhamesalkali inclusion in the crystalline aluminosilicatdaringthe thermal
activation processand the consequedecomposition of cancrisilite towards formation
of the peralkalineNa-aluminosilicate Due to the availability of th@on{framework

sites foruptake ofextra cations in the cancrinigtructure the excessive incorporation
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of alkali redued the incorporation of § consistent with the results Fig. 1 where
with up to 15% alkali addition the Gancrinite is no longer identified

The thermalalkali pretreatment also influensethe Carich phases. Instead of
gehlenitejt is possible tadentify tricalcium aluminatgCaAl ,0s, PDF#00006-0495
abbreviated @A), a metastablehexagonalcalcium aluminosilicatewith sone Fe
substitutionin its diphyllosilicate structur& 3°, approximately CaAl(Al,Fe)Si,Os,
similar to PDF#00-031-0248abbreviated CA§ and belite(a, '-Ca,SiO3;, PDF#00-
033-0303)in red mud binders oluding 10wt.% and 15wnt.% of alkali,also associated
with the decomposition ofydrogarnéf. The formation of these compounds is
beneficial for the reaction of the opart geopolymers assessed herethase are
known as hydraulic cementitious phases that exhibit high reactivity when bleritied wi
water The disordered hematite is no longer identified in red mud binders with 15 wt.%
alkali, possibly due to substitution of Feto the aluminate and/or silicate phase

described above

3.1.2. Fourier Transform Infrared Spectroscopy

Fig. 2 shows infrared spectra dhe thermalalkali pre-activated red mud
powders.In the untreated red mud spectrum, bands at 343% amd 1631 cri
correspond tdhe stretchingand bendingibration modeof O-H in hydroxyl groups
respectively, and amtributel to waterpresent in theaw material’. The band at 3622
cm’® and 355 cm® are assigned to the surface hydroxyl groudepidocrocite(y-
FeO(OH))*? and gibbsite*®. Iron oxyhydroxides are commignpresentin untreated
red mud'” ** % however, they haveot been identifiecby XRD, neither in the

untreated red mud nan the thermally activated bindersrhich suggest that the


http://dx.doi.org/10.1111/jace.13231

Preprint version of accepted article. Please cite as:

X. Ke S.A. Bernal, N. Y&,L. Provis J. Yang: Onepart geopolymers based on thermally treated red
mud/NaOH blends Journal of the American Ceramic Soci@fi5, 98(1)5-11.

Official journal version is online aittp://dx.doi.org/10.1111/jace.13231

poorly crystallzed ironin this materialis most likely present as aFeO(OH)type
phase.

This suggestion is supported by the fact that the dehydroxylation of both
gibbsite and lepidocrocite would be completed before 606°C, andthe bandsat
3622 cni and 3525 cni areno longer identifiedn the FTIR spectra of the red mud
after thermal treatment. Bands betwees0Ql cmi' and B0O cm™ are related to
stretching vibration of carbonate groups present in the calcite and cancrinit
Specifically the band at 1504 ccorresponds tocarbonatebearing cancrinite

groups®.

Fig. 2 FTIR spectra of unreacted red mud and alkali-incorporated thermally pre-

activated red mud.

After the thermal préreatmentat 800°Ctherelative intensities of bands related to
hydroxyl and carbonate groups are significantly reduced due to the
dehydration/dehydroxstion of crystalline phaseshowever,these peaks remerge
with the incorporation ofhigher contents ofalkalis in thermal processg. This
phenomenon is caused by the absorptiod@f and HO from the ambient atmosphere
during (or prior to) analysjsas the red mud binderare highly alkaline and
hygroscopic.

The vibration modesetween 900 cMand 1200 cit are assigned to strefoly
vibrationsof Si-O-T bondsthe positions ofvhich areinfluenced by two aspects: the
amountof Al substituted in théetrahedra(T) site connected with the bridging oxygen,
andthe number of bridgings. nonbridging oxygers ***4°. Substitution away from a

pure SiQ networkleads to the observedshift to lower wavenumbetof this vibration
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band, as a result ofthe decreased bonding energy upon substitution in this system
Since the hydrolysis of SD-Al bonds and depolymestion of the glassy phadmth
favor the release of Al and Si from the aluminosilicate sources at the &ayéy af
dissolution,a shift invibration bands towards lower wavenumbevrihin this rangeis
proposed tondicate bettepotentialgeopolymerization performance of the binder

Bands appearg between 7550 cm are related to vibration ddilicate ring
structures anda reduction ofthe wavenumber witim this region is associated with
reducednumber of bridging oxygenin the corresponding ring structur® In this
study, bands at about 690 ¢n622 cm* and 578 cnt are assigned to vibration of 4
membered and-fiembered rings from the cancrinite e-cage framework’,

