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Abstract

Soluble sulphate ions in nuclear waste can have detrimental effectserentitious
wasteforms and disposal facilitiémsed on Portland cemerts an alternativeBa(OH)-
NaSQs-blast furnaceslag compositesare studied forimmobilisation of sulphatéearing
nuclear waste Calcium aluminosilicate hydrate {&-S-H) with some barium substitutiaa
the main binder Ipase with bariumalsopresent in théow solubility salts BaS@andBaCQ,
along withBa-substituted calciunsulploaluminatehydrates, and ahydrotalcitetype layered
double hydroxideThis reaction product assemblagdicatesthat Ba(OH» andNaSQ; act
as alkalineactivatorsand control the reaction of the slam addition toforming insoluble
BaSQ, and this restricts sulphate availability for further reaction as long as isoffic
Ba(OH) is added An increased content of Ba(OH)romotes a highedegree of reaction,
and the formation of a highly crofisked GA-S-H gel. These Ba(OH»-NaSO:-blast
furnace slag composite bindersuld beeffectivein the immobilisation of sulphatleearing

nuclear wast&

Keywords: alkali-activated cementgranulated blast furnace slailphatebearing nuclear

waste:barium:;microstructure
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1. Introduction

The immobilisation of sulphate bearing radioactive waste generated in feamuadustry is
difficult to achieve effectivelyia vitrification or traditionalcementing processewhich are
the most commonmethodologiesused worldwidefor the immobilisation of low and
intermediatdevel nuclear waste The presence of soluble sulphate duvitigfication causes
phase separation in borosilicate glgss and inthe case otementbased materialg can
promote microstructural changes in the long tef24], such asexpansion and cracking
through the process of internasulphate attack, which may resuh the release of
radionuclides into the environment. If sulphatetainng nuclear waste is not treated and
encapsulated effectivelyit can also interact withany Portland cemenrbasedbackfill or
structural concrete used ia repositorypotentially causingdecay of theepository structure
through sulphate attackrocessesCalcium aluminate or sulgaluminate cemestased
materials carsometimesaccommodate much higher sulphate contents witbhadergang
degradation processdsut also offer handling and processing challenges in this application.

Asano et al[5] proposed an alternative method for the solidification/stabilisation of sulphate
rich aqueous low level wastes using Ba(@HBnd slagvia a twastep process in which a
cementlike solid can be formed. In their methddaSQs (simulated waste) solution was
mixed with Ba(OHj) in the first stepstabilising the sulphate ions through the precipitation of
the highly insoluble phad8aSQ andreleasing NaOHreactionl), followed by asecond step

of blending tle alkaline BaSQ-containing slurry(produced in the first st@¢pwith blast
furnaceslag(BFS)to produce a cemettike solid (readion 2).

Ba(OH) + N&SQ: > BaSQ + 2NaOH (1)
NaOH+ BFS(+ any remaining/excess Ba(Qttyr N&SQu) - solid binder (2)

Recently,Mobasher et al[6] published a proebf-concept ofa onestep procesto produce
solid wasteformswith comparable chemistry to dbe assessed by Asano et §b] for
immobilisation of sulphate beamg aqueous wasteformulating Ba(OHp-NaSQi-BFS
compositesin this onestep process, reactions (1) and (2) take place simultanedimsy.
reaction scheme developegffectively results in an alkalictivation process, with the

Ba(OH) and NaSQy, as well as NaOHgenerated in sifunteracing with the slag to form a

2
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68 hardened bindeA singlestepapproach haadvantages from an operational point of view,
69 compared with thgtroposed by Asano et §&], as less manipulation of the aqueous waste i
70 favourablefor adequate disposal. Cemdike systems of this type would be beneficial not
71 only because ofhe formation of very lowsolubility BaSQ [7], butalsobecause BaS(ran

72 enhance the radiation shielding propertiea efasteform oconcrete due to the high atomic
73 number of Bg8]. Additionally, the presence of BaS@h these binders can be ugkfor co-

74  precipitation of radionuclidesuch as°Srthat can be present in the aqueous wgjte

75

76 When BFS reacts with a soge of alkalis to form a hardened bindére main reaction
77  product and strengtpiving phase is a calciwsilicatehydrate (CS-H) type phase with a
78 low Ca/Si ratioanda significant degree @fluminium substitutiontermedC-A-S-H [10, 11].

79  The structure and composition thfe C-A-S-Hand secondary reaction produédsming in

80 alkali-activated slag binderare strongly depeneht on the nature of the activatselected
81 [12-15], the activation conditions adopteld 6], and the chemical composition of the slag
82 used[17-19]. h the case of silicateand hydroxideactivated slagsfor instance layered
83 double hydroxidecompounds havieeen observef20-23]. WhenNaSQs is usedas thesole

84  activator, the main secondary product is ettrinffite 25], because othe increased content
85 of sulphateavailable in the system.

