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Abstract

A cementitious system for the immobilisation of magnesitch Magnox sludge was
producedby blending anMg(OH), slurry with silica fume and an inorganic phosphate
dispersant. fie Mg(OH)» wasfully consumedafter 28 days of curinggroducinga disordered
magnesium silicate hydrate (BFH) with cementitious propertiesThe structural
characterisation of this -H phase by°Si and®Mg MAS NMR showed clearly that fias
strong nanostructural similarities to a disordered form of lizardite, and do¢skeodn the
talc-like structureas has been proposed in the past feM gels.The addition of sodium
hexametaphospha{dlaPQ)s as a dispersamnabéd the material to be produced at a much
lower waterkolids ratig while still maintainingthe fluidity which is essential in practical
applicationsandproducing a solid monolitfSgnificant retardation of M5-H formationwas
observedwith larger additions of phosphate, howevke use of 1 wt. % (NaP§3 was
beneficialin increasing fluiditywithout a deleterious effect on-8H formation. This work
has demonstratetie feasibility of using MS-H as binder to structurally immobilidgdagnox
sludge, enabling the conversion of aste into a cementitious binder with potentialgry
high waste loadings, and providing the first detailed nanostructural descriptionnoétieal
thus formed.

Keywords: Magnesium silicate hydrate, Disordered materiRiadioactivewaste, Nuclear

magnetic resonanc®ispersion
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1. Introduction

The United Kingdom has operated a fleet of Magnox nuclear power pdamger 50 years,
utilising natural uranium fuel clad innaMg-Al alloy (Magnox) casing Corrosion of this
cladding duringreprocessing and storage has resultethénaccumulation oé substantial
guantity of legacy Mg(OHyrich sludges in storage ponds and silos2013it was estimated
that there were1497 ni of sludge in the Magnox Fuel Storage Pomidnel mainly
constituting Mg(OH) with some corroded uranium, hydatdite
(MgsAl 5(CO3)(OH)16- 4H,0),% and artinite (MgCOs(OH),- 3H,0),% along with asignificant
quantity ofmixed radionuclidesncluding *°Sr, **'Cs, ?*’Am and isotopes of Pliin the UK
these sludges arelassifial as Intermediate Level Wastdd W), that is, significantly
radioactive but not heat generatifg,and thus treatments required for their safe

immobilisation and disposal

Portland Cement (PC) composites blended with hmymantities of supplementary
cementitious materials such as blast furnace slag (BFSflyaash (FA) havelong been the
preferred matrices for the encapsulation of much of the liowentory in the United
Kingdom . A recent study by Collier and Milestofigeported that no significant chemical
interaction occurred between Mg(Qt$)udge and FA:PC and BFS:PC cement matrices, with
no identifiable incorporation of magnesium into the hydrated binder products. This iddicate
that the solids of the sludge were encapsulated in the matrix, rather thanatlyebaiond

The use of P&ased materials may not be optiml for Magnox sludge
immobilisatiorlencapsulatioras the varialle water content of the sludgean cause issues
related to theelease of bleed water when blended with conventional encapsulation.’grouts
The conventional P@ased grouts also occupy a significant space as a matrix to encapsulate

the waste, limiting the physical space for waste loading possible per geackiae
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developnent of a tailord binder, which uses the sludge as the basis for a cementitious
matrix, could enable highevaste loading$o be achievedand couldalsoreduce the footprint

of the encapsulated waste in a futgemlogical disposal facilityGDF).

Alternative binders such as magnesibased cements have been studied in recent gsars
part of thepush towards reducing the environmental footprint associated with the production
of Portland cement materials, and the development of sustaiitafie purposealternatve
cement$ This largely stems from the ability to calcine magnesite (Mg@®form magnesia
(MgO) at a lower temperature tharequired for the conversion ghlcite (CaC@) to PC,
leading to potential energy savingd Magnesiurrbased cements areften producedby
combiningMgO with phosphates or magnesium chlorjdesform magnesium phosphate
cements (also known as chemically bonded phosphate ceramics -raseidements) or
magnesium oxychlorideement* respectively. However, in the last decagignesium
silicate hydrate (M5-H) cements basedn blends of MgQand silica fumehave attracted
attention as bindsrin refractory castablesnd aslower pH cements fothe immobilisation

of ILW containing reactive metalswhich would corrode and generate hydrogen if

encapsulated in RBased material€,

The MgGSiO,-H,0 sydsem has been the subject of studies to determine the reaction products

'3 and lowtemperaturé* conditions,with a

formed from solution, botkinderhydrotherma
combination of both talc and serpentiilee phases identified among the reaction products
Studies have increasingly focussed on the potential f&las a cemenusing dead burnt
MgO-silica fume(SF) blends at ambient temperatyreight burnt MgO-SF blends®* and
MgO-MgCOs-SFquartz sand composités However,work based on the use of Mg(OHs

the mainMg source has not been as prominent, &eddrmation of MS-H type gels within


http://dx.doi.org/10.1039/C5DT00877H

Preprint version of accepted article. Please cite as:

S.A. Walling, H. Kinoshita, S.A. Bernal, N.C. Collier, J.L. Provis. “Structure and properties of binder gels formed in
the system Mg(OH),-SiO,-H,0 for immobilisation of Magnox sludge”, Dalton Transactions 2015, 44(17):8126-
8137.