As the amount of alkaliincorporaéed during the thermal procesacreass, the
peaks between 900 chand 1200 cnt shift towards lower wavenuper as the main
peak in this region shifts from 998 chio 985 cm®. The increase of Al in the $)-T
bonds raisethe negative charge on the framework, increasing its atbditpcorporag
alkali cations in the channels for charge batamé’. Thebroad and overlapping peaks
between this region are also the result of deformed bonding structures caused by
cations like C& andthe[NasH,0]" clusterbecomingincorporated into the channel or
vacanciesn cancrinite cage framewaosk? Additionally, a shoulder at 870 chthat
assigrs to asymmetric stretching ahe Al-O bong in AlO, tetraheda appears
associaté with the CzA phase in theed mud binder with 10% alkali, and tiNa
aluminosilicate phasd>({[NaAlO,],[NaAlSiO,]) with 15% alkali, bothdentified from
the XRD analysis iffrig. 1.

The thermal treatment promotes a shift in blamdsfrom 578 cni* and 622 cni
towards higher wavenumberas te decrearng number of members in the ring

structure is also related soreduced number of bridging oxygeriThe broadvibration
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modeappearingbetween 630 cthand 690 cnt is associated witthe existence of a
range of deformed-fhemberedsilicate ring structures, indicating disorderedstate

within thesesolid powdes.

3.2.  Reaction and hardening of red mud based one-part geopolymers

3.2.1. X-ray Diffraction
Fig. 3 showsthe crystalline phases identified in red mud based-pamne
geopolymersafter 7 and 28 days of curing. Note thi mechanical strength was
developedby RM8005%Na0O after 7 days of curg, therefore the related XRD
resuls ae not shown here. The alkalch Na-aluminosilicatephase,and the Carich
phases A andhexagonalCAS; are no longerdentified. The @ncrinite and hematite

present in some d@he anhydrouprecursaes stayedalmost unchanged after hydration.

Fig. 3 X-ray diffractograms of one-part geopolynsynthesiseffom alkali-thermal
pre-activaied red mud binder with (A) 15%pa, (B) 10%Na0, (C) 5%NaO over
different days of curing. P and, P peralkaline aluminosilicate, C - cancrinite, B -
belite, F- hematiteZ - zoliteNaA, H - hydrogarnet, T tricalcium aluminate A—

hexagonal CAS

The peralkaline  phass with compositions described as
(NaO)«(NaAlO,),(NaAlSiO,) appear to béhe main hydraulicomponentsn red mud
based geopolymdiinders. The SO-T bonds inthe peralkalingghasesydrolyz after
contact with water, which is rapidly made alkaline by the release of alkalis frem t

material structureAs a result, theemairing Al** and N4 are released from the
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framework structure to charge balance the @#easedy the hydrolysis process. The
hydrolysis of SiO-T bonds also breaks the oxygénidgesin the aluminosilicate
structural frameworks, generating the-CBil silicae structures that can later
polymerize®®>*°° The dissolution mechanism thfe peralkalinghasesn water>*°°

is analogousto the early stage dissolution mechanism aobnepart geopolymer
illustrated by Duxsor& Provis °. The hydrationproduct of this crystalline phasea
disordered aluminosilicatgel structure, also referred to geopolymergel or NA-S-

(H) gel, which is the main strenggiving phase in aluminosilicate geopolymérs
Geopolymergel unitsare similar in nature to theeomposite building units wth
comprisezeolites °® *>". Under highalkali conditions, the geopolymer gel units would
transform to zeolite atadvanced times of curing, and the specific types of zeolite
formed will depend on the starting material and the chemistry of the pore scftitfon

9 Zeolite N&A (approximately NgAl,Siig077-5.1H0, PDF# 00-038-0241)is
identifiedonly after 28 days of curinghereforeijt is highly possible that the dissolved
peralkaline aluminosilicatenitially formed disordered geopolymer gel unitsat
transform to zeolite NaA at advanced times of curifgis phasehas alsobeen
identified inonepart geopolymers made from a solidktare of geothermal silica and
sodium aluminat®, possibly via a similar mechanism

If the samples are noteffecty sealed, CQ from the ambient atmosphervall
react with the high alkali pore solution and form carbonate. When there 4 CO
available in the pore solutiomeolite NaA cantransform to carbobearing cancrinite
%0 Matrixes with higher alkalinity @& more tend to carbonate. Fig. 3, cancriniteis
observedin RM800-15%Na0 after 28 days of curing, while in RM8A®%NaO

zeolite N&A is identified. No crystallinezeolite phase is identified inhe hydrated


http://dx.doi.org/10.1111/jace.13231

Preprint version of accepted article. Please cite as:

X. Ke S.A. Bernal, N. Y&,L. Provis J. Yang: Onepart geopolymers based on thermally treated red
mud/NaOH blends Journal of the American Ceramic Soci@fi5, 98(1)5-11.