86

87 It is, therefore, important to understand the activation reaction of the irsldgese
88 cementitious wasteformsas the development of the main binding phase can have a
89 significant influence on thehemistry andnicrostructure of the system, which in retinas a
90 direct impact orradionuclide binding anthe permeability of gases and liquithsoughthe

91 solid, and thusvasteformperformance. This is of particular interést theBa(OHk-NaSQu-

92  BFScompositesystem, as this system has different constituents which can potentially act as
93 an activator i.e.Ba(OH), NaeSQx and NaOH.The published literature does not contain
94 detailed chemical or micstructural characterisation of Ba(QHjctivated slag, and

95 therefore the rolef Ba(OH) in theactivation and structural development of these materials
96 is still unknown.

97

98 In this studyBa(OH»-NaSQ-BFS composite pastes, formulated with different Ba(©td)

99 NaSQy ratios, are evaluated via Xay diffraction (XRD), nuclear magnetic resonance
100 (NMR), and scanning elecin microscopy(SEM) coupled with energy dispersive-rdy
101  (EDX) spectroscopyTo determine the individual radef Ba(OH» and NaSQ in thealkali-

3
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102  activationreaction of the slagsamplesactivated witheachcompoundndividually ae also
103  evaluatedin addition tosamples activateditih NaOHto provide comparative information.
104

105

106

107 2. Experimental programme

108 2.1Materials

109

110 A blast furnace sla¢BFS)from Redcar steelworks with a specific surface of 28&kgwas
111  used as the maisolid precursor,and itschemical composition is presented in Table 1.
112  Barium hydroxide octahydrate (Ba(OHH20, 97% purity)and sodium sulphate (N&Qy,
113 99% purity) from Alfa Aesar, and sodium hydroxide (NaQjeneral purpose grad&om
114  Fisher Scientific, were used producethe composites.

115

116 Table 1.Composition oblast furnace sla@BFS), from X-ray fluorescence analysis. LOI is
117 loss on ignition at 1000°C

Component )
, CaO SiO; A0z FeeOs MgO KO NaO SO; others LOI
as oxides

Weight % 388 358 134 09 7.6 0.4 0.3 0.7 1.2 0.9

118

119

120 2.2Sample preparation and tests conducted

121

122 A simulated aqueous sulphdiearingwaste(10 wt.% NaSQu) was prepared by dissolving
123 solid anhydroudNaSQs in distilled water at 40°C, and thenixed with ahomogeneous
124  blend of unreacted BFS and powdered Ba(&8H#pO in a sealed plastic containefhe
125 samples were manually shaken for 2 to 5 minate®om temperature, and therixed for 5
126 more minutes using Whirh Mixer. Detailed formulations of the specimens produced are
127  givenin Table 2.

128

129

130

131
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Table 2.Formulations of Ng&5Qy-Ba(OH)-BFS composites and alkalttivated BFSThe

water/binder\y/b) ratio column includes water incorporated as part of the hydrated barium

hydroxide.
Ba?*: SO+
BFS H20 NaSO: Ba(OH)>8HO NaOH
Sample ID molar w/b
. @ () @) (9) 9)
ratio
BFS+ NaSQ, 0.34 100 34 39 0 0
BFS+ Ba(OH) 0.37 100 37 0 11.23 0
BFS+ NaOH 0.34 100 34 0 0 2.2
M1.0 1.0:1.0 0.36 100 36 39 8.64 0
M1.3 1.3:1.0 0.37 100 37 39 11.23 0

The same procedure was used to preparecfeeence sampldsr the assessment of the role
of Ba(OHp, N&SQs and NaOHin the activation procedure.h& contents oBa(OH) and
NaSQy in thereferencespecimens werbased on the formulation of M1.3, but useegrh of
the activator components individuallfhe amountof NaOH used in that reference sample
was calculatedo match the quantity which would be generated Btoichiometric chemical
reaction betweethe amounts oNaSQs and Ba(OH) presentin sample M1.3 tgroduce
BaSQ and NaOH.

Specimenswere cued for 180 days at room temperatuoeder sealed conditions, then
demoulded, crushed and immerdadacetone to arrest the reaction process. After several
days, the samples were removed from the acetone, tiegmove the solventand
desiccatedinder vacuum. The dried samples were kept in sealed containers prior to analysis
to avoid carbonation.

Characterisation of the pastes was conducted by:

e X-ray diffraction (XRD) using a Siemens D5000 -tay diffracometer with
monochromatic Cu Ka radiation, operated at a step size of 0.02°aschnning speed of
0.5°/min between 5° and 55° 20. Specimens were ground using an agatertar and
pestle and sieved to < 63um prior to the measurement.

e Thermogravimetri@nalysis (TGA) using a Perkin Bher Pyris 1 TGA. Approximately
40 mg of sample was placed in an alumina crucible. The samples were heated under
flowing nitrogen atmosphera aheating rate of 10°@in from room temperature up to
1000°C.
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Solid-state2°Si MAS NMR spectra were collected at 59.56 MHz on a Valisity

Inova 300 7.05T) spectrometer using a probe for 7.5 mm o.d. zirconia rotors and a
spinning speed of BHz. The?®Si MAS experiments employed9®° pulse of duration 5

us, a relaxation delayf 5s and 14000 scans. Sebthte?’Al MAS NMR spectra were
acquired at 104.198 MHz, usirgVarian VNMRS 40@9.4T) spectrometer and probe

for 4 mm o.d. zirconia rotors and a spinning speed of 14 kHz with a pulse width of 1 ps
(approximately 25%)a relaxation delay of 0.2 s, and a minimum of 7000 sc&ia

MAS NMR spectra were collected on the VNMRS spectronmedté05.78VIHz using a
probe for 4 mm o.d. zirconia rotors and a spinning speed of 10 kHz with a pulse width of
1 us (approximately 25°), aelaxation delay of 1 s, and a minimum of 2000 sc&iss,

27Al, 2°Na chemical shifts are referenced to external samples of tetramethylsilane (TMS),
a 1.0 M aqueous solution of AI(NJ3, and a 0.1M aqueous solution of NaCl,
respectively.

