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Abstract

Calcium sulfoaluminatéelite cement (SAB) offers lower CO> emissions in its
production, compared with Portland cemednbowever, for the production of$AB a
high amount of alumina is required, and the scarcity and high cost ofphigi
bauxite make these cements costly at present. In this study, the use of adcalcin
aluminum anodéing sludge(AAS) as the main source of alumina to producsAB
clinkers replagng bauxite,was assessed. TheSA&B clinkers producedwere mainly
composed of ye’elimite and belite, along with minor traces of alite, and/or
brownmillerite, depending on the alumina source. Clinkers derived from &RA&

source of aluminiumshoweda lower content ofye’elimite 35.5%), as well ashe
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formationof alite 8.2% when compared to a reference clinker produced with reagent
gradematerials Comparable hydration products were identified in the hydrated cements
independent of the alumina source used. The usé\8fto produce GAB cement was
proven to be technically feasible, and the cement thus prodhasetbsirable technical

characteristics, presenting high mechanical strength (>40 MPa in paste 3amples

Keywords: Calcium sulfoaluminate cement; clinker; hydration; anodising

sludge; waste valorisation.

1. Introduction

Calcium sulfoaluminate (8A) cements are based onthe hydraulic phase
tetracalcium trialuminate sulfate &3S in cement chemistry notationdJso known
by the mineral name ye’elimite, as a major constitu¢ghtd4]. As minor
constituents, belite (C2S), tricalcium aluminate (6A), calcium sulfosilicates
(sulfospurrite or ternesite, s6,S), Al-rich ferrite (GAF) and calcium silico
aluminates (e.g. gehlenite,&S) can also be present in these clinkigrs7]. When
the composition of the raw materials, the raw mix designtha clinkering
processes change, soroknkerswith different chemicaland mineralcompositions
can also begenerated e.g. calciumsulfoaluminatebelite (CSAB) cements
containing mainly GAsS and belite[3,8]; beliterich cements containindpoth
calcium sulfoaluminate and ferrite phasgs-12]; belite calciumsulfoaluminate
ternesite cemeritL3,14], among othersThe main difference between these cements
and Portland cement (PC) tise low concentration or absence of tricalcium silicate

(CsS, alite) in GA based clinker, and its higher content of sulfates.

Glasser and Zhard5] proposed a hydration model for calcium sulfoaluminate binders

The high reactivity of @AsS with calcium sulfates and water leads to rapid setting and
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formation of ettringite (@A SsHs2), calcium monosulfoaluminatenydrate (GA SHy
where x is approximately 149; often termed SEAFm or ‘monosulfate’), and
amorphousaluminium hydroxide(AHs) (Egq. 1 and 2, respectivelyds the main

hydration products, which contribute to high early strength [16].
CsAsS + 18H— C/ASH12+ 2AH;  (Eq. 1)
C4A35+2CSH2+34H — CsASsH32+2AH3  (EQ. 2)

The relative quantities of ettringite ar®-AFm formed are related to th&tio of
sulfate to aluminatepresent during the reactiorOther hydrate products identified
include additional AFmtype phasescélcium carboaluminathydrates orstratlingite,
and hydrogarnetype phases (mainly siliceous hydrogarndt),16—-20]. The
understanding of the hydration mechaniand productf CSA cements hae been
advancedby Winnefeld and Lothenbachl?7] through thermodynamic modelling
predictingthe formation of ettringiteand amorphousAl(OH)z from the hydration of
ye’elimite. Asthe content of calcm sulfatedecreasg monosulfate forrs, along with
the depletion of Ca argllfate If belite is present (as CSAB cementy, stratlingite is

also formed as a secondary hydrate proflLigjt

The main applicatiomfor CSA-based cement, or its blends wiortland cement
(PC), arein the production of selétressed concrete elements, high early strength
concretes for preast products, cold weather concrete products, dibss-
reinforced composites and sédvdling floors [21,22] CSA-based cement has
been also used for the immokdiion of hazardous materials due to its low

permeability and dense structuben hydrated23].

CSA-based clinkers are generally produced by calcination of limestone, bandite a

gypsum, under conditions tailored to yield a desirable composition of the fina
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clinker [8,24]. These cementsiay beconsidered as a more sustainable alternative
to PC due to the lower energy consumption and reducede@i3sions associated
with their production, as a result of the reduced limestone content required
compared to PJ24]. CSA-based cements only release 0.216 g ob/@Q of the
cementing phase, which is considerably lower than -bbiged cemdn, the
production ofwhich emits0.578 g of CQ/mL [3]. The temperature afalcination is

also around 200 °C lower than is commonly used for PC produfxa5]. The

low energy required for its grinding process, due to the friable clipkéd], also

reduces the energy necessary for produ€iBg-basedcementd26,27]

CSA-based cement has been manufacturetlsarccessfully used since the 197®
China, and also produced on a more limited scale in the E.U. and th¢l|{28.
Although in the past its worldwide production was relatively small, morentéc
major international companies have developed new prodé&ois examplesome
industrial organisatios are presenting new CSA cements based on recycled
materials[29], anda new generation of lowarbon beliterich sulfoferroaluminate
cementshas beermpatented under the name AETHERO], with a reduction of 25
30% in the emissions of G(per tonne of cement when compared to P@ridus
belite calcium sulfoaluminate ternesite (BCT) cememése alsobeen patented

since 2011]31].