Official journal version is online at http://dx.doi.orq/10.1039/C5DT00877H

the Mg(OH),-SFH,0 systemcured atnearambient temperaturdsss notbeenstudiedfor

cemening applications.

The formation of poorly crystalline M-H gels has also been identified in conventional
Portland cements after exposure tofatal attack® and it has been postulated that3vH

forms as a secondary product in BFS:PC blended cefeRiscent studies have also
identified M-S-H as an alkalinalteration product of nuclear waste glas§eand as a phase
formed in lowpH cements as a result of interactions with groundwatdernuclear waste
repository conditions? The identification of such phases in these key environments related to
nuclear waste disposal highlights the importance of developing a full s#luctur

characterisation of the M8-H gel, which remains poorly understood at present.

In this study hydrated Mg(ORIBF blends are produced and characterised up to 28 days of
curing with a focus orassessingvorkability, strength, phase development and gel structure
of the MS-H system.Due to industry and regulatory concerns about ghssibility of
organic superplasticisers enhancing radionuclide solubility within nuclessteform
cementg’ the application of an inorganic deflocculant (sodium hexametaphosphate
(NaPQ)s), as used in castables and for clay dispersbowasalsoinvestigatedas a meant
reduce water demand@hisadditivehaspreviouslybeenused in MS-H cements?? > butits

effect on fluidity and phase formation within these cements hagetdteendescribed in

detail

2. Experimental methodology
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2.1 Materials

The raw materialsusedwere Mg(OH), from Intermag Company.td (<95% purity), silica
fume (SF) 181 (Microsilica 940U, >90% SiQ) supplied by Elkemas an undensified dry
powder,and sodiumhexametaphosphate ((Na§) 6570% RBOs basis)supplied by Sigma

Aldrich.

2.2Formulation design

Throughout the experiments, a mix design of 1:1 Mg{&#H was utilised. Aeinfluence of
the (NaPQ)s in the ranged to 5 wt.% of the bindegnd the water/bindew/b) ratio, on the
workability of the M-S-H systemwas investigatediia mini-slump testing as described in
section 2.4 An initial w/b ratio of 1.2(defined on a mass basijs testecat different
(NaPQ)s levels andthen this wassystematically reducelly 0.1 unitincremens until the
samples were no longer fluid (i@mini-slump value of 11.3 cimcorresponding to the base
area of the coneto identify the lowest w/b ratio at which the samples could reasonably be
mixed and emplacedror the system withut (NaPQ)s the w/b ratio was also increased
systematicallyby 0.1 unitincremens from 1.2due to the lowmini-slump values recorded,
until a value of ~80 cn? was achievedOnce an optiral level of phosphate addition was

identified, the structural development of this paste was then studied over the tume@f c

2.3Mix methodology

To prepare pastegfNaPQ)s was fully dissolved indistilled water, then Mg(OH), was
graduallyaddedover 1 minute andthis suspension wasechanicallymixed for 3 minutes
beforeadding the silica fume. Mixing continued far additional5 minutes, angbastes were

thenpoued nto 50mL centrifuge tubessealed placedin an environmental chamber a04
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°C and95% rdative humidity and cured for up t@8 daysPreliminary studieshowed slow

reactionat 20°C, and therefor@nelevated curing temperatuoé 40 °Cwas selected.

2.4 Analytical methods

Mini-slump testing was performed using a potg{rafluoroetene) minislump cone
(downscaled Abrams congeometry 19 mm top diameter, 38 mm bottom diameter, 57 mm
height??) on a sheet of poly(methyl methacrylate) marked with grid squares<a? 2m.
Freshly mixed pasgewere usedin triplicate testsandin each instanca photograph was
taken of the final slump from above, from which the slump area was calculatgdmsigeJ

software® calibrated to the grid.

For compressivestrength testingthe paste was poured into 50m steel cube moulds,
compacted with the use of a vibrating taldealecand curedas described abov€ubes were
demoulded after 3 days and returned to the environmental charebéng was performed in

dudicate using a CONTRQO& Automax Snstrument at loading rate of 0.25 MPal/s.

Hardened sampleshich had been cured for 7, 14 andd28swerecrushedand immersed in
acetondor 2 daysto arrest hydratiorthen dried in aacuum desiccatdor a further 2days.
These were then ground with an agate mortar and sieved to <63 um using a edss sie

analysisby the following apparatus.

X-ray diffraction (XRD) was carried outusing a STOESTADI P diffractometeCu Ka,
1.5418A) using an inaging plate detector (PSD)to collectdatabetween 10% 20 < 70°,

and anglecorrected using a silicon standar@elected samples were analysed via


http://dx.doi.org/10.1039/C5DT00877H

Preprint version of accepted article. Please cite as:

S.A. Walling, H. Kinoshita, S.A. Bernal, N.C. Collier, J.L. Provis. “Structure and properties of binder gels formed in
the system Mg(OH),-SiO,-H,0 for immobilisation of Magnox sludge”, Dalton Transactions 2015, 44(17):8126-
8137.