Scanning electm microscopy (SEM)using a JEOL electron microscQpEsM 6400

with abackscattered electron detecdmd anacceleratig voltage of 20 &V. Epoxy resin
(EpoxiCure™) was poured over the sampleghich were then heldnder vacuum to
minimise entrapped air. The samples were removed from the vacuum after
approximately 15 minutes and left for 24 hours to harden bsfotkng manually with
grinding papers of 400 and 1200 g&iC. Samples were then polished withuth and

0.25 um diamond pastes and polishing cloths. The samples were finally coated with
carbon using an Edwards ‘speedivac’ carbon coating unit and silver dagged to make

them electrically conductive before anagys

3. Results and discussion

3.1. X+ay diffract ion

The X-ray diffractograms of theeferencesamplesof BFSactivatedwith NaoSQs, NaOHand

Ba(OH) are compared with that othe unreacted slagn Figure 1. The unreacted slag is

predominantly amorphous, and contains mimaces of the wlilite type phaseadkermanite
(CaMgSix07, powder diffraction file PDF, #76-0841),and calcite (CaC¢) PDF #05-
0586)due to slight weathering. Upon activation with,8@, formation of ettringite (PDF #

041-1451) is identifed, in agreement with what hgseviously been reported fosimilar
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systemd24, 25] A small peak at 117380 is also observed in these samplesnd is assigned
to a layered double hydroxidie the hydrotalcitegroup MgeAl2(COs)(OH)16: 4H0, PDF #

089-0460). m alkalractivated slags with moderate togh MgO contents such layered

double hydroxideare usually produced assacondary reaction prodydt7, 19]. Disordered
C-SH type gel products aresal identified in all samples by a very broad peaktred just
below 30° .

In the NaOHactivated slag, ettringite is not formingpnsistent with the absence of sulphates
in the system, and instedtemicarbonatdFm ((CaO)-Al>03-0.5CaC@ 12H0, PDF #
036-0129)is observedalong with hydrotalciteldentification of AFm type phasesn NaOH
activated slag binders difficult to achieve via Xay diffraction [20, 22, 26] however,
formation of ths type of phase has been suggestedughanalyss of NaOH-activated slag
bindersby NMR spectroscopj23, 27] potentially as a crystallographically disordered phase
intermixed with the €A-S-H products [28].

In the Ba(OH) activated slaggample a reflection consistent with the position of the main
hydrotalcite peak just above 10°62was observedwith a slight shift towarddower 2
compared to the hydrotalcite reference patté&iisindicates anncreasedi-spadng in this
phasewhich may correspond tsome B&' incorporationas a larger cation substituting for
the smaller M§". Although this has not previously been noted as a possibility in the literature
for such phasesand the cationic radiare very different,Glasser[29] has reported
substitution of C& by Ba?" in crystalline cement phasels addition, § has beerobsenred
that AFm phases, a type tdyered double hydroxideare highly susceptible toation
exchange at room temperatusgith compositions very sensitive to their local chemical
environment [30]. Therefore, Ba substitution in layered double hydroxddsuch as
hydrotalcitelike and AFm type phases could p&usiblein the Ba(OHj-activated slag

binder.
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Figure 1. X-ray diffractograms of unreacted BFS, ;N&y-activatedBFS, NaOHactivated
BFS and Ba(OHyactivated BFS pastes. Peaks marked dkermanite (A), calcite (CC),
ettringite (E) hemicarbonate (HChydrotalcite (HT)and GA-S-H (CSH) The peak marked

with* matches one of thetrongerreflections of dresseriteBAAI(COs)2(OH)s- H0);

however, the main drserite refledbn (8.09° D) is not observed, and so the identification of

this phase is considergghtative.

In the compositebinders M1.0 and M1.3 (Figure 2)akermaniteand calcitefrom the
unreacted slag ar@gainidentified, along with formation of barite (Bag@DF #241035)
and witherite (BaCg) PDF #451471). This indicateghat barium is reactg with the excess
sulphate and carbonatpgesent in the system to form stable insolubleriBla compounds.
The intensities of the peaks assignedaSQ appear to increase with higher contents of
Ba(OH), suggesting that the addition of Ba(QH)romotes ahigher extent of BaSO
formation.A layered double hydroxide with agdirotalcitetype structures also formed as a
secondary reaction product in these systen@icating that the formation of BaS@ not

hindering the development of secondphases in the alkadictivated composite.
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Figure 2. X-ray diffractograms of unreacted slag and®@-Ba(OH»-BFS composites a5
function of the B& to SQv* molar ratio.Peaks marked are Bas(BS), &ermanite (A),
calcite (CC), vitherite (W), ettringite (E), hydrotalcite (HT) and-&-S-H (CSH). The dshed
line indicates the positioof the main(100)peak of ettringite