With a global production 0234 M metric tonnes annuall{32], bauxite is a valuable
resource for many industrigmainly for the production of alumina for manufactigiof
aluminum metal.Global bauxiteresources are estimated to be 55 tdifl®n tonnes
which are distributed in Africa (32%, Oceania (23%), South America and tii&h€an
(21) and Asia (18%) [33]. Even though there esatatively abundarmavailable sources,

the hgh demandfor bauxite as well as the castelated toits transport,reduce its
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99 economic viability as a raw material for the manufacture of cemehis elucidateshe

100 challenges facing itpotential use as a raw materialthe production of GA clinkers.

101  Therefore, there ianimminent need to seek alternative alumina soursgsh as Al

102 rich wastes or industrial bgroducts, to enable the cagsimpetitive production of these

103  cementsDifferent ndustrial wastes or bgroducts with high contents of CaO, £0

104 and AbOs, including fly ashes, blast furnace slag, phosphogypsum wastes,
105 galvansing sludge, baghouse ash, and red mud have been used for the laboratory

106  production of GAB clinkers[9,24,34-38].

107  Aluminium anodisng sludge (AAS) is an industrial waste produced durthg

108 electrochemical process of angdg aluminium. The solid waste obtained from this
109 process is a sludge with a high content of aluminium hydroxide (AKQHNd other

110 compounds includingluminum sufate, sodium or calcium hydroxide can also be
111  presat. According to the Brazilian standard ABNNBR 10004:2004 [39]this waste

112 can be considered as a Awdzardous materiabnd it has been used as a source of
113  Al203 in the production of mullitdbased ceramicpl0,41] The high amounts of this
114  waste produced (100 kt/year in the EU and ~1500 kt/y in Brazil), and the lack of a full
115 pathway for its raise, raise environmental concefdg]. Theassessmerdf AAS as a

116 raw material for thg@roduction of a belitic cemeifivithout the presence gk’elimite-

117 type phasesyas previously reported yereiraet al [43,44], butthe use of AAS as a

118 source of AIOz in the synthesis of CSAB/pe cemen{whose clinker contains belitic
119 and ye’elimite phaseshas no beenstudied. Therefore,it is not fully understood

120 whetherthe differences between chemical compositions and presence of minor elements
121  between bauxite and AAS will have a significant effect during the systbéSAB

122  type cementsand thehydrated poducts formed fronthe clinkersderived from this

123  wastehave nobeen assessed in detail.
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The aim of tis study is to assess the potential use of an aluminium angdiludge as

an alternative source of Az instead of bauxite, in the production 0SA&B clinkers.

The effect of partial and total substitution of bauxite by AAS on the final phase
assemblage obtained during the synthesisSKRCclinkerswere assessetb identify if

the use of alternative souscef Al.Os during the synthesisodifies the clinker phase
assemblage formed The hydration productformed fom these clinkers were also
assessed using-day diffraction (XRD), thermogravimetric analysis (TGA) &i8i and

27Al solid state magic angle spinning nuclear magnetic resonance spegir@gstAS-
NMR). The hydration kinetics wergtudiedthrough isothermal conduction calorimetry

(ICC), and the compressive strength development during curing was alsuidetker

2. Experimental Procedure

2.1.Materials

For the production of the ®AB clinkers two diferent sources of aluminaere used: an
aluminiumanodisng sludge with 70.0% D supplied by Alcoa (Tubarao, Brazil), and

a bauxiterich mineral from Curimbaba (Sdo Jodo Del Rei, Brazil). Limestone was
supplied by Cimpor Cement (Candiota, Brazil). Theeottaw materials, used mainly
for sintering the reference clinkewere analytical grade: CaGOFeQOs, Al2xOs,
CaSQ-2H0, and SiQ-xH20O supplied from Dinamica Contemporanea Ltda. The

chemical compositions of the raw migds are shown iffable 1
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147 Tablel Chemical compositions of raw materials used (wt.%, fromaXfluorescence)
Raw Material SiO, | AlO3 | FeOs| SO; | CaO | MgO | N&O | KO | CIF | TiO, | P.Os | LOI* | Other

Calcium sulfaté -- -- - | 464|325 - -- -- -- -- - 211} -
Silicon oxidé 83.6 - - - - - - - - - - 16.4 -
Ferric oxidé - - | 965| - - - - - - - - 35 -
Aluminium oxide - 96.5 - - - - - - - - - 3.5 -
Calcium carbonate - - - - 56.0 | - - - - - - 440 -
Limestone 129| 23 | 14 | 01 | 41.2| 4.0 - 0.7 - 01| 02| 37.0| 03
Bauxite (Bx) 100| 75.0 | 12.7 | - - 01| - 02 | - 1.1 ] 01 ] 02 | 06
Aluminium
anodsing sludge 19 | 736| 05 | 205| 06 | 0.2 | 1.2 | 0.2 | 01 - 0.5 - 0.7
(AAS)**

148  TAnalytical grade *Loss o ignition at 1050 °C.  **Dried at 100 °C for 24 h

149

150 2.2.Synthesis of S8AB clinker

151 The CSAB clinkers were formulated according to tBeguetype equations procedure

152  suggested by Majlingt al. [45], with the raw meal mixes designed to obtsimilar

153  oxide compositionsnd aphase assemblapased on 40% £S5, 40% GAsS, 10% GAF

154 and 10% G, while other minor clinker phases are predicted todgligible [24,25].