Official journal version is online at http://dx.doi.orq/10.1039/C5DT00877H

thermayravimetric aalysis (TGA)using a Pyris 1 TGAand dfferential thermal analysis
(DTA) using aPerkin Elmer DTA 7 bothusing an aluminarucible, ata heating rate o0
°C/min up to 1000°C in anitrogenatmosphereFTIR spectroscopyas undertaken usirg
Perkin Elmer Spectrum 2000 spectrometer mind-IR mode using pressed KBdiscs
containing 2 wt.% powdered samp8olid stat€°Si NMR spectra were collected orvarian
VNMRS 400 (9.4 T) usina 6 mm o.d. zirconia rotoiChemical shifts were externally
referenced to tetramethylsilane (TMS) at 0 ppi8i MAS NMR spectrafor M-S-H were
collected at 79.435 MHavith a spinning speed of 6.8 kiHa pulse duration of 6.2s(90°)
and arelaxationtime of 30 s,for a minimum 0f2000 scans.M-S-H samplesfor NMR
analysis wereproduced usingnalytical gradeMg(OH), (Alfa Aesar, 95-100% purity)to
eliminate any possibility of Fe contaminatidiiSi MAS NMR spectra for mineral samples
(lizardite and antigorite) were collected at 79.438 MHz, with a spinning speed of 6 kHz, a

pulse duration of 4.fis (90°) and relaxation time of 1 s for 43200 scans.

Mg MAS NMR spectra were obtained on a Bruker Advance Il 850 spectro(istes T)
using a4 mm zirconiarotor, with a spinning speed df0 kHz (M-S-H, lizarditeand tal¢ and
14 kHz (antigorite- requireddue to signal broadening from inorSpectra were collected at
52.05 MHz with a pulse durationof 5 ps (90°) and relaxationtime of 2 s Higher iron
contents in these two samples enabled a faster relaxation time to be used thiae MigH
materials.Chemical shifts were externally referenced to either M8® ppm)or a 1 M

MgCl, (0 ppm) solution.

3. Results and discussion
3.1Influence of (NaPQ;)s addition

3.1.1. Mini-slump
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The addition o{NaPQ)s as an inorganic dispersdetl tovast differencs inthe workability
between the samples produgexs shownn Figure 1. With no phosphate addition, the paste
was thick andacked fluidity, and a w/b ratio as high as 1.6 was required to achieve a
minislump of ~80 crh For comparison, using a mielump test in this geometry, a typical
Portlandcement paste with a w/b ratig 0.36and no organic admixtureshievel 27 cnf,

andwith aw/b ratioof 0.5achieved8 cnf.??

The addition of 1 wt.%dNa(POs)s consistently produeka higher fluidity than the other
formulations though only marginally more thahe 2 wt.% formulation Both 1 and 2 wt.%
enabled retention ad high fluidity, ~130cn, down to w/b= 0.7, with zero slump only
reached atv/b = 0.50using 1 wt.%Na(PQ)s, andw/b = 0.55using 2 wt.% Someloss of

fluidity wasobservedt5 wt.% (NaPQ)s addition with higher w/b ratiogequiredin orderto

achieve similar minslump valuescomparedto the formulations withl and 2 wt.%
(NaPGs)s. This indicates thata thresholdlimit exists beyondwhich the dispersion is no

longer as effectiveyhen too much phosphate is added.
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Figure 1. Mini-slump values for 1:1 Mg(OH)SiO, with 0-5 wt.% (NaPQ)s as shown in the
legendas a function of water/binder ratio. A measurement of 11%mmlicates no slump, as

this is the initialslumpcone area

The ability to maintain a high workability over a wide range of w/b ratjogding (NaPG)s

as a dispersant enables a wider range of sludges to be used as a feedstockhelue to
variable water contentCorrespondinglysignificantly less water is required to fluidise the
system, compared to the phosphate free syst@ims.is important, as the w/b ratio hakey
impact on porosity in cementitious systemand reducing water content is the most
straightforward way téower the porosity of the hardened materfdrosity of a cementitious
binder is intrinsically linked to permeability, and consequentyays a major role in
determining the mobility of radionuclidesin the longterm leaching of cementitious

wasteformg*
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3.1.2. Compressive strength

In the hardened state, the physical effects of changing the dose ofjfllaR®Donly minor
effects for a given w/b ratio. Figure 2 shows the development of compressivehstisragt
function of curingdurationfor samples with a w/b ratio of.@ All samples exhibited slow
strength gain during the first 28 days, with the sampbegainingany amount o{NaPQ)s
producing similar compressive strengths at each age of curing. The lowttsrehgwn here
are relatedo the high water/binder ratiof this sample set, whicprevents the development
of a strong microstructurelhe sample formed ithe absence of (NaRJ@ produced the
lowest strength after 28 days. This is likely todmonsequence dhe presence ofoidsand
bubbles within the samples caused by the extremely viscous paste proahaoddwas

difficult to cast nto the moulds despite the use of a vibrating table.
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Figure 2. Compressive strength of 1:1 Mg(QH§IO, pastesw/b = 1.0, with 0-5 wt.%