In thesecomposites, independent of the Ba(@EQntent, the formation of a compound with
a peak at 8.320 is observed (Figure 2) As thepeak position is slightly shifted tower 2
when compared with the main reflection peaketifingite (9.0 20), it is likely that in
presence of Ba(OH) formation of a Becontaining AFt type phase talkeplace. The
substitution of B4 in the C&" sites in ettringite structure haseviouslybeen reportedR9,
31], and Babearing ettringite rea larger d-spacing tharpure ettringite [32], shifting the
peakto lower angleas observed in these samplddtton et al.[33] identified in a 1:9
Portland cement/BFS system containing BaC@hat the formation of ettringite and
precipitation of BaS@occur simultaneously, aapeing for the sulphate ions in the solution.
After extended time®f curing in those systems, ettringite decomposedorm calcium
monocarboaluminat§ AFm), calcite and BaS§) by reacting with the free Ba ions.
Considering tht thecompounds identifiedsbeng stableby Utton et al [33] are similar to
those whichform in the Ba(OH)-NaxSOQs-slag compositediere significantchanges in the

phase assemblage oethomposites are unlikely to occur at advanced times of curing.
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Theresultsobtainedhererevealthat inthe composites assessed in this stadyormation of
ettringite takes place as consequence ofhe NaSQs-activation of slag, not all of the
sulphate is directly consumed according to equation (1) by Bp&Oipitation NapSOQs will
continue promoting the formation of ettringite the systemwhen its amount exceeds the
capacity ofBa(OH) to immediatelyform BaSQ. This observatiordiffers from the trends
identified in studies evaluating the effeof Ba(OH) or BaCQ; on the structures @lynthetic
ettringite and thaumasi{84-36], where thdormation of ettringitevas supressed or ettringite
is completely decomposed. In these studies, a large quantity of Baf@slyusedsuggesting
that the content of Ba(OH) would need to be icreasedn the compositesystens to hinder

the formation of ettringite.

3.2 Thermogravimetry

Figure 3 shows the differential thermograms (DT@j NaSQs-activated BFS, NaOH
activated BFS and Ba(OHactivated BFS paste$he total loss of weight up to 1000°C for
NaSQs-activated BFSis 13.9%, for NaOHactivated BFS 12.06%and for Ba(OH)-
activated BFS 16.4%.

Na SO
2 4
f\ 569
NaOH
\/
103
\ 371
Ba(OH),
106
408
192
110
200 400 600 800 1000

Temperature (°C)

Figure 3. Differential thermograms (mass loss downwards)lkédli-activated BFSvith
differentalkaline advators. Dashed lines show thaseline for each data set.
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In the NaoSOy-activated BFSa high intensity peak between 70°C and 20@65@bserved,
which is attributed to the release of evaporable water in the system, asthrt® the
dehydration ofettringite [37], as wasidentified throughXRD (Figure 1). The progressive
weightloss between 200°C and 400°C is assigned to the decompaditioen CA-S-H [38]
also identified through XRD. The low intensigyoulder around €°C is attributed tdhe
decomposition of calciti89]. In NaOHactivatedand Ba(OHy-activated samplesheweight
loss around 200°C and 400/assigned tohe hydrotalcitdike-phaseandthe decomposition
of AFm type compoundsresent in the sampld0, 41] The first weight loss peak around
192°Cin the Ba(OH)-activated sampleorresponds téhe removal of the interlay water
molecules of hydrotalcite and the second peak around8%0 is assigned tothe
dehydroxylation of the brucitdike layers[42]. The hydrotalcite peaks are more distindhe
BFS+Ba(OH) sample consistent with digher extehof reactionof the slag, and potentigl

more ordering of the structure of this phase when using Ba(@the alkaline activator

Figure 4 shows the differential thermograms (DTG) of unreacted slag azgON8a(OH)-
BFS compositesvith different Ba?*:SQy?>" molar ratics. The totalweightlossup to 1000°C
for M1.0 is 14.58%and 10.25%for M1.3. The BaSQ decompositiortemperature is above

1000°C [36],andthereforeit is not observed in theshermogravimetrylata

In M1.0 a higler intensity weight loss is observed below 2Z@ompared with M1.3, which
suggesta larger amounbf evaporable water in that sample, or potelytidde formation of a
largeramountof hydration products with water less tightly bonded to the structure than in
M1.3. Even though AFm phases were not identified viaa diffraction in theseanples
(Figure 2), it is possible #t the minor contributionsobservedat 144C and 293C are
associated with decomposition péartially orderedcalcium monosylhoaluminate hydrates
[41]. Weightlossesat 568°C and~740°C are assigned to the decompositiontbé calcium
carbonate producgresenin the composite samplg¢43]. Decomposition othe hydrotalcite

type phase observed in these composites is detecte85& and394°C, and the nmor

weight lossabove 800C is assigned to decomposition of wetiite [36].