155 The proportions of the raw materials, and clinker IDs, are showhabie 2 The

156 reference clinker GSAB-Ref) was formulated and produced with reagent grade

157 materials.Total and partial substitution of bauxiby AAS was carried out in order to

158  assess the effect of Abs source on the final properties of the clinker produced.

159 Table2 Formulations used for the synthesis o ABS:linkers (wt.%)

Clinker ID
Raw Materials
CSAB-Ref CSAB-BX/AAS CSAB-AAS

Calcium carbonate (reagent grade) 51.1 1.1 -
Calcium sulfate (reagent grade) 175 11.9 7.3
Aluminium oxide (reagent grade) 16.8 - -
Silicon oxide (reagent grade) 12.2 - 0.2
Ferric oxide (reagent grade) 25 - 1.1
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Limestone - 68.6 72.9
Bawite (Bx) - 9.2
Aluminium anodsing sludge (AAS)* - 9.2 18.5

*Dried at 100 °C for 24 h

The raw materials100% passing 75 um) were dried at 100 °C for 24 h, honssgkni
using a ball mill for 1 h (balls:powder mass ratio,168 rpm) and then pellsid
(moulded manually into spherical pelletith a moisture content of 30%nd diameter
~1 cm). After drying in an oven (100 °C for 24 hours) the pellets heaged at 900 °C
for 30 min and then sintered at 1250f8€ 30 minin a staticlaboratory muffle éirnace
with a heating rate of 5 °C/mifollowed byquencling with forced air convection. The

clinkers werdhenball milled and sieved to 100% passing 45 pm.

The particle size distributienof the ground clinkers &re analysed using a laser
granulometer 180 (CILAS). Mineralogy wasanalysed by Xray diffraction using a
PANalytical Empyrean diffractometer with CuaA=1.5418 A) radiation, a step size

of 0.013°, 97.92 s count time per s{ef80 mindata collecton per scah Quantitative
analyss was performed through Rietveld analysis using the X'Pert High Score Plus
software (PANalytical), with goodness-fit calculatedto be better than 3.3 and
Weighted R profile maximum 7.3%tructural datdor alite [46], belite [47], ferrite

[48], cubic ye’elimite[49], orthorhombic ye’elimitd50], ternesitg51], anydrite[52],

and periclase[53] were used for refinement and quantificatioh the anhydrous
crystalline phasesX-ray fluorescence data were collected using an Axios Advanced
spectrometer (PANalyticalia standardlessemiquantitative analysis. Loss on ignition

was performed at050 °C for 1 hin air.
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2.3.Tests conducted on pastes

Pastes using the threeSE&B clinkers synthesed (CSAB-Ref; CSAB-Bx/AAS; and
CSAB-AAS) were produced with a water/binder ratio of 0.4&Jowing Chen and
Juengerf25] and Jewellet al. [54]. The hydration process of theéS&B clinkers was
assessed by isothermal conduction calorimetry using a TAM Air calorinf€fer
Instruments). The mixtures were hand mixed for 5 min and then placed into the

calorimeter. The heat evolution was evaluated for 24 h at 23 °C.

The compressive strength development was assessed in 13 mm cubic pastg samples
cured under saturated limewater at 25d2@ tothe high content of belite in the clinker.

The compressive strength wdsterminedafter 3, 7,and28 of curing according to the
method proposed by Mehta and GjdBb], using a universal testing machine UH
F2000KN (Shimadzu) with a loading rate of 8iPak. The results reported correspond

to the mean of four replicate samples tested for g&aafulation.

The hydrated samples were crushed, treated with isopropanol to prevent further
hydration, filtered, and stored in a sealed container until testing. The hydration product
were evaluated through:
- X-ray diffraction (XRD), as described for thehgrous clinker phases above.
- Thermogravimetric analysis using a Mettler Toledo TGA/TSO SDTA 851e, wunder
flow rate of 40 mL/min of nitrogen and a heating rate of 10 °C/min up to 1000 °C.
- Solid-state?®Si MAS NMR; spectra were collected at 59.56 MHz oNaxian Unity
Inova 300 (7.05 T) spectrometer using a probe for 7.5 mm o.d. zirconia rotors and a
spinning speed of 5 kHz. TR&i MAS experiments employed a 90° pulse of duration
5 us, a relaxation delay of 5 s and 14000 scans.-Sw@tid?’Al MAS NMR spectra
were acquired at 104.198 MHz, using a Varian VNMRS 400 (9.4 T) spectrometer and

a probe for 4 mm o.d. zirconia rotors and a spinning speed of 14 kHz with a pulse
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width of 1 ps (approximately 25°), a relaxation delay of 0.2 s, and a minimum of 7000
scans. 2°Si and ?’Al chemical shifts are referenced to external samples of

tetramethylsilane (TMS), and a 1.0 M aqueous solution of AijpNi@spectively.