(NaPQ)e

All of the sampleproduced withw/b = 10 exhibited lower compressive strengths than
recommended fouse ina typical nuclear waste package (4 MPa for a 500 L dftim)t at

14 and 28 days did exceed the 0.7 MPa which is the baseline performance requirement for
material handlingOn this basis, and to offer chemical consistency throughout all samples,

this w/b ratio was selected for use in characterisation of the hardened bindetgroduc

3.1.2. X-ray diffraction

Figure 3 shows similar hydration products formed in the tested samples, withe brucit
(Mg(OH),, PDF # 742220) and silica fume consumed to varying degrees at different levels
of phosphate additiono produce MS-H. Calcite (CaCQ, PDF #05-0586)wasidentified as

a minorimpurity in the commerciagradeMg(OH),. In the XRD patterngoorly crystalline
M-S-H is clearly observed via diffuse scattering at 20°, 36° and 61° 20, with a minor diffuse
reflection at 28° 20. These diffractograms are similar to those observed for other-$4H
systems>" 1 as well as for mechanically amorphised taitsnd for ground chrysotilp
these phases absth consideregotential structuramodels forM-S-H2’ Excess silica fume

is identified viaa diffuse reflectiorrentred at 20° 20, partially overlappingone of theM-S-H
reflectiors. The formation of MS-H appeaed to beretarded when (NaP{3 was added
beyond 1wt.%; thiswas clearly observeid the XRDdata br the2 wt% and 5 wt.% samples

after 28 days of curing

11
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Figure 3. X-ray diffraction patterns of 28 daguredl1:1 Mg(OH):SiO, (w/b = 1.0) binders,

with (a) 0, (b) 1, (c) 2 and (d) 5 wt.% (Nap&addition

3.1.3. Thermal analysis

The derivative thermogravimetryD(TG) data presented in Figurecorrelate well with the
diffractograms in Figure3, recordinghigherresidualcontents ofMg(OH), (decomposition
peak at ~400 °G®) in the samplewith increasing addition of phosphathe weight lossat
temperaturesip to ~150 °Cis assigned tdhe releaseof adsorbed water from the surface of
the M-S-H*“as well as free water held in the pores of the hardenedmgkrystalline talc
present would lose structural water at 87B00 °G?® and thus is identifiably absent from
these samples (consistent with the XRD data), while poorly crystalline talosndy
chrysotile ground antigoriteand M-S-H are knownto lose water slowly over a wide

temperature rangaelow 700 °C-30 ¢ 14827, 29

12
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Figure 4. DTG data for 1:1 MdDH),:SIO, (w/b = 1.0) with 0 -5 wt.% (NaPQ)s, samples

cured for 28 days. Inset shows the data above 300 °C with an expanded vertical scale

Table 1shows a quantitative breakdown of the thermogravimetric data in key temperature
regions of interestfor samples cured for different durationBhe mass losbetween340 —

440 °Crepresentshe quantity of unreacted Mg(Ol)and it is evident that even at 1 wt.%
addition of (NaPG@)e, the rateof Mg(OH), consumption \as reducedcompared to the
phosphatdree sampleMore unreacted Mg(OH)was presentfeer 7 and 14 days of curing

in the presence of phosphate, although for 1 and 2 wt.% (Nap@rity with the phosphate

free systemwas reached after 28 days. Addition of 5 wtghosphatereducesMg(OH),

consumptiorat all ages studiedvhich is consistent with the XRD analysis in section 3.1.2

13
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the mass loss peak is much more prominent in this sample than in the others showrein Fig

4.

Table 1.Massloss (%) determined by TGA in different temperature ranges for 1:1
Mg(OH).:SiO, (w/b = 10) with 0 -5 wt. % (NaPQ)s, atdifferentcuring durations.

Uncertaintyin calculated mass losgpprox. £ 0.2%

Mass loss (%)

Curing duration (days)

Temperature range (°C) Na(POs)s (Wt. %) 7 12 8
0 27.2 27.9 29.2

25 to 1000 1 27.2 28.0 29.8
2 26.1 27.4 30.1

5 26.0 27.2 30.2

0 7.2 3.6 2.3

340 to 440 1 10.2 5.5 2.2
2 11.1 6.6 2.3

5 10.6 7.6 4.1

0 5.8 7.0 7.4

450 to 1000 1 5.4 6.2 7.0
2 4.9 5.8 6.5

S 4.2 4.8 5.4

In Figure 4 the region between 450 ai@0 °C was seen to consist of two peaks, located at
550 °C and 640 °C. The peak at 550 °C is identifiedheaing due specifically tdp1-S-H
decomposition, with the peak at 640 °C assigned to the decompositiaftité (CaC@),*
which is introduced into each sample in equaportions as an impurity in the Mg(OHAs
previously mentioned, the 18-H loses water slowly and over a very wide temperature range,
and thus, thenassloss eventat 450-1000 °C istreated as characteristior its analysis in