11
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M1.0

M1.3

200 400 600 800 1000
Temperature (°C)
Figure 4. Differential thermograms (mass loss downwardis) NaoSQs-Ba(OH)-BFS

compositeswith different Ba2*:SQ?* molar ratics. Dashed lines show the baseline éarch

data set

3.3 Solid-state 2°Si MAS NMR spectroscopy
Solid state?®Si MAS NMR can provide informatioregardingthe fractions of silicon present
in various tetrahedral environmenssilicates[44]. Demnvolutionsof the spectraollected

here were carried out according to the procedure describeft3h An example of a

deconvolued spectrunis shown in Figure 5.
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324
325  Figure 5. Deconvoluted®*Si MAS NMR spectum of compositeM1.0. The grey area

326  corresponds to the fraction of unreacted slag.
327

328 The resonances identified in the deconvoluted spectra are assigned to conneatesty st
329 based orthe information available for cemeni28, 45] alkaltactivated slag$l9, 43] and

330 aluminosilicate zeolite systenj@4]. It has been proposed thats possible to determine the
331 degree of reaction of alkadictivated slag binders through the deconvolutior®sf MAS

332 NMR spectra, as thepectralline shape of theemnantunreacted slag in the activated
333 sampless similar to the line shape of tlamhydous slag46], and a similar approach was
334 adoptedn this study. The lineshape in the downfield regi€0 (to-70 ppm) in all reaction
335 product spectra is consistent with this hypothesis of congruent ccoegiruent dissolution
336  of the slag, as there is not a notable change in the profile in this region betweentiaeo$pec
337 the anhydrous slag and the composite cements.

338

339  Figure 6A shows th&’Si MAS NMR spectra of NgBQs-activated BFS, NaOtactivated BFS
340 and Ba(OHy-activated BFS pastewhile Figure 6B shows ttseof the unreacted slagnd

341 the M1.0 andM1.3 composites. The unreacted slag has a line shape comparable to the

342 spectrum reported for akerman(@3], which isdentified as the main crystalline phase in the
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slagused in this study (Figure 2) withresonanceentred at74 ppm.A reduction of this
peak indicates the reactiaf the slagin the hydrated samples. In the activated samples
resonances betweeB0 ppm and90 ppm are identified, consistent with the formation of a
C-A-SH type phase. In particulagsonances betwee&2 ppm and85 ppm, corresponding

to QP(1Al) and @ sitesrespectivelyareassigned tohis Al-substituted €S-H type gel with a
tobermorite type structu@s, 47].

A

BFS+Ba(OH):

BFS+NaOH

BFS+Na;S0O,

-éiO | -5lO | -6|0 | -7|0 | -éO | -950 '-160'-1"IOI-1|20
Chemical shift (ppm)
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B

M1.3

M1.0

Anhydrous BFS

-40 -50 -60 -70 -80 -90 -100 -110 -120
Chemical shift (ppm)
Figure 6.2°Si MAS NMR spectra ofA) NaSOQs-activatedBFS, NaOHactivated BFSand

Ba(OH)-activated BFS pastesand (B) unreacted slagand NaSQ:-Ba(OH)-BFS
composites M1.0 and M1.3. Dashed lines indicate the positiod(bA sites.

Figure 6A shows the reduction tife GF(1Al) site (82 ppm) inthe spectrum othe Na,SQu-
activated sampleomparedo the other activated samples, indicating a reduced degvdle of
incorporation in the €A-S-H product. This could be associated with the fact that most of the
Al available in the system is consumed in the formation of ettringitdhis formulation
(Figure 1).

In the spectra of the composites M1.0 and M&l®wn in Figure 6Bthe intensity of the
broad unreacted slag featutentred at74 ppm decreases with the increhsaldition of
Ba(OH), showing a higher extent of reactj@s showrn Table 3 The addition of Ba(OH)
in the composite samples seems to favour the incorporation of tAei-A-SH type gel,
associated with the increasing intensity of t#¢1@l) peak and the identification of TLAI)
sites, as reporteth Table 3 The observation of &1Al) sites in these materials is an
indication of crosslinking taking place in the ACS-H phas@8]. Although thes pastes

contain ettringite, which consumes some of the Al supplied by the slag, thentcohte
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hydrotalcite is notably lower than in the Ba(QHdrtivated and NaOldctivated pastes
(Figure 2), and so the availability of Al appears sufficient for this degfesubstitution into

the GA-S-H. The fate of the Mg is, however, unclear at this stage. These results suggest that
the structure of the B-S-H type gel forming in the composite binders is a result of a
combined activation process involving bat&SQs and Ba(OH), as the hydrate phase
assemblages do not match what would be observed if the slag was solely activited by
NaOH produced in reaction (1)rlhe GA-S-H type binders forming in the composite
specimens have a high degree of crosslinkisgpciged with the high fractions of{and G

species.