3. Results and Discussion

3.1. Charactesation of CSAB clinkers

The chemical compositions, obtained by XRF, of the clinkers produced are #hown
Table 3 The contents of CaO, ADs, S&, and FeOs in the CSAB clinkers after
sintering were similar for all samples, and the XRD phase quantification shaithe
clinkers were close to the target phase compositions (Tahted discussion below).
These results elucidate the effectiveness of the use of the Bogue method airbgdif
Majling et al. [56] in designing GAB clinkers using different raw materials. The slight
deviations can be attributed toethmpurities contained in the mineral and waste
materials. The higher content of MgO of the clinkers produced with the alternative
alumina sources @AB-Bx/AAS and GSAB-AAS) can be attributed to these of
limestone with a MgO content higher than 5 wt.%dble ). The contenbf NaO and

K20 is also higher, especially forS3BB-AAS, due to the alkalis supplied by tAAS.

Table3. Chemical compositions of CSAB clinkers produfeti%).

10
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Compound CSAB-Ref CSAB-Bx/AAS  CSAB-AAS

CaO 48.9 49.8 51.2
Al;Os 16.9 16.0 15.1

SiO, 16.8 111 9.7

SG; 12.4 10.9 12.1

FeOs 3.7 3.7 3.3

MgO 0.1 5.6 5.1

NaO 0.4 0.4 0.8

K20 0 0.7 0.7

Cl 0.03 0.02 0.02

TiO> 0 0.40 0.1

P20s 0.02 0.1 0.1
Other components 0.18 0.40 0.29
LOI* 0.57 0.78 1.48

223 *Loss on ignition at 1050 °@®r 1 h

224  The X-ray diffraction patterns of the anhydrou$SAB clinkers figure 1) and their
225 corresponding results of Rietveld quaniitat phase analysigTable 4 show the
226 presence of ye’elimite (both cubic and orthorhombic polymorphsAlgai>-CaSQ,
227  Powder Diffraction File (PDF) card$ 01-071-0969and # 010852210, respectively)
228 and belite (C£5i0s; PDF# 01086-0398).The absencef free lime indicates a complete
229 conversion to the SAB clinker phases, when either reaggrade raw materials,
230 natural (Bx), or waste materials (AAS) were usédrnesite (C&SiO)2(SQu); PDF#
231 01-0880812), anhydrite (CaSOPDF#00003-0162), a substituted aluminoferritygpe
232  phase (brownmilleriteéype structure, approximated for brevity@g\F), PDF# 01087-
233 1229) and alite (3Ca&i0O;, PDF# @-086-0402), were identified. Periclase (MgO,
234 PDF# 000030998) was observed bnin the CSAB-Bx/AAS and CSAB-AAS
235 clinkers. The formatiomf alite can beattributedin partto the presence d¥lgO in the
236 limestone[57], which was only used for the synthesis of th8AB-Bx/AAS and

237 CSAB-AAS dinkers. Liu et al [57] reportedthatthe presence of a suitable amount of

11
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MgO (>0.5%) can promote the formatioh@S at lower temperatures and is beneficial
for its coexistence witlCsAsS. The higher content ¢®Os in the raw meal mixeased

for the production ofCSAB-Bx/AAS and GGAB-AAS might have ma effect on the
synthesis of €S, CS and GAsS. The stabilization ofs-C>S has been identified
indicating that the clinkering and cooling processes were properly perfdG8dx®].
Traces of calcite (CaCHPDF# 000020623) are also identified, as a consequence of

possible carbonation of the samples during storage and analysis.

The percentages of the main clinker phasa#\{§; C;S andC4AF) are very similar to
the expected values from the Bogwype calculations. The SAB-Ref exhibited a
higher amount of ye’elimé (the sum of the orthorhombic and cubic structutes)the
other GSAB clinkers.However, a the content of AAS used in the productiorC&AB
increasesthe ratio of orthorhombido cubic ye’elimite is also higher. CSABRef
showed the lowest cubiCsAsS /orthorhombice,AsS ratio (0.094) when compared to the
CSAB clinkersderived from AAS (0.20 and 0.23 for CSAB/AAS and CSABAAS,
respectively) Bullerjahnet al. [14] reported a tgher content of cubic ye’elimite #ihe
expense othe orthorhombicform with increasing Feontent Although the difference

in iron content between the clinkeBSAB-Ref and CSABBx/AAS appeamegligible,
the crystallgation ofthe cubic polymorpimight be promoted by the presence of foreign
ions, including N& K*, Mg?*, and Tf*, which are present in higher concentrations in
CSAB-Bx/AAS clinker, Table 3 Hargis et al. (2014) [60] identified, using Rietveld
refinementsfor cubic, orthorhombic, antktragonalcrystals that the peak intensities

and positions of the orthorhomhicystal structurbest match pur€sAsS

12
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261 Table 4. Rietveld quantitative phase composition tbe CSAB clinkers produced.

262  Values reported imasspercentages

CSAB-Ref CSAB-Bx/AAS CSAB-AAS

Orthorhombic ye’elimite (GAsS) 37.0 255 28.8
Cubic ye’elimite (GA3S) 35 5.3 6.7
Total ye’elimite (cubic + orthorhombic) 40.5 30.8 35.5
Belite (GS) 32.1 41.1 39.1

Ternesite (6:5) 19.3 -- --
Brownmilleritetype phaseéC.AF) 4.6 11.9 7.4
Anhydrite (G) 35 2.0 4.0
Alite (C3S) -- 7.7 8.2
Periclase (MgO) - 6.5 5.9

Agreemenindices
R expected Re. (%) 4.1 4.1 4.1
Weighted R profile R, (%) 7.3 6.0 6.4
Goodness dfit — X2 = [::Lf’r 3.2 2.2 2.4
263 e""‘toss on ignition at 1050 °C.