Official journal version is online aittp://dx.doi.org/10.1111/jace.13231

RM8005%Na&0 pastedue to a loweslkali activationcondition andhereforea much
slower reaction rateithin the timeframe studied here

The hydration process of the -@ah phasesformed through thermal
decomposition ohydrogarnetare likely to be similar to that oh Portlandcement
bindef*. The main hydration product of ttee Carich phasesafter 7 days is
hydrogarnet, CaAl 1.x(Fe,Alx(SiOs)3.,-(OH)s, with the degree ofFe substitution
depending on the availability of Fein the solid solution system, associated with the
hydration of GA in the hydrated RM80dL0%NaO binder and additionally the
hydration of botthexagonalCAS, and belite irthehydrated RM800-15%N& binder.
These hydra¢ phasesire strengthgiving phasesn calcium alumiatecement andare

also common secondary phases in geopolymers

3.2.2. Fourier Transform Infrared Spectroscopy

Fig. 4 shows the FTIR spectra of the hydrated red mudpame geopolymeat
different times of curing. High intensity bands at 3443 ciand 1655 cmi are
identified due to the stretching and bending vibraiohH-OH bond in chemically
bonded water, indicating tHermation ofhydration produa Theintensitiesof these
bands risesignificantly after 7 daysf curing but decrease slightly after 28 days. This
suggestghat the hydration process of the red mud binder preapadkly during the
first 7 days; howevesomeof the hydration products dehydrdte densify and release

water into the poregt a moe advanced time of curing (28 days).

Fig. 4 FTIR spectra of one-part geopolymer generated from R8QONEQO at

different times of curing.
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The strongbands at 1458 cfand theweakbands at 86 cm™* areassigned tdhe
antrsymmetric stretching vibration and eaftplane bending othe C=0 bond in
carbonate. Thalentification of theséwo bandss attributed to the partial atmospheric
carbonatiorof the matrix either during curing or analysis.

The overlapped tvals cergred at around 989 c¢hin the anhydrous precursshift
towards 1000 ciupon hydrationand forning anarrowband associated with th®i-
O-Al bondsin N-A-S-H gel andzeolite N&. The shouldemitially presentat 870 cnt
is not identified after hydratiorThe bands between 550 ¢rand 700 crit (690 cni',
624 cm®and577 cm) in the anhydrous bindeare replaced by a peak 363 cni*
upon hydration, which is assigned to the out of plane bending vibration@fTSi
bondsin the double ring structure reolite NaA. The changesh thesevibration bonds
are possibly associatedth crosslinking of the geopolymer gdlheband at 3661 cth
that was assignedn the red mud spectrum to the vibratioh hydroxyl grougs in

hydrogarnet reappears upon hydration, consistent witKRizresults(Fig. 3).

3.2.3. Compressive strength

The compressive strengtitevelopmentof the onepart geopolymer producefiiom
different red mudbasedbindersis shownin Fig. 5. The paste made from RM800
5%Na0 did notharden in the first 7 daysf curing, but gradually gained strength in
the following 14 days. The slow reactitaking place in theed mud binder RM8G0
5%Na0 is due to the low content of hydraulic reacting pgasarticularlyperalkaline
aluminosilicae, presentin the binder. The red mud binder produceith 15 wt.%
alkali hardened quickly and developed strength after 24 hands;eached maximum

in its strength at 7 day beyond which there was a significant strength loss, as

discussed below. The reactionthe red mud binder activatedith 10 wt.% alkali is
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slowercompared with the system with higher alkali contémwever, an optimum 7
day strength of 9.81Pa was reached, higher than thattw red mud binder with 15

wt.% alkali.

Fig. 5 Compressive strengihof red based one-part geopolymers produeih

differentactivabor doses as a function of the time of curing.