Table 1, assuming@nstant CaCg@contribution in all samples.
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Magnesite (MgC@ decomposs at527-615 °C>*! but this phase was ndtlentified by
FTIR or XRD analysisand so is not considered to contribute significantly to the DTG
profile. Other (hydrous) magnesium carbonatesould show distinctivelow-temperature

decomposition peakand alsovere not identifiedy XRD or FTIR

The inset in Figurd demonstratea clear difference between the samples at 28 ofagge

which is alsoquantified in Tablel for each curing age. it was assumed thal-S-H was
structurally similar between the samples, this would indicate th&tHformation increass

with curing age, anvasretarded by th@hosphate additian Thisis in agreemenith the
differencesobserved irthe diffraction @tterns(Fig. 3). However, when comparing between
the 0 and 1 wt.% (NaP{3 data, thanassloss in Table for Mg(OH), decomposition (340

440 °C) remains the same (and XRD analysis (Fig. 4) suggests complete Mg(OH)
consumption), howevethe massloss for MSH is different between these two. This
suggests there might besaucturaldifference in the MS-H gels forming due to the effect of

the phosphate additive.

3.2.Structural evolution

3.2.1. X-ray diffraction and thermal analysis

Based on the discussion in the preceding sectioriher analysis wasundertakento

understand the structural evolution of a phosphate modified systelril Mg(OH):SiO,

15
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blend using a w/bratio of 10 and 2wt. % (NaPQ)s, was used ag developed the highest

compressive strength among the samples testedsat/b ratio.

B - Brucite
M - M-S-H
C - Calcite
S - Silica fume

(c)
B
B
S B
M M C M BMB
(b)
(a)
I i I i I i I 4 I 4 I 4 1
10 20 30 40 50 60 70
20 (degrees)

Figure 5. X-raydiffractogramsof 1:1 Mg(OH):SiO, (w/b = 1.0 with 2wt.% (NaPQ)e at

curingages of (a) 7, (b) 14and (c) 28 days

Thestructuraldevelopment othebinder can be seen thediffractograms irFigure 5, where
decreasingntensity of thebrucite (Mg(OH),) reflectionsis evident, along withincreasing
intensity ofM-S-H reflections ashe curingprocess progressebhis correlate well with the
DTG datafor samples with different curing duratio(f3g. 6), demonstrating that longéerm
curing led tdower masdossat ~400 °C (MgOH), decomposition), and largerasdossesin
the regions 25 150 °C and ~550 °C, both of which can be used as indscatoM-S-H

formation Asin Figure4, theseDTG data alsshowa double peakn theregion 4508700 °C
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At early ages both peaks appéahavea similarintensity butthe peak at 550 °C increase

at later curing agesvhile that forthe calcitedecomposition at 650 °C remains constant.

0.00
-0.05 4

O -0.10-

=X

= -0.15

=

2

Q

2 .0.20

Q

2

dt-“! pmne?

2 -0.25

‘d-} ,,,,,,

a - - --14 days
-0.30 —— 7 days
-0.35 . | . | . Iﬂ;n e;:n 700 | g0 800 10‘0:;

0 200 400 600 800 1000

Sample temperature (°C)

Figure 6. DTG data forl:1 Mg(OH):SiO, (w/b = 1.0)with 2wt.% (NaPQ)e, atcuring ages

of 7, 14 and 28 days

The DTA datafor the M-SH binder(Fig. 7) siow endothermic heat flow featuressimilar
temperature range® those observed as mass loss peakBT®, but with an additioral
exotherm at 80@50 °C, which becomes sharper and more intewg#l greatersample
maturity. This signalchanges from two shallow exotherif@26 and 853 °Cafter 7 days, to
one strongsharpexotherm at 833C after 28 daysThis changes notassociated witla mass

losseventin the DTG dataandthereforehasbeen identified aghe crystallisationof M-S-
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H.2® 1% Smilar crystallisation events have beenobservedin thermal treatment of
amorphised talé®® which is converted to enstatite (Mg$)Oat this temperature®
Comparablesxotherms are noted in natural serpentine minenadls, chrysotile exhibiting a
particularly sharp exotherniprming a mixture of enstatite and forsterite @8g,) upon

heating®

(c)

Exoup —>

(b)

(a)

' I T T 4 I T L ' 1
0 200 400 600 800 1000
Sample temperature (°C)

Figure 7. DTA data for 1:1IMg(OH),:SiO, (w/b = 1.0 with 2 wt.% (NaP@)s, at curing ages

of (a)7, (b) 14 and (c) 28 days

To further understand the exotherms observetth&DTA datg samples cured for 7 and 28
days were heated to 900 °C and analyseHRD to determine the csyalline phases formed
(Fig. 8). There is a clear differenagbservedbetween the samples. For the 28 day cured
sample, only enstatite (MgSiCPDF # 73-1758)vas presensimilar tothe thermal treatment

of amorphised talc as noted abo@a the othehand for the 7 day cured sample, in addition
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to enstatite, forsterite (M&iO,, PDF # 34189), periclase (MgOPDF # 894248) and a

broad band around22’ 26 assigned to low-crystallinity silicawere alsambserved.

e - enstatite
f - forsterite
p - periclase

2
oee| 28days

10 20 30 40 50 60 70
20 (degrees)

Figure 8. XRD patterns of 1:1 Mg(OH)SIO, (w/b =1.0) heated to 900 °C after 7 and 28

daysof curing

The presence of a singlgharp exotherm in the DTA data for th& day cured M5-H (Fig.

