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Magnesium silicate hydrate gels, synthesised for nuclear waste immobilisation, are shown by NMR
spectroscopy to be structurally similar to lizardite
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Structure and properties of binder gels formed in the system

Mg(OH),-Si0,-H,0 for immobilisation of Magnox sludge
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! Immobilisation Science Laboratory, Department of Materials Science & Engineering, The
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Abstract

A cementitious system for the immobilisation of magnesium rich Magnox sludge was
produced by blending an Mg(OH), slurry with silica fume and an inorganic phosphate
dispersant. The Mg(OH), was fully consumed after 28 days of curing, producing a disordered
magnesium silicate hydrate (M-S-H) with cementitious properties. The structural
characterisation of this M-S-H phase by *’Si and Mg MAS NMR showed clearly that it has
strong nanostructural similarities to a disordered form of lizardite, and does not take on the
talc-like structure as has been proposed in the past for M-S-H gels. The addition of sodium
hexametaphosphate (NaPOs)¢ as a dispersant enabled the material to be produced at a much
lower water/solids ratio, while still maintaining the fluidity which is essential in practical
applications, and producing a solid monolith. Significant retardation of M-S-H formation was
observed with larger additions of phosphate, however the use of 1 wt. % (NaPOs)s was
beneficial in increasing fluidity without a deleterious effect on M-S-H formation. This work
has demonstrated the feasibility of using M-S-H as binder to structurally immobilise Magnox
sludge, enabling the conversion of a waste into a cementitious binder with potentially very
high waste loadings, and providing the first detailed nanostructural description of the material

thus formed.

Keywords: Magnesium silicate hydrate, Disordered materials, Radioactive waste, Nuclear

magnetic resonance, Dispersion,
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1. Introduction

The United Kingdom has operated a fleet of Magnox nuclear power plants for over 50 years,
utilising natural uranium fuel clad in an Mg-Al alloy (Magnox) casing. Corrosion of this
cladding during reprocessing and storage has resulted in the accumulation of a substantial
quantity of legacy Mg(OH),-rich sludges in storage ponds and silos. In 2013 it was estimated

3 of sludge in the Magnox Fuel Storage Pond alone,' mainly

that there were 1497 m
constituting Mg(OH), with some corroded uranium, hydrotalcite
(MgeAlL(CO3)(OH)6-4H,0),? and artinite (Mg,CO3(OH),-3H,0),” along with a significant
quantity of mixed radionuclides including *°Sr, '*’Cs, **' Am and isotopes of Pu.* In the UK
these sludges are classified as Intermediate Level Wastes (ILW), that is, significantly

radioactive but not heat generating,” and thus treatment is required for their safe

immobilisation and disposal.

Portland Cement (PC) composites blended with high quantities of supplementary
cementitious materials such as blast furnace slag (BFS) and fly ash (FA) have long been the
preferred matrices for the encapsulation of much of the ILW inventory in the United
Kingdom °. A recent study by Collier and Milestone ° reported that no significant chemical
interaction occurred between Mg(OH), sludge and FA:PC and BFS:PC cement matrices, with
no identifiable incorporation of magnesium into the hydrated binder products. This indicated
that the solids of the sludge were encapsulated in the matrix, rather than chemically bound.
The wuse of PC-based materials may not be optimal for Magnox sludge
immobilisation/encapsulation as the variable water content of the sludges can cause issues
related to the release of bleed water when blended with conventional encapsulation grouts.’
The conventional PC-based grouts also occupy a significant space as a matrix to encapsulate
the waste, limiting the physical space for waste loading possible per package. The

development of a tailored binder, which uses the sludge as the basis for a cementitious
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matrix, could enable higher waste loadings to be achieved, and could also reduce the footprint

of the encapsulated waste in a future geological disposal facility (GDF).