Red mud aloa has not been successfully usedagsrecursor for synthesisf
either onepart ortwo-part geopolymes, as partial replacemeniby high calcium or
alumina sourcesuch asslagandfly ashhas beemequiredin the literature reports of
this proces$® 242’ Thus, the early stage strength gainedhsred mudbased one
part geopolymer developed from RM80M%NaO and RM80015%Na0O
demonstratethe advantageof the alkalithermalpre-activation proces® enhance the
reactivity of thismaterial as a sole geopolymer precursor

However there is a significant engineering downside observé&igirb, asthe red
mud based ongart geopolymers synthemd in this studyexhibited a significant
decreasén compressive strengtturing he second and third weebkfcuring. This can
be a consequence of thldegraddabn of the matrixthrough processescluding
dehydration, carbonation and efflorescenes, one of the reasons that usually
influences the morphology of microstructure and undermines the strength of
geopolymer. In this study, dehydration apdrtial carbonation of the geopolymer
matrix have been observed from FTIR analysig.(4). Formation of élorescence
products was also observed, white crystalline alkale depositsvereobserved on the

surface of the paste cusamples after 14 days of cuginrhis phenomeon has also
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been observed in some metakadiased geopolymer¥ and was associated with
potential depolymerizationf the geopolymer gel advanced timeof curing asa
consequence of thess ofthe charge balancing alkale cationsfrom the gel which
could conceivablyesult inlossof mechanical strength

It is important to note that NajaKani et al®®

have demonstrated that blending
minor percentages of additionalAl source with thegeopolymer bindecan leadto
reducel efflorescencein these materials. T suggeststhat better control of
efflorescence and potentially improved compressive strength retentcould be
achieved through optimization of the formulations of the eveat geopolymers

produced in this studyNonetheless, the initial strengths generated by the materials

studied here can certainly stand as prfedoncept for the approach followed.

3.2.4. Scanning electron microscopy (SEM)

Fig. 6 shows the SEM images of the fracture surface of the red mugavhe
geopolymer after strength tesl. In Fig. 6A, the semicrystallized plats
corresponding to zeolite type phases presentsarunded by the narstale gel
particles.The onepart geopolymer hassagnificantly low Si/Al ratio (aboutD.7 in the
starting material)and the microstructure of this geopolymer is consistent with the
trendsreported byDuxson et af?, who identifiedin metakaolin basedeopolymes
that a Si/Al ratio lower than 1.4 promotes a highly porousrostructure with
unreacted particles surrounded by geopolymer gel. After 28 days of curingathe
shaped particles are converted to more refined crystal§iowever, the overall

microstructure is still porous and heterogeneous as shokig.iéB.
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Fig. 6 SEM micrographs of the fracture surface of one-part geopolymer generated

from R800-10%Na20 after (A) 7 and (B) 28 days of curing.

4. Conclusions

The incorporation oflkali during the thermal activation aih Alrich red mud
favorsthe formation of hydraud phasesperalkalineNa-aluminosilicate C;A anda, -
C,S. The formation of Naich aluminosilicate salts provideufficient alkals for the
dissolution process to take place upon addition of water alone, and impitove
reactivity of the red mud binddry increasg the availability of Al during the initial
gel formationprocess and subsequent ongoing condensaamtions

The strength development of this red mud basedpare geopolymer is limited

by the excess of alkalis in the system anfi@&scence problem&owever,compare
to previous activation methodse alkali-thermalpre-activation procesdescribed here

can certainlyenhance the activity of red mud to produce sustainable cement.
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Table 2. Chemical composition of the red mud and slag used, determinedraya X-
fluorescence analysis. LOI is loss on ignition at 1000°C

Component
(wt.%)

SiO; Al O3 CaO0O NaO KO FeOs; SO; Others LOI

Red mud 204 245 129 115 09 9.5 0.7 4.4 154
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Fig. 1 X-ray diffractograms of unreacted red mud and red mud binders prepared by
thermally treated at 800°C incorporated with different amount of alkaltancrisilite,
H - hydrogarnet ,G gibbsite, M- muscovite, a ealcite, F- hematite, N nepheline,
Ge- gehlenite, P and,P- disordered peralkaline aluminosilicate, Casubstituted

cancrinite, T- tricalcium aluminate, A- hexagonal CAg B - belite.
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Fig. 2 FTIR spectra of unreacted red mud and alkedorporated thermally pre-
activated red mud.
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Fig. 3 X-ray diffractograms of one-part geopolymer synthesised fi&adi dhermal
pre-activakd red mud binder with (A) 15%Ma, (B) 10%Na0O, (C) 5%Na0 over
different days of curing. P and Pperalkaline aluminosilicate, €cancrinite, B-
belite, F- hematite, Z zeolite NaAH - hydrogarnetT - tricalciumaluminate, A-

hexagonal CAS
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Fig. 4 FTIR spectra of onpart geopolymer generated from R800-10%Diat
different times of curing.
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Fig. 5 Compressive strengths of red mud based one-part geopolymers produced with

different activator doses agumnction of the time of curing.
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Fig. 6 SEM micrographs of the fracture surface of-paet geopolymer generated from
R800-10%Na20 after (A) 7 and (B) 28 days of curing.
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