264
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Y: orthorhombic ye’elimitelY ¢: cubic ye'elimite; B: belitet: ternesite; Bm: brownmillerite; C$: anhydrite; A: alite; P: periclase

Figurel. X-ray diffractograms of anhydrous 8B clinkers
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A calcium sulfosilicate with a ternesitgpe structure (G4SiOs)2(SQy); CsS:S) was
identified only in GGAB-Ref, which also has the loweSwAF andf-C,S conterd.
Ternesite is an intermediate phagmeally present at temperaturbstween 1100 and
1180 °C during the crystadition of belite in CSAB cements, whosdormation is
strongly affected by the content of $QGhe presence of minersdirs (including
phosphates or fluoridesind/or the cooling rattom 1250to 800 °C[14,61]. Taking
into account thatjuenchingrom ~1200 °C was applied after clinksation andthatthe
contentof SOz among the clinkers assessed haessimilar, the sulfate supplied by the
AAS (which is ~20%:Table 1) might havehigheravailability during thesynthesis than
the sulfate provided as anhydrifehe minor oxides (MgO, TiQ@ K>O) aupplied by the
limestone, bauxite and AAS promoted the formation of alite in GBAR\AS and
CSAB-AAS. Ternesite formation occurred under conditionstief absence of such

mineralizing elements and higher availability of IO

The particle size distribuins of the GAB clinkers obtained after mechanical treatment

do not exhibit significant differenceBigure 2

15
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Figure2. Particle size distributions of @B clinkers.

3.2. Fhase evolutiomuring hydraton of CSAB clinkers

3.2.1. Isothermal calorimetry

The heat releaserofiles during the hydration of the clinkers show two distinct peaks
(Figure 3); the first appears during the initive minutes of reaction and the second is
after 0.52 hours.CSAB-Ref showed a third peak after 8 h (Figure 3A), whigh
tentativelyattributed to the formation @dditionalettringite as hydration continues, but

this was not observed for the other clinkers (Figure 3B,C).

The CSAB-Bx/AAS and GGAB-AAS clinkers show the highest heat releeste during

initial hydration (~27mW/g binder), 2 minutes after loading into the calorimeter (7
minutes after the start of mixing), followed bys&B-Ref, although te data obtained
during this very early period must be treated as sprantitative due to the requirement

for stabilsation of the calorimeter after loading. The second peak located after ~1 h for
CSAB-AAS is more intense (maximum heat evolution rate 31/gidhder) compared

with the corresponding peak forSBB-Bx/AAS, which is present at 40 min and with

16
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300 lower intensity (maximum rate 12 mW/g binder). Considering that the cliskensed

301 similar particle size distributiond=igure 3, the effect of fineness on the differences
302 identified in the hydration rates should be negligible. Thus, the heat evolutionlys like
303 to be dependent on clinker composition. The heat released during the first minutes is
304 higher than for traditional OPC systems due to the higher content of rapidly soluble
305 sulfates, and the fast dissolution of ye’elimite and other reactive phdsas the

306 particles comento contact with watef17]. Hargiset al [60] reported that ye’elimite

307 exhibits a relativdow bulk modulus (~69 GPa), w¢h can be attributed tds open

308 aluminateframeworkas well as théiigh charge onthe cation C& and anion S@ in

309 intraframework sitesThis increasegs internal energy, and therefatse reactivity with

310 water.

311 The absence of gypsum from th&AB cementscontributes to its high reactivity and

312 accelerates the point of maximum heat release. The second peak, also described as the
313 main hydration peak, corresponds to the reaction of ye'eliGitAs§), and also some

314  C4AF, with calcium sulfate to form ettringite §8SsHs2) and amorphous alumiismm

315 hydroxide (AHs) (Eq. 1 and 2) [17].

17
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317 Figure3. Isothermal calorimetry curves for clinker pastesCSAB-Ref, B. C3B-
318 RBX/AAS, and C. CBB-AAS. In each plot, the leftrand vertical axis shows the rate
319 of heat release, artde righthand vertical axis shows the cumulative heat release.

320

321 The different crystal structures identified for the ye’elimite polymorphsach ef the
322 clinkers synthesed may also contribute to the differences inrttkénetic behaviar.
323 Cuestaet al (2019 [20] assessed the reactivity of the polymorphs of synthetic
324 ye'elimite, where the orthorhombic ye'elimite reacts more slowly than the cubic

325 ye'elimite.Such behaviour is aligned with the results reported here, asShB-BAS
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showael thehighestheat releasa the first4 hdue toits highercubic ye’elimite content
(Table 4); ahighercubicorthorhombic ye’elimiteatio is observed when AAS is used

in the rawmeal mides On this basis, the lower reactivity o58B-Ref (mainly at edy
age)cannotbe attributedsolelyto the presence of ternesite in this clink&ernesite has
been also identified as a secondary phase in CSAB clifike/s4,31,34,62,63where
contradictory results regarding its hydration behaviour are reported. Terizesften
consdered to decrease the setting rate of CSAB, potentially acting as an inet phas
with very low reactivity degre¢64—67] However, the aluminium released during
ye’elimite hydration has a strong influence on ternesite reactivity, as tlodutiss rate

of ternesite is affected by the presenéesoluble sulfate sources §@r CSH2) and the

availability of Al(OH) within the pore solution [14,31,68].