Alternative binders such as magnesium-based cements have been studied in recent years as
part of the push towards reducing the environmental footprint associated with the production
of Portland cement materials, and the development of sustainable fit-for purpose alternative
cements.® This largely stems from the ability to calcine magnesite (MgCO3) to form magnesia
(MgO) at a lower temperature than is required for the conversion of calcite (CaCOs3) to PC,
leading to potential energy savings.” Magnesium-based cements are often produced by
combining MgO with phosphates or magnesium chlorides, to form magnesium phosphate
cements (also known as chemically bonded phosphate ceramics or acid-base cements)'® or
magnesium oxychloride cement,'' respectively. However, in the last decade magnesium
silicate hydrate (M-S-H) cements based on blends of MgO and silica fume have attracted
attention as binders in refractory castables, and as lower pH cements for the immobilisation
of ILW containing reactive metals, which would corrode and generate hydrogen if

encapsulated in PC-based materials.'?

The MgO-Si0;-H,0 system has been the subject of studies to determine the reaction products
formed from solution, both under hydrothermal "> and low temperature '* conditions, with a
combination of both talc and serpentine-like phases identified among the reaction products.
Studies have increasingly focussed on the potential for M-S-H as a cement, using dead burnt
MgO-silica fume (SF) blends at ambient temperatures,> light burnt MgO—-SF blends,'** and
MgO-MgCO;-SF-quartz sand composites.'* However, work based on the use of Mg(OH), as
the main Mg source has not been as prominent, and the formation of M-S-H type gels within
the Mg(OH),-SF-H,0 system cured at near-ambient temperatures has not been studied for

cementing applications.
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The formation of poorly crystalline M-S-H gels has also been identified in conventional
Portland cements after exposure to sulfate attack,'® and it has been postulated that M-S-H
forms as a secondary product in BFS:PC blended cements.'” Recent studies have also
identified M-S-H as an alkaline-alteration product of nuclear waste glasses,18 and as a phase
formed in low-pH cements as a result of interactions with groundwater under nuclear waste
repository conditions.'® The identification of such phases in these key environments related to
nuclear waste disposal highlights the importance of developing a full structural

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

In this study hydrated Mg(OH),:SF blends are produced and characterised up to 28 days of
curing, with a focus on assessing workability, strength, phase development and gel structure
of the M-S-H system. Due to industry and regulatory concerns about the possibility of
organic superplasticisers enhancing radionuclide solubility within nuclear wasteform
cements,”’ the application of an inorganic deflocculant (sodium hexametaphosphate
(NaPOs)e), as used in castables and for clay dispersions 2! was also investigated as a means to
reduce water demand. This additive has previously been used in M-S-H cements,'** ** but its
effect on fluidity and phase formation within these cements has not yet been described in

detail.

2. Experimental methodology
2.1 Materials
The raw materials used were Mg(OH), from Intermag Company Ltd (<95% purity), silica

fume (SF) 181 (Microsilica 940-U, >90% SiO;) supplied by Elkem as an undensified dry
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powder, and sodium hexametaphosphate ((NaPOs)s, 65-70% P,Os basis) supplied by Sigma-

Aldrich.

2.2 Formulation design

Throughout the experiments, a mix design of 1:1 Mg(OH),:SF was utilised. The influence of
the (NaPOs)g in the range 0 to 5 wt.% of the binder, and the water/binder (w/b) ratio, on the
workability of the M-S-H system was investigated via mini-slump testing, as described in
section 2.4. An initial w/b ratio of 1.2 (defined on a mass basis) was tested at different
(NaPOs)e levels, and then this was systematically reduced by 0.1 unit increments until the
samples were no longer fluid (i.e. a mini-slump value of 11.3 cm?, corresponding to the base
area of the cone), to identify the lowest w/b ratio at which the samples could reasonably be
mixed and emplaced. For the system without (NaPOs)s the w/b ratio was also increased
systematically by 0.1 unit increments from 1.2 due to the low mini-slump values recorded,
until a value of ~80 cm” was achieved. Once an optimal level of phosphate addition was

identified, the structural development of this paste was then studied over the time of curing.

2.3 Mix methodology

To prepare pastes, (NaPOs)s was fully dissolved in distilled water, then Mg(OH), was
gradually added over 1 minute, and this suspension was mechanically mixed for 3 minutes
before adding the silica fume. Mixing continued for an additional 5 minutes, and pastes were
then poured into 50 mL centrifuge tubes, sealed, placed in an environmental chamber at 40
°C and 95% relative humidity, and cured for up to 28 days. Preliminary studies showed slow

reaction at 20 °C, and therefore an elevated curing temperature of 40 °C was selected.