7) can be explained by the presence of only enstatite after hégitind@). The shallower
double peak observed in the DTA data for the 7 day cured sample could be attalautesist
developed and less homogeneousSM gel structurewhich crystallisednto enstatite and
forsterite at slightly different temperaturd$e signficant amount of periclase in the &y

cured sample is due to the dehydroxylationeohnantMg(OH), upon heating.
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3.2.2. Fourier transform infrared spectroscopy

The FTIR data shown in Figure 9 demonstrate the evolution of phases with time, from the
raw materials to the 28 day cured samplee slica fume used in the present study (Figure
9a) hada spectrum similar to that of vitreous silica, with broad bands at dittand 803

cm* arising from SiO stretching, and at 475 €narising from GSi-O bending®® Mg(OH),
(Figure 9b) displayed a characteristic OH vibration at 3698 amd libration at 415 cih

with adsorbed water at ~3400 ¢rand the broad carbonatebration of the calcite impurity

at 1450 crit.** The anhydrous mix (Figure 9c) naturally showed the features of these raw

materialscombined.

Upon reactionsome of these features from the raw materials became less promineragFigur
9de), and the spectrum of the 28 day sample (Figure 9fnbecvery similar to those

previously reported for other M-8-gels’*?

It is noted that the spectrum of the 28 day curing sample also resdidde for partially
amorphised talé® 2° ground chrysotilé’ and ground antigorit€® Libration of the MgOH

unit in talc has been observed at 669'cmlong with a vibration of chrysotile at 608 ¢m
(shoulder at 645 ct),*® and similar modes are likely to be causing the peak seen in-e M
H at 642 crit. The SiO-Si vibrations of theetrahedral sheets within the talc structure are
recorded at 1018 cfand 1047 cm,* while amorphised chrysotile exhibits-plane SiO

and outof-plane SiO stretching at 1025 c¢hmand 1082 cril respectively, with asymmetric
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Si-O stretching at 960 ch’ The broad band centred at 1009 Gwith a broad shoulder at

1052 cnt, in the M-SH is likely to be related to similar structural motifs.

The broad bands at ~3400 ¢rand 1640 cmi, which increaseni intensity with age, are
suggestive ofwater adsorbedto surfaces or incorporated in disordered reaction products
Some contribution in this region may also be frorO8i vibrations due to the hydrated

residual silicawhich may also be producing the shian seen at ~ 885 chn

1641 1462 8.35
' 1009 |

\ VU
(d)

] \r\/\f\/
805
3697 1212
1117
476
—(;)T/ W\—_\

I ! I ! I N I N I ! 1 N I N I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 9. FTIR spectraof (a) silica fume, (b) Mg(OH) (c) 1.1 Mg(OH):SiO, with 2 wt.%
(NaPQ)s as amanhydrous powder mix, and hydrated samples cure@¥at, (e) 14 and (f)

28 dayqw/b = 1.0for all hydrated samplés

3.3. Nuclear Magnetic Resonance (NMR) spectroscopy
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2%Si and®Mg MAS NMR experimats were carried outto identify any structural changes
occurring in these binders at advanced times of curing (up to 8 moatitthe effect of
(NaPQ)s addition onthe structure of the Mb-H formed in thel:1 Mg(OH):SIO, binder
system.The 2°Si NMR spectraof M-S-H sampleswith 0% and 2% (NaP4) after 1 and 8

months of curingre reportedh Figure 10.

The #°Si MAS NMR spectran Figure 10are in good agreementith previously reported
spectra for synthetic Ms-H type gels produced using MgO the main Mg source™*? 153 37
Both the 1 and 8 month datetsresemble most closely the aged (6 months) -Mgh

samples produced at 85 °C by Brew and Gla¥&and the peak assignments presented here

follow the general trends identified by those authors.

Deconvolution of the spectenabéd theidentification offive peaks, with very minor shifts
between spém (Table 3. For the two spectrabtainedafter 1 monthof curing, @ and G
peaks centred around -81 and -86 ppm respectivelgreidentified, with the @ region split
between two peaks centred(a} -93 and(b) -97.7 ppm respectivelylt is noted that thé’Si
MAS NMR spectra of serpentine minerals and tgfically exhibit peaks in the Qregion,
while broader ®and J bands signify a less structured géle major ((a) peakat-93 ppm
wasconsistentvith the @ resonance typically identified imothchrysotile®® and antigorite?
while the smaller &b) peak at-97.7 ppmwasassigned t@ Q’ site environment similar to

thosetypically presentn talc?®
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Figure 10. ?°Si MAS NMR spectrdor 1:1 Mg(OH)Y:SiO;, (w/b 1.0) with (a) 0 and(b) 2 wt.