The evolution of heat during hydration o68B-Ref shows a second healegseup to

1.5 h, which is considerably delayed compared with tBABSBx/AAS and CSAB-

AAS clinkers, where this period only lasaisound 25 min. Although the SAB-Ref
exhibited the lowest maximum heat release in the first two hours of reaction, its
cumuldive heat of hydration after 24 h was 172.3 J/g, which is higher by 48% and 11%
than the corresponding data obtained f&@AB-Bx/AAs and CGGAB-AAs, respectively

(Figure3B,C).

3.2.2. X-ray diffraction analysis of hydrated AEsclinkers

Figure 4 shows the XRD patterm a 20 range between 6 and 25 degrdes the
hydrated pastes up to 28 days of curing. As main crystalline hydration products in the
CSAB pastes, ettringite (GAl2(SQu)3(OH)1226H0; GsAS3sHz2, PDF# 00031-0251)
and Si-AFm (CasAl 2SO0 12H0; PDF# 00045-0158 were identified. At 28 days,

the consumption of ye’elimite, as well as the presence okhatitt AH (which would

19
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350 be present as an amorphous phase) lead to the crystallization of a strédtipefem

351 phase (CgAl2SiOz-8H0; PDF# 00029-0285). Residual crystalline phases in non

352 hydrated GAB clinker grains, such as ydimite, belite,andternesite were identified

353 in the hydrated paste at all ages assessed. These results are in accordance with other
354 reports where residual ye’elimite has been identified in hydrated pasteafexeB60

355 days of curing69].

356 The higher degree of consumption of ye’elimite during the hydrationSHKBZAAS

357 than the other samples tested is evident from the XRD analysis (more evidentata

358 for 1 day samplesand related tahe content ofcubic ye'elimite which has high
359 reactivity). These results are in good agreement with the fast dissolutionlfafesu
360 phases and subsequent ettringite precipitation identified through the higher reess rele
361 during the first minutesKigure 3A). According to Chen and Juende#], and Jawed

362 and Skalnyf70], the dissolved alkali concentration during hydration could also increase
363 for the CSAB-ASS and GAB-Bx/ASS clinkers due to theeleag of N& and K from

364 the reactive anhydrous phases, which increase the dissolution rate of alurhasss p

365 (in particular GAsS) and the subsequent formation of ettringite and phhses.

20
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369 Y: ye'elimite; B: belite; T: ternesite; Bm: brownmillerite; AFt: ettringite; AFm: calcimnoncsulfoaluminaténydrate

370 Hc: calcium hemicarboaluminate hytasS: stratlingite.
371 Figured4. X-ray diffractograms of hydrated pastes up to 28 days of curing.SABE

372 Ref; B. CSAB-Bx/AAS; and C. CAB-AAS.

373  After ettringite formation is close toomplete— the corresponding XRD peaks exhibit
374 the highest intensity after 3 days of curirghAFm products start to form. Contrary to
375 other report§14,16,18,19] portlandite (CH), hydrogarnet and calcium silicate hydrate
376 were not identified as hydrate products here. The presence of belite, wischsaat
377 silica sourceas well as the §\sS and/or Ak as aluminum sources, can lead to the
378 formation of stratlingitd71], for exampleaccording to the equation® + AHz + 5H—

379 C,ASHs [17]. As the hydration proceeds;alcium hemicarboaluminatehydrate
380 (CawAl2(OH)12(OH)(CGs)0.5:NH20; (CO3,OH)-AFm, PDF # 00036-0129) is formed
381 from CSAB-Bx/AAS and CSAB-AAS clinkers after 3 days and 1 day of curing,
382  respectivelybut thenwas not identified atater ags. This suggests that the samples

383 weretaking up CQ from the ambient atmosphere, taking into accounsithe kinetics
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of dissolutionof calcium carbonatg’2], as wellas thehigher thermodynamic stability

of (COs,0OH)-AFmM phasesompared tanonosulfate [73].

The low reactivity of belite contributes to the low silica availability in these ksnder
during the early stages of reaction, and stratlingite is only detetitsd 7adays of
curing. At later age, further formation of stratlingite is identified. This phasesxhibit
low crystallinity, small crystal size afat internal disordeduring its crystalkation as
evidenced by théroad XRD peak®bserved Figure 4), particularly for GAB-AAS
[74]. This higher degree of disorder can be attributed to the dfignity of stratlingite

for alkali metal cations, which reduce the regularity of its structure, andisasth
observed mainly for those clinkers with high contents of sodium and potaflsiiim
Santacruzt al [75], reported that the microstructure of stratlingite can be also affected
by dehyration when the sample is dried for charastdron.This slight drying damage
changs the interlayeispaing, meaning thathe main(003)peak can be broadedand

shifted.

According to Bullerjahret al. [14], the presence of ternesite reduce$S Ceactivity
during the hydration of a belite calcium sulfoaluminate ferrite clinker. This good
agreement with the results presented here, whereSA8 ®Ref, whichcontainedl6%
ternesite, also showed lewformation of stratlingitehan the other clinkerafter 28

days of curing.