2.4 Analytical methods
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Mini-slump testing was performed using a poly(tetrafluoroethene) mini-slump cone
(downscaled Abrams cone geometry: 19 mm top diameter, 38 mm bottom diameter, 57 mm
height %) on a sheet of poly(methyl methacrylate) marked with grid squares of 2 x 2 cm.
Freshly mixed pastes were used in triplicate tests, and in each instance a photograph was
taken of the final slump from above, from which the slump area was calculated using ImageJ

software > calibrated to the grid.

For compressive strength testing, the paste was poured into 50 mm steel cube moulds,
compacted with the use of a vibrating table, sealed and cured as described above. Cubes were
demoulded after 3 days and returned to the environmental chamber. Testing was performed in

duplicate using a CONTROLS Automax 5 instrument at a loading rate of 0.25 MPa/s.

Hardened samples which had been cured for 7, 14 and 28 days were crushed and immersed in
acetone for 2 days to arrest hydration, then dried in a vacuum desiccator for a further 2 days.
These were then ground with an agate mortar and sieved to <63 um using a brass sieve for

analysis by the following apparatus.

X-ray diffraction (XRD) was carried out using a STOE STADI P diffractometer (Cu Ka,
1.5418 A) using an imaging plate detector (IP-PSD) to collect data between 10° < 20 < 70°,
and angle-corrected using a silicon standard. Selected samples were analysed via
thermogravimetric analysis (TGA) using a Pyris 1 TGA and differential thermal analysis
(DTA) using a Perkin Elmer DTA 7, both using an alumina crucible, at a heating rate of 10
°C/min up to 1000 °C in a nitrogen atmosphere. FTIR spectroscopy was undertaken using a
Perkin Elmer Spectrum 2000 spectrometer in mid-IR mode using pressed KBr discs

containing 2 wt.% powdered sample. Solid state ’Si NMR spectra were collected on a Varian

Page 8 of 35
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VNMRS 400 (9.4 T) using a 6 mm o.d. zirconia rotor. Chemical shifts were externally
referenced to tetramethylsilane (TMS) at 0 ppm. *’Si MAS NMR spectra for M-S-H were
collected at 79.435 MHz, with a spinning speed of 6.8 kHz, a pulse duration of 6.2 us (90°)
and a relaxation time of 30 s, for a minimum of 2000 scans. M-S-H samples for NMR
analysis were produced using analytical grade Mg(OH), (Alfa Aesar, 95-100% purity) to
eliminate any possibility of Fe contamination. ¥Si 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 4.5 ps (90°) and relaxation time of 1 s for 43200 scans.

Mg MAS NMR spectra were obtained on a Bruker Advance III 850 spectrometer (19.96 T),
using a 4 mm zirconia rotor, with a spinning speed of 10 kHz (M-S-H, lizardite and talc) and
14 kHz (antigorite — required due to signal broadening from iron). Spectra were collected at
52.05 MHz with a pulse duration of 5 ps (90°) and relaxation time of 2 s. Higher iron
contents in these two samples enabled a faster relaxation time to be used than with the M-S-H
materials. Chemical shifts were externally referenced to either MgO (26 ppm) or a 1 M

MgCl, (0 ppm) solution.

3. Results and discussion

3.1 Influence of (NaPQj3)¢ addition

3.1.1. Mini-slump

The addition of (NaPOs)s as an inorganic dispersant led to vast differences in the workability
between the samples produced, as shown in Figure 1. With no phosphate addition, the paste
was thick and lacked fluidity, and a w/b ratio as high as 1.6 was required to achieve a

minislump of ~80 ¢cm?. For comparison, using a mini-slump test in this geometry, a typical
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Portland cement paste with a w/b ratio of 0.36 and no organic admixtures achieved 27 cm?,

and with a w/b ratio of 0.5 achieved 68 cm?>.%?