% (NaPQ)s at a curing age df month, (c) 0 and (d) 2 wt. fdlaPQ)s after 8months of

curing. The datgpresented includasimulation and constituent peaks underneath.

Table 2 Peak positions and widths (ppm) for deconvolutions showigur& 10. Estimated

uncertainty in alculatedntensitiest 1%

1 month 8 months
NaP
(NaPOJs Q¢ @ Q@ b ¢ Q@ @ Q@ b
Centre -80.5 -85.7 -929 -97.7 - -80.5 -85.7 -929 -97.7
0 wt. %
FWHM 5.9 4.1 4.8 4.7 - 6.6 4.0 4.1 59
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Intensity (%) 13.7 24.4 579 40 - 116 265 559 6.0

Centre -80.9 -85.9 -93.2 -97.7 -112 -80.0 -85.7 -935 -97.7
2 wt. %
FWHM 75 4.2 5.2 82 127 6.6 4.7 4.5 7.1

Intensity (%) 16.1 158 521 5.3 10.7 7.7 266 573 83

The relatively high &a+bYQ? intensityratio in Figure 10 is indicative of a high level of
structural development in the gel. The addition of 2 wt.% (NgHEads to thg@resencef a
peak centrect -112 ppmafter 1 monthattributed to Q species in unreacted silica fuffie
and indicaing a lower extent of reactiomesulting in lower intensity Yand G peaks This
indicatesthat with no addition of (NaP{} the silica fume hé&completely reactedwvhile the

presence of phosphate had retarded the conversion of silica fume to M-S-H.

After 8 monthsof curing the spectrdnad changedlightly compared with tbseobserved in
the specimens aftdrmonthof curing Therewas a decrease in the'@egion for both 0 and 2
wt. % phosphate sampleg/hich suggestshat further structural developmemf M-S-H
occurred inthe sampledeadingtowards the formation of a more cross-linked structfier
8 months of curing the resonance assignethéod sites of unreacted silica funveas no
longer presenin the phosphateontaining sampleindicating that the silica fumein these

bindershasbeenfully consumedt this time

The structure oM-S-H haspreviouslybeenproposed to resembke poorly crystalline talc
like material**® Talc typically exhibits a singlé’Si peak at97.7 ppnt> howeverthis peak
was onlya minor @ component within the binders produced in this stutye major 3

component wasdentified at -93 ppm, which correspond® that typically found in the
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serpentine group of minerals (polymorphshMds(Si.Os)(OH)4, such as chrysaotile, lizardite
and antigorite The reported®Si NMR peaklocatiors for these minerals waslightly from
publication to publication, potentially due to the slight variaionchemical composon of
each natural samptiue toFe, Ca and Al inclusions. Bottheysotile®® andantigorite®*® have
reported values close t®3 ppm,although the antigoritepectrumis broad, while data for

lizardite aredifficult to obtain.

To clarify the details of th-S-H structureformed here, atural mineral samples of lizardite
and antigorite were obtained and analysed?# and *Mg MAS NMR. These sampke
containedtraces ofiron (7.0 wt.% in antigorite, 3.4t.% in lizardite, on an oxide basis as
determined by Xay fluorescence broadening the signal and affectitinge relaxation times
This was moreevere for the antigorite sample. Tizardite was also slightly aluminoyg.1
wt.% Al,Os), as Al often substitutes for S natural sample$ Thesespectra are shown in
Figure 11 both exhibiting strong signals within thé @gionat around-90 ppm.The broad
antigorite spectl featureat-87.8 ppm is downfield of the principaP@eaks in the M5H,
although the spectrum is not of high resoluthereaghe main lizardite peak a®3.7 ppm
matches very closely to the’@) site observed within the #8-H samplesThere does exist a
broad feature downfield of this peak, which significandgtucesn areawhen cross polarised
with *H, suggesting that these environmentsy resembleless ordered)ess hydrated

lizardite-like assemblagethan the primary &a) site
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Figure 11.2°Si MAS NMR spectra for: (a) lizardite, (b) antigori&pinning sidebands

marked with *

Mg MAS NMR data aresignificantly more difficult to obtain and interpret thanthe case

for 2°Si. The low natural abundance (10%) dod resonance frequenocyf *°Mg often
necessitat¢he use ofery high field instruments (e.g. 20 T uskdre *2. Combined withits
quadrupolar ature (spin °5), this makesthe interpretation of spectraomplex, although
recent advances in this field are shedding more light on this less well studiassfititle

Mg MAS NMR spectra of lizardite, antigorite and talc are overlaid thi¢hspectra of and

8 month curedM-S-H samples (with0% (NaPQy)s) in Figure 12 A clear change in
lineshape is observed in thee$H samples as curing progresses, with the spectrum shifting
upfield. The 8 month MS-H samplespecificallyalignswell with the lizardite spectrum (as
compard in Fig. 13), compared to the antigorite or talc spectra. It should be noted that being
a natural sample, the lizardite contaamsimpurity of~12 wt.% Mg(OH), which will modify

the Mg spectrum. At this field strengteeconeorder quadrupolar interactions of the central

transition caus&g(OH), to exhibita split doublepeakfrom its single Mg sité*. This double
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peak iscentred-9 ppm, which isin the central part of the lizarditgpesctrum. Though

contributing to the peak, this is unlikely to significantly alter the peak position.