3.2.3. Thermogravimetry

The thermogravimetric analysiBi§ure5) shows a higher reactivity forSBB-Bx/AAS

than the other clinkersas seen byhe higher content of hydrated produdsmed

CSAB-Ref exhibited a total mass loss of ~20%, which is 19% less than t:8A&-
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Bx/AAS. The differential thermogravimetry (DTG) curves show a pronednpeak
located at 110 °C corresponding to the loss of hydrate water from ettijii§]teA

second peak is identified at ~260 °C, associatgld amorphous Al(OH) The very

similar position of this peak betweenSE@B-Bx/AAS and CSAB-Ref elucidateghe

similar environment®f the bound water in these sampl&scording toKuzel [77], the

peak at 160 °C for the SAB-Bx/AAS paste can be attributed to #lrigite, which
exhibits three endothermic peaks, a minor peak at ~120 °C and main peaks at 165 and
220 °C. It is not possible to separately quantify the amount of ettringitd AFmtype

phases, including stratlingitérom TGA as their temperatures diecomposition (30

180 °C) overlag78]. The set of peaks located between 650 and 710 °C are attributed to

decomposition of carbonates formed dusuperficialcarbonation of the samples.
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Figure5. Thermogravimetric analys for CSAB clinker hydration produstafter 28

days of curing.
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3.2.4. Solid-state NMR spectroscopy

The 2’Al MAS NMR spectra for anhydrous clinkers and the pastes after 28 days of
curing are shown ifrigure 6 The clinkers show a wide bamdth two signaldocated at

50 —80 ppm, corresponding tructurally distincttetrahedraly coordinated Al sites
Thesesignals can be attributedainly to the ye’elimite andany Al substitutingfor Si

in alite orbelitewill also contributedo the downfield region of this resonan@®]. The

Al present in the aluminoferrite phases identified by XRD does not bateri
considerably to thé’Al MAS NMR spectra due to the high concentration of*Fe
present either in paramagnetic or antiferromagnetic form in this pBAkerhe effect

of Fe* on the?’Al MAS NMR spectra of GAB clinkers assessed heigenot yet well
identified, especially due to the wide range of Al/Fe gaficesent in the ferrite phases.

The signal of AV for CSAB-Ref clinker is broad with a maximum located at ~68 ppm,
while the clinkers produced with alternative®t sources (SAB-Bx/AAS and CGGAB-

AAS) show a more intense peak, which also has a shoulder located at ~60 ppm. The
weak signal located at 3Pppm for the clinkers can be attributedtbe AlY!, which is
eitherpresent as a guest ion in the beptease[79], or the partiapre-hydration of the

ye’elimite through contact with atmospheric moisture.

25
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440

441  Figure6.?’Al MAS NMR spectra of anhydrous clinkers andAXBSpastes afte28 days

442 of curing. A. CAB-Ref; B. CSAB-Bx/AAS and C.CSAB-AAS.

443

444  The dissolution and subsequent hydration of reactive phases modify the molecular
445 environment, and a more intense peak between 0 and 20 ppm is identified in the
446 hydrated paste asnples. The hydration reaction considerably reduces the signal
447  attributed to AV; instead, a narrower and very much intensé peéak is obtained. This

448 is associated with the ye’elimite dissolution and subsequent formation ioigiedtr

449  whose octahedrallgoordinated Al is identified at ~13 pprhe partially overlapping

450 signal identified at~10 ppmcan be assigned to the ARype phasesncluding

451  stratlingite[81].

452 In thehydrated paste d€SAB-Bx/AAS, the peak attributed to the ettringite (~13 ppm)
453 showed a lower intensity when compared to the Affpe phases (~10 ppm), although
454  these peaks do partially overlaphe hydration products dhe clinkers producedith

455  partial or total substitution ofduxite (CSABBx/AAS and CSABAAS) showedmore

456 formation of AFmtype phasesThis effect is more pronounced for samples produced

26
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457 usinga higher content of AASThese results are consistent with the X&didawhere a

458 reduction in the ettringite content cars@be identified after 28 days of curirfgdure

459 4C), as this is partially converted toonosulfateas the reaction progresses. The absence
460 of a defined signal at ~4 ppm suggests the presence of at most a low concentration of
461 AHsat 28 days, although this environment might be overlapped by the octahedrally Al
462 coordinated sites of the AFm and AFt pha8#583] The aluminium in stratlingites

463 present in both IMold and VEicoordinatios, but the presence ofikalis within the

464  structure, mainly for the clinkers produced with AAS, reduces thegadl' ratio [84].

465 The signal at 61 ppm for the pastes after 28 days of curing correspotius Ad"

466  environment withinstratlingite while its AV peak oerlaps with those of the other
467 AFm phases presef[84]. Therefore, the higher intensity of the peak located at ~10 ppm
468 for the hydratedCSAB-AAS clinkers is attributedo the higherdegree offormation of

469  AFm phasesncluding stratlingiteconsigentwith the diffractograms shown Figure4.

470 The presence aksidualunreacted ye’elimite even after 28 days of curinopdicated

471 by thelower but nonzerointensity of the main broad peak attributed td’Ah this

472  phaseDifferences in lis peak between samplasdicate a greater extent of hydration

473  for the CSAB-BX/AAS and GGAB-AAS clinkers compared to @B-Ref.