The addition of 1 wt.% Na(POs)s consistently produced a higher fluidity than the other
formulations, though only marginally more than the 2 wt.% formulation. Both 1 and 2 wt.%
enabled retention of a high fluidity, ~130 cm?, down to w/b = 0.7, with zero slump only
reached at w/b = 0.50 using 1 wt.% Na(POs)s, and w/b = 0.55 using 2 wt.%. Some loss of
fluidity was observed at 5 wt.% (NaPOs3)e addition, with higher w/b ratios required in order to
achieve similar mini-slump values compared to the formulations with 1 and 2 wt.%
(NaPOs)e. This indicates that a threshold limit exists, beyond which the dispersion is no

longer as effective, when too much phosphate is added.

160

140

120—-
100—-
80—-
60—.

40 —

.. 2
mini-slump value (cm°®)

20

0 —
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Water / binder ratio

Figure 1. Mini-slump values for 1:1 Mg(OH),:SiO, with 0-5 wt.% (NaPOs;)s as shown in the
legend, as a function of water/binder ratio. A measurement of 11.3 cm” indicates no slump, as

this is the initial slump cone area

Page 10 of 35



Page 11 of 35

202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

225

Dalton Transactions

The ability to maintain a high workability over a wide range of w/b ratios by using (NaPO;)s
as a dispersant enables a wider range of sludges to be used as a feedstock, due to their
variable water content. Correspondingly, significantly less water is required to fluidise the
system, compared to the phosphate free system. This is important, as the w/b ratio has a key
impact on porosity in cementitious systems, and reducing water content is the most
straightforward way to lower the porosity of the hardened material. Porosity of a cementitious
binder is intrinsically linked to permeability, and consequently plays a major role in
determining the mobility of radionuclides in the long-term leaching of cementitious

24
wasteforms.

3.1.2. Compressive strength

In the hardened state, the physical effects of changing the dose of (NaPOj3)¢ had only minor
effects for a given w/b ratio. Figure 2 shows the development of compressive strength as a
function of curing duration for samples with a w/b ratio of 1.0. All samples exhibited slow
strength gain during the first 28 days, with the samples containing any amount of (NaPO;)s
producing similar compressive strengths at each age of curing. The low strengths shown here
are related to the high water/binder ratio of this sample set, which prevents the development
of a strong microstructure. The sample formed in the absence of (NaPOs;)s produced the
lowest strength after 28 days. This is likely to be a consequence of the presence of voids and
bubbles within the samples caused by the extremely viscous paste produced, which was

difficult to cast into the moulds despite the use of a vibrating table.
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Figure 2. Compressive strength of 1:1 Mg(OH),:Si0, pastes, w/b = 1.0, with 0-5 wt.%

(NaP03)6

All of the samples produced with w/b = 1.0 exhibited lower compressive strengths than is
recommended for use in a typical nuclear waste package (4 MPa for a 500 L drum),” but at
14 and 28 days did exceed the 0.7 MPa which is the baseline performance requirement for
material handling. On this basis, and to offer chemical consistency throughout all samples,

this w/b ratio was selected for use in characterisation of the hardened binder products.

3.1.2. X-ray diffraction

Figure 3 shows similar hydration products formed in the tested samples, with brucite
(Mg(OH),, PDF # 74-2220) and silica fume consumed to varying degrees at different levels
of phosphate addition, to produce M-S-H. Calcite (CaCOs, PDF # 05-0586) was identified as

a minor impurity in the commercial-grade Mg(OH),. In the XRD patterns poorly crystalline

10
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M-S-H is clearly observed via diffuse scattering at 20°, 36° and 61° 20, with a minor diffuse
reflection at 28° 26. These diffractograms are similar to those observed for other M-S-H

130150 a5 well as for mechanically amorphised talcs % and for ground chrysotile;

systems,
these phases are both considered potential structural models for M-S-H.*’ Excess silica fume
is identified via a diffuse reflection centred at 20° 26, partially overlapping one of the M-S-H
reflections. The formation of M-S-H appeared to be retarded when (NaPOs)¢ was added

beyond 1 wt.%; this was clearly observed in the XRD data for the 2 wt.% and 5 wt.% samples

after 28 days of curing.