MSH
« 8 months

;_‘;_,- Lizardite

.. Antigorite
L

200 150 100 50 0  -50 100 150  -200
Chemical shift (ppm)
Figure 12 *®Mg MAS NMR spectra of 1 and 8 month cured M-Swith reference materials

Notethat theantigorite spin ratevasincreased from 10 to 14 kHz due to line broadening

from iron.

\ ' Lizardite
| —— MSH - 8 months |

1%0 ' 160 ' 50 0 ' -slo ' -1|00 ' -1|50
Chemical shift (ppm)
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Figure 13 »®Mg MAS NMR spectraof 8 month cured M-S-H, and comparisweith lizardite

Studies ® mineral formation in the M5-H system have evolved significantly over time, as
thermodynamicand kinetic data are refinedPrevious papers have included chrysotile as a
stable phase, or exclude lizardite from calculations, leading to predictionseithat
antigorite or chrysotileare stable at low temperaturés Recently, however, it has been
concludedthat lizardite is the stable phase in theSNH system below ~300C, with
antigorte only stable at temperatures exceeding 256° Chrysotile is postulated to only
form from supersaturated solotis as a kinetic effeéf having no thermdynamically stable
range withinthe M-S-H field.*® Given this assessmenit seemgeasonable to concludbat

the serpentindike feature in theM-S-H gel is likely to bestrudurally similar to the

thermodynamically most stabfgasethis is lizardite given the formation conditions.

This assignment fitsvell with the chemistry othe binders produced within the Mg(QH)
SiO,-H,O system studiedassuming completeeaction of Mg(OH), and SiQ in these
samples, the molar Mg/Si ratio of this binder should-085 This ratio is between those of
talc (0.75) and lizardite (1.5), and thus suggests that the structuras ofobibth mineral
types ardikely to be present in the gstructure.lt does howeverappear that ageing of the
gels produces a gel which is closer in structure to lizardite than talc, aheidby the

aforementioned NMR data.

Analysis of M-S-H gels at different Mg/Si ratios byBrew and Glass&* showedthat

increasinghe Mg/Si ratioof the M-S-H gel induced changes in theak positionsf the?*Si

MAS NMR resonances towardisssnegative chemical shift valuels that study, ged M-S-

28


http://dx.doi.org/10.1039/C5DT00877H

Preprint version of accepted article. Please cite as:

S.A. Walling, H. Kinoshita, S.A. Bernal, N.C. Collier, J.L. Provis. “Structure and properties of binder gels formed in
the system Mg(OH),-SiO,-H,0 for immobilisation of Magnox sludge”, Dalton Transactions 2015, 44(17):8126-
8137.

Official journal version is online at http://dx.doi.orq/10.1039/C5DT00877H

H gelsformulated withMg/Si ratios of 0.82 and 0.8hibitedQ® bands athemical shiftof
-98.8 ppm and -97.7 ppmespectivelywhereadM-S-H gels produceavith an Mg/Si ratio of
0.94 showed goeak shifted t694.6 ppm.The authors noted that their FTIR afi8i NMR
data more closely resembled chrysotile than fHhts suggests that there asshift from the
formation of apoorly crystalline taldike structure toa poorly crystalline serpentirike
materialwhen the Mg/Si ratio is increasdtis important to understaritis structural shift as
a function of compositignasknowledge of the structure of the-8#H can help to predidts
future behaviourlikely stability, andthe quantity of Mg(OH) which can be accommodated
into this system, and this is central to itseuas a nuclear wasteform. The addition of
phosphateo enhance fluidity does not appear to significantly alter the fin&H-H¥structure,
although it retards the kinetics of conversion of amorphous silica$HMn the first month

of curing.

5. Conclusions

Mg(OH), has been successfully used to produce anegment. Thé-S-H producedvas
similar to highMg gels described in other works, and largely consisgspdorly crystalline
serpentindike assemblywhich we have assigne a lizardite-type structure The addition
of (NaPQ)s was effective in dispersing th&g(OH), particles and adding fluidity tthe
system.Higher dose®f phosphate (2 wt.%r morg delay the formation of Ms-H, with 1
wt.% addition conferring thhighestfluidity with minimal impact on MS-H formation The
developments presented in therk will enable MS-H to be used as an encapsulant for both

low and highwater content sludges without the occurrence of bleed watech would
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otherwiseneed to be decanted and tezhas a secondary waste straémortland cement
based grouts were used to treat these sludges implementatiorof these cements for
Magnox sludge encapsulation, i©iowever, likely to be hindered by slowstrength
developmenin samples with a high wat/binder ratio, despite providing an effective method
of converting this waste into a cementitious bindgplication of thiscementwould alsobe
highly dependent on the Mg/Si ratio in the resultant cementitious slurryewsetrsludges
can vary widely in their Mg(OH)contents.This study has highlighted theotential for

control of gel nanstructue depending on the Mg/Si ratio.
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