According to the quantification of Si sites presented in Table 3, it is observedtiieom
remnantunreacted slaffactionthat the lowst degree of reaction is achievedtie specimen
activated solelyith NaeSQy, and the highst degree of reaction when Ba(QHS usedas the
sole activatarTheseobservationarein agreement with ththermogravimetry resultsvhere
the highestweightlosswas identified inthe Ba(OH)-activated specimeramong all single
activator systems analysethis demonstrates that Ba(OHan act as an effective activator
for producing alkakactivated materialsConsequentlyjt is likely that the reaction of the
composites assessed heren exclusively governed by the formation NBOH asa
secondary product during the reaction of Ba(9&h)d NaSQs to form BaSQ (reactionl),

but rather that the original Ba(OHand NaSQs components are also having a significant
impact The higher reaction extent observed in M1.3 compared to M1.0 also indicates that the

excess Ba(OH)present in this mixeads to an increased extent of reaction.

Table 3. Quantificationof Q" environments identified in tiféSi MAS NMR spectra ofhe

specimens investigated

Sample  Unreacted Stetypein reaction products?
ID slag Q Q) QI Q1A @ Q(1Al)  Q%(0Al)
-4 -78 -80 -82 -85 -89 -94
M1.0 47 9 4 9 12 11 7 2
M1.3 45 9 5 9 11 13 6 2
NapSQy 53 10 6 3 7 12 7 3
NaOH 49 10 5 11 12 10 3 -
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Ba(OH) 39 9 5 9 13 16 7 2

aEstimated uncertainty iall site percentages is2#6, based on the influence of the signal/noise ratio of the

spectra on the deonvolution procedures.

3.4 Solid-state?’Al MAS NMR spectroscopy

Figure 7shows the?’Al MAS NMR specta of the samples evaluated’he unreacted BFS
showsa broad resonance between 40 and 80,m@ntred around 60 ppm. This region is
assigned to tetrahedral Al environmgnbutcannot be assigned to a waéfined singlesite

type due to structural disorder in the slag. Torisadpeak is attributed to the glassy phases
which comprisethe majority of the BFS, consistent with the amorphous hump and low
crystalline phase content identifiegt XRD in the unreacted BFS (Figure 1).

AFmM/HT A
Al in C-S-H AFt
J BFS+Ba(OH).
BFS+NaOH
// BFS+Na,SO,
100 80 60 40 20 0 -20 -40

Chemical shift (ppm)


http://dx.doi.org/10.1016/j.cemconres.2014.07.006

409
410

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427

Postprint of a paper published in Cement and Concrete Research, 66(2014):64-74. Version of record
is available at http://dx.doi.org/10.1016/j.cemconres.2014.07.006

AFmM/HT
Al in C-S-H B
M1.3
J M1.0
/ Anhydrous BFS

100 80 60 40 20 0 -20 -40
Chemical shift (ppm)
Figure 7. 2’Al MAS NMR spectra of (A) NgSQu-activated BFS, NaO#activated BFS and
Ba(OH)-activated BFS pastes, and (B) unreacted slag, and Ba{@:5 Qs slag composites
M1.0 and M1.3.

In the NeoSQs-activated BFS sampl@gigure A), there are two distinguishable peaks in the
region associated with octahedyatoordinatedAl. The larger peak in this region, at around
13 ppm is assigned to ettringitel9] asidentified by XRD (Figure 1). The shouldat 10
ppm is assigned tthe hydraalcite type phas@3] also observed by XRD in this sample,
which mayalso contairminor contributiongrom AFm type phaseassuggested by the DTG
analysis,although thee are notpositively identifiable by XRD.In the NaOHactivatedand
Ba(OH)-activated pastes sngle peak at 1(pm is observed in this region of the spectra,
and attributed to the layered double hydde andAFm type phasesvhich have very similar

27Al resonance positions.

The main effect ofthe activator is identified ithe region between 40 ppm a8@ ppmin
Figure 7 which is associated with the tetrahedrally coordina®d Upon activationa
sharpening othe Al(IV) region is identified in all the sampleompared with the unreacted

BFS, as not albf the slag has reacted, part of the intensity of thisdishould beassigned to
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428 the remnant unreacted BFS. IPACS-H productsAl is tetrahedrally coordinated and usually
429 identified at 74 ppm irf’/Al MAS NMR spectra[28, 47] This resonance is observed in
430  NaOH and Ba(OH)activated pastes, consistent with the identification irf$8eMAS NMR
431  results (Table 3) of high intensity peaks assigned?{@A)) sites.

432

433  In the NaoSOy-activated pastean asymmetric Al(IV) band with a maximum at 60 ppm is
434  insteadobserved. Tis resonance is assigned to highly crosslinkedid\ sites in the €A-S-
435  H type gel, in agreement with the identification o{TAl) sitesby 2°Si MAS NMR. In the
436 Ba(OH}-activated sample a high intensity peak centred at 61 ppm is identified.aRessn
437  atthis specific chemical shift value are consistent with the formatiom qioarly ordered
438  AFm type phase (stratlingite) in Alch cementitious systenfermedunder high alkalinity
439  conditions [50] however, studies of BlaearingAFm and/orhydrogarnetphasesare very
440 limited, and?’Al MAS NMR spectraof compounds with such chemistry are not available in
441  the open literature to corroborate the assignment of this peak. Consideriq) tiae sites
442  are observed in the Ba(OHjctivated sample in ti/@Si MAS NMR spectra, and these sites
443  can be also present in hydrogarnet type phddsit is suggested that the formation of a Ba
444  bearingAFm orhydrogarnet type phase might be occurrifgrther investigation to validate
445  this hypothesis is required.