474  The?°Si MAS NMR spectra for the anhydrous clinkers and their corresponding pastes
475 at 28 days of curing are shownhkigure 7 The spectra for the anhydrouSAB—Ref

476  and CRB-Bx/AAS exhibited a narrow resonance-at ppm relative to TMS (€xsites)

477  corresponding to thesS phaseKigure A and B), which is consistent with the XRD
478 results. The GAB-AAS clinker exhibited a broader peak with a maximura7atppm

479 along with a shoulder located af74 ppm Figure TC). These featuresan be attributed

480 to the tricalcium silicatas identified by XRD in Figure.IThis structurecontains nine

481 non-equivalent silicon sites, with overlapping resonances in a spectral range between
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66 and-77 ppm[85], although he presence of paramagnetic ions and different degrees
of guestion incorporation (such as Mg $*, AlI**) modify thedistribution ofsilicon-
oxygen distanceand broaden th&€Si MAS NMR spectrg86]. The peak at73 ppm in

CSAB-—Ref (Figure 7A) can be attributed to the presence of terr{83ite

The 2°Si NMR spectra for every paste exhibitedsidual C;S from the clinker
(resonance af71 ppm), which is also consistent witke presence of belite in the XRD
results. The highest consumption ofSCs observed for SAB-Bx/AAS followed by
CSAB-AAS. A significant reduction of the characteristic peak attributed to ternesite
corroboratesits dissolution during hydration. The low cedent of alite in GAB—
Bx/AAS and GGAB—AAS could lead to the formation afC-S-H-type phase with short-
range ordemot identifiableby XRD. The silicate chains in this type of phase ske8i
chemicalshifts of-80 to-90 ppm, mainlybeing presenas @, @ and G(1Al) units.
Thereforg the weak broad signal arourgl7 ppm in the samples can be attributed to the
presence of both-S-H and stratlingitd84], and there is a superposition of unresolved
signals from these Si environment$ie high ontentof vacanciesand/or substitutions

in the stratlingite structureendto decrease the Si connectivity andnare disordeed
structure can be obtained, which is coherent with the XRD residfsré 4 showinga

broadmain stratlingite peakonsistent with structural disorder.
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500

501 Figure7.2°Si MAS NMR spectra of anhydrous clinkers andXBSpastes after 28 days
502 of curing. A. C32B-Ref; B. CSAB-Bx/AAS and C.CSAB-AAS. Note that the vertal
503 scale for the 28lay cured material in C is exaggerated by a factor of ~2 to emphasise

504 the formation of the new hydrate product peak.

505
506 3.2.5. Compressive strength

507 The results obtained for the mechanical performance of the hydrated pasteh of e
508 clinker at different ages of curing are shownhkigure 8 The compressive strengths
509 achieved by the 8AB clinkers produced with the alternative alumina source show a
510 marked differencegespite theisimilar chemical comgsitions Table 3). At early age,
511 CSAB-Bx/AAS shows a compressive strength up to ~32% lower than thos8AB-C
512 AAS and GGAB-Ref. Thishighermechanical performander CSAB-Ref and GAB-

513 AAS at early age can be altiuted to agreater initial extent dfiydration also show by
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the higher heat release during the fizdthours of hydration. The clinkers produced
with AAS (CSAB-Bx/AAS and GGAB-AAS) increase their compressive strength by
~70%from 1 day to 7 days of curing, leading to strength performance aftdays3
which is considerably higher than that oBSAB-Ref. The growth incompressive
strength is also higher with longearm curing of GAB-Bx/AAS, which can be
attributed to the presence of a higher conter@& (see Table)3contributing to long

term compressive strength development through the formation of stratl[agli3.

Days of curing | |1 | |3 E7 A28
80 T 1 T 1 T
.
: =r :
—_ ? o
g - :
< i i ™
S =
o 3
L) ©3 ' |
& i i
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[+ [ ] : : L
g, I ? - :
g & .8 @
O 204 ol = -
T
| L |
0 - ' '
CSAB-Ref CSAB-Bx/AAS CSAB-AAS

Figure8. Compressive strength o8&B clinker pastes up t@8 days of curing.

4. Conclusions

This study has demonstrated the potentialorisation of an aluminium anodising
sludge —a waste from the alumimm processing industry as alumimum sourcan the

production of calcium sulfoaluminateelite (CSAB) clinkers. Ye'elimite and belite
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were the main phases formed in clinkation, with anhydrite and aluminoferritgpe
phases identified as secondary phases. Ternesite was also identified iretbecesf
CSAB clinker produced with mineral reagents, but not when the angdsludge was

used. The use of traditional raw materials (such as bauxite and limestone), @s an
alternative aluminium source has a strong effect on the clgaltiem process as a
consequence of the high content of foreign ions, such as Na, K and Mg. As the content
of aluminum anodsing sludge increases, a higher content of alite is formed. The
content of both cubic and orthorhombic ye’elimite is also influenced by thesianl of
aluminum anodsing sludge. Theatio between treedifferentpolymorpths identified in

each of the clinkers synthesd, and thepresence of ternesite, appear to play an

important role in determining the kinetics of hydration.

Ettringite and calcium monosulfoaluminatehydrate were identified as the main
crystalline hydration products in all pastes studied. The presence ofdbaigewith the
remaining ye’elimite and/or newly formed amorphous aluminiunrdyide leads to the
formation of strétlingite at later ages. These hydrated products, déavedhe slightly
higher content of belite in the clinkers based on aluminium angdisludge,
contributed to higher compressive strength at 28 days of curing when cdnaptiréhe

reference GAB clinker.
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