446

447  In the Ba(OH)}-NaSQ:-BFS compositesamples (Figur@B) a broad band around 10 ppm
448  with less distinct featurethanthoseidentified inthe NaOHactivatedor Ba(OH)-activatel
449  slags is observed, aratjainassigned to the contributiond hydrotalcite typeand ettringite
450 phasesas identified through XRD (Figure 1). The lineshape of th¢M)l region of the
451  composite spectra does not show significant changes with the additilbffecént amounts
452  of Ba(OH), consistent with the observatidhat the GA-S-H producs forming in these
453  systems hae very similar structurg, asdentified via?°Si MAS NMR (Figure 6).

454

455 3.5Solid-state>*Na MAS NMR

456

457  Figure 8shows the”*Na MAS NMR results for anhydroubla,SQi, NaxSQu-activatedslag
458 and Ba(OH)-NaSQ; slag compositeemens. The spectrum collected fanhydroufNaSQs
459 is used here as a referencaedentify unreacted N&Qsin the samples. The lirghape of the
460 NaSQy spectrumis in good agreement withdke reported in thditerature[52]. It is clear
461  from thespecta of the NaSOs-activated slagandthe compositévi1.0 samplethat thereis
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some unreacted N&QO; present in both of these mixes, visible particularly from the sharp
resonance at21l ppmwhich is seen as a shoulder in the reaction product spdttim
indicates that intheabsence of Ba(OH)althoughsome of the sulphata thewastesimulant

is chemically bonded through the formation of ettringite, there is an exceskpbéte that is
likely to be remaining in the pore solution, and then precipitating aS@avhen the
samples are dried for analysikhe inclusion of lowr contents of Ba(OH)Figure 8sample
M1.0)reduces the remnant p&0; in the sampledueto the formation of BaS@as observed

by other analytical techniques; howeviiere is notompleteconsumption of Ne&8Qs. This
suggestshe needor higher Ba(OH) contentdn thesystemin order to immobilise albf the
sulphate bearing waste, asdomposite M1.3, wheré&Na resonances assigned to remnant

NaSOQy are not identified.

BFS+MNa:504 "f ™, ;fpl;\“xq_

Na_SO, ,- —

30 20 10 O -10 -20 -30 -40 -50
Chemical shift (ppm)

Figure 8.2°NaMAS NMR spectra of Ng8Qu, Na,SQs-activated BFSand Ba(OH)-NaSQs-
BFS composite cements M1.0 and M1.3.

Alkalis play an importantole in the properties and microstructure of the products formed
during the alkali activation of BFS and aluminosilicate precur&8E It is believed thatn

alkali-activaed slagbinders, alkalis can be incorporated ohysically adsorbed on the
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480 surface of the A-S-H productsthrough a charge balance mechanism, @ed existfree in

481 the pore solutionf54, 59. However, it is likely that the mechanism of uptake of alkalis in
482  the solid phases ialkali-activated materials is strongly dependent on the type of activator
483  used, as this contmthe Ca(Si+Al) ratio of the GA-S-H type gels, whicltan vay over the

484  time of curing[20, 26, 56].

485

486 In the alkali-activated composites studied here*da resonance aaround 6 ppm is

487  observedFigure 8) consistent with the results reported by Bonk ef2d] for the alkalis in

488 C-A-S-H type gels inalkali-activated slag binderanalysed at a comparable magnetic field
489  Formation of G(N)-A-S-H binding phasefias been identified in alkadictivated slagwvia

490  microscopy techniqueld8, 57] and it has been proposed that the inclusion of alkalis in the
491 C-A-SH gel can occursvia a charge balammgy mechanism where the charge deficit
492  associated with the replacement of a bridgings$&@ahedron with an AlQunit is balanced

493 by an alkali ion adsorbed/bonded in tnéerlayer region of the €5-H phasg58]. It is also

494  clear from the®Na MAS NMR spectra that the peak-Gtppm is narrowed in the composite
495  sampleM1.3, with ahigher amount oBa(OH), indicatinga more orderedel structure

496

497 3.6 Scanning electron microscopy

498

499  Figure 9shows aackscatteredlectron(BSE)imageof the BFS activatedith NaoSQ4, and

500 elemental distributionn the region of the imagdRegions enrichedn Ca, Si, Al and Mg

501 correspond tdhe unreacted slag, whose angular morphology is @sdight grey isolated

502 regions. The binder matrix is mainly composed ofa, Si and Al, consistent with the
503 formation of a GA-S-H product, as identified by NMR spectroscopy. even distribution of

504 Na throughout the binding phase is also observed, consistent with the inclusion of Na in the
505 C-A-S-H type phase adiscussed inhie analysis of théNa MAS NMRresults The regions

506  poor in Si but rich in $white circles in Figure 9reidentified asettringite.

507

508

509
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Low —— High

.

Figure 9. Backscattered electron image and elemental map&a@Qs-activatedBFS The

elemental maps show the same region as the backscattered electron image.

Figure 10shows aBSE image of the BFSample activatethy Ba(OH), and the elemental
mays corresponding tthis image. This binder shows hghly heterogeneous matrix, with
cavities due tothe pullout of unreacted slag particleduring sample polishing, as the
unreacted slag grains are surrounded by ademsity reaction rim which appears to give
little binding to the bulk gelThis is supported by the fact that tbavities (black areas)
observedin the BSEhave an angular shape consistent viita shape of unreacted slag
particles,which would not be the case if those cavities wemares.It is clear from Ba
elemental mapping that Ba is incorporatetatively homogenously throughotihe binding
matrix, suggesting that the inclusiai some Ban the C-A-SH might be occurring in tfs
system Formation of a €Ba)A-S-H gel has not been observed before, thdse results
indicatethat excess Ba in @&ch cementitious systems is rmly able toinfluence sulphate

and carbonate rich phases, as has been observed with the inclusion af[BACE&5] but
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also possibly participatein the GA-S-H type phasef the concentrations of sulphate and

carbonate are low

Low ———» Hi%h

Figure 10. Backscattered electron image and elemental mapa@H -activatedslag The
elemental maps show the same region as the backscattered electrarDiashgel circles in
Ba and S maps highlight a BaSgarticle forming in this system

In Figure 10there isalsoa small regior{dashed circles in Ba and S map&th an increased
concentration of Band S,indicaing the formation of BaSg) with the sulphate presumably
made available through oxidation of the sulphide supplied by theSslgghur appears to be
homogenously distributed in the unreactddg particles and also the matrix, but it is
particularlyconcentrated arouritie edge of what appears to@Ee particleobserved in the
bottom left of the micrograph (the brigivhite particlein the BSE image This Fe-S rich

23


http://dx.doi.org/10.1016/j.cemconres.2014.07.006

541
542
543
544
545
546
547
548
549
550
551

552
553

554
555
556
557
558
559
560
561
562
563

Postprint of a paper published in Cement and Concrete Research, 66(2014):64-74. Version of record
is available at http://dx.doi.org/10.1016/j.cemconres.2014.07.006

region islikely to correspond to an iron sulphideS (1<x<2), consistent with théaighly

reducing environmernh slagrich cement$59].

Figure 11 shows BSE imageof the M1.0 sample, together with the elemental distribation
of sulphur and barium in the corresponding region. Angular B&S$icles aredispersed
throughoutthe binding GA-S-H phase. The formation of Ba%®@ observed aboth small
and largewhite particles in the BSE image, confirmed by theesponding elemental maps.
Some ofthe BaSQ particlesappear to fornmparticularly in the areasurroundingthe slag
particles.This indicats thatBa will react not just with the sulphur supplied by the sulphate

bearing solution, but also with the sulplpunesenin the slagas noted above.

Figure 11. Backscattered electron image and elememtaps ofsampleM1.0. Ba and S

elemental mapsonfirm the formation of BaSO

Figure 12shows another region dfie compositesample M1.0, where a homogene@it#\-
S-H bindingmatrix (dark grey area), with embedded unreacted slag particles (lightagty)
BaSQ particles (white particles)s observedThe inset shows a higher magnification image
of a region with reducedontent ofBaSQ particles where itis possible to identf the
formation of phaseswith microstructures comparable to théamellar morphologyobserved
for monosubhoaluminate/ettringite compound§60], consistent with themineralogy

identified by other analytical techniquasre The EDX spectrum of this region shows the
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incorportion of Ba in thesesulphoaluminate phases, supportihg formation of a Ba

substitutecettringiteas previously suggested based on XRD data.

Figure 12. Backscattered electron imagé sample M1.0, with a highenagnification view
of the sulphoaluminate produfrmed within the ge] andan EDX spectrum of the region

indicated.

4. Conclusions

Solid composite cement binders in the syst®a{OH»-NaxSOs-slag can beproduced via a
onestep method formmobilisation ofsulphate bearingqueousnhuclear wastewhere the
precipitation ofBaSQ generates NaOH in situ to act as an activator for the isiaggdition
to the individual effects of thBa(OHy and NaxSQu. X-ray diffraction resultsconfirm the
successfulbinding of sulphate in very insoluble crystalline phasesh asBaSQ in the
composite samplesffering the potential for goobinder stability in the long termThe
microstructure of the composites is dominadbgdhe strength giving phase-A-S-H, dong
with layered double hydroxide(hydrotalciteand AFm type)and Basubstituted ettringite
forming as secondary reaction produd@mparing the reaction products formed in the
composite wasteforms with dke identified when activatg BFS with either Ba(OHj,
NaSQs or NaOH asa sole activator, it iseenthat both NaSQs and Ba(OH) are acting as
alkaline activatorsin the composite system. An increased content of Baf{O)the
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composite binderseens to favoura higher extehof reaction of the slaggand a 30% excess
of Ba(OH) over NaSQs is seen to be sufficient to prevent the presence of freeMan the
pore network of the bindeirhe inclusion of Ba alsmfluencesthe chemistry of the main
reaction products in these compositeg’* is able to substitute into ettringite, which reduces
the formation of hydrotalcite in the composite cements compared to thoseeachyead sole
activator. Therealso appears to be some scopesiastitution ofBa®* for C&* in C-A-SH

gel, particularly wien no sulphate is added.
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