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

Bm

B (d)

(c)

(b)
\ iy,
hWeT L

(a)
1'o ' 2'o ' 3'o ' 4[o ' 5'o ' s'o ' 7'0

20 (degrees)

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

with (a) 0, (b) 1, (¢) 2 and (d) 5 wt.% (NaPO;)s addition

3.1.3. Thermal analysis
The derivative thermogravimetry (DTG) data presented in Figure 4 correlate well with the
diffractograms in Figure 3, recording higher residual contents of Mg(OH), (decomposition

peak at ~400 °C %) in the samples with increasing addition of phosphate. The weight loss at

11
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257  temperatures up to ~150 °C is assigned to the release of adsorbed water from the surface of
258  the M-S-H,"*¢ as well as free water held in the pores of the hardened gel. Any crystalline talc
259  present would lose structural water at 875 - 1000 °C,*® and thus is identifiably absent from
260 these samples (consistent with the XRD data), while poorly crystalline talcs, ground

261  chrysotile, ground antigorite and M-S-H are known to lose water slowly over a wide

°oC 13b, c, 14b, 27, 29

262  temperature range below 700
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~ -0.10 -
X
n
3 -0.15
-
S
o -0.20 -
s
g
= -0.25
©
2
-
O
O -0.30-
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-0.35 T T T T T T T T T 1
0 200 400 600 800 1000
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263

264 Figure 4. DTG data for 1:1 Mg(OH),:SiO, (w/b = 1.0) with 0 — 5 wt.% (NaPOs3)e, samples
265 cured for 28 days. Inset shows the data above 300 °C with an expanded vertical scale

266

267 Table 1 shows a quantitative breakdown of the thermogravimetric data in key temperature
268  regions of interest, for samples cured for different durations. The mass loss between 340 —

269 440 °C represents the quantity of unreacted Mg(OH),, and it is evident that even at 1 wt.%

12
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addition of (NaPOs)s, the rate of Mg(OH), consumption was reduced compared to the
phosphate-free sample. More unreacted Mg(OH), was present after 7 and 14 days of curing
in the presence of phosphate, although for 1 and 2 wt.% (NaPOs)s, parity with the phosphate-
free system was reached after 28 days. Addition of 5 wt.% phosphate reduces Mg(OH),
consumption at all ages studied, which is consistent with the XRD analysis in section 3.1.2;

the mass loss peak is much more prominent in this sample than in the others shown in Figure

4.

Table 1. Mass loss (%) determined by TGA in different temperature ranges for 1:1

Mg(OH),:Si0, (w/b = 1.0) with 0 — 5 wt. % (NaPOs)s, at different curing durations.

Uncertainty in calculated mass loss approx. + 0.2%

Mass loss (%)
Temperature range (°C) Na(PO3)s (Wt. %) C7ur1ng durzll;mn (dayS)zs
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
5 42 4.8 5.4

In Figure 4, the region between 450 and 700 °C was seen to consist of two peaks, located at

550 °C and 640 °C. The peak at 550 °C is identified as being due specifically to M-S-H

decomposition, with the peak at 640 °C assigned to the decomposition of calcite (CaCO3),”

13
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which is introduced into each sample in equal proportions as an impurity in the Mg(OH),. As
previously mentioned, the M-S-H loses water slowly and over a very wide temperature range,
and thus, the mass loss event at 450—-1000 °C is treated as characteristic for its analysis in

Table 1, assuming a constant CaCOs contribution in all samples.

Magnesite (MgCO3) decomposes at 527-615 °C,***' but this phase was not identified by
FTIR or XRD analysis, and so is not considered to contribute significantly to the DTG
profile. Other (hydrous) magnesium carbonates would show distinctive low-temperature

decomposition peaks, and also were not identified by XRD or FTIR.

The inset in Figure 4 demonstrates a clear difference between the samples at 28 days of age,
which is also quantified in Table 1 for each curing age. If it was assumed that M-S-H was
structurally similar between the samples, this would indicate that M-S-H formation increased
with curing age, and was retarded by the phosphate additions. This is in agreement with the
differences observed in the diffraction patterns (Fig. 3). However, when comparing between
the 0 and 1 wt.% (NaPO;)s data, the mass loss in Table 1, for Mg(OH), decomposition (340-
440 °C) remains the same (and XRD analysis (Fig. 4) suggests complete Mg(OH),
consumption), however the mass loss for M-S-H is different between these two. This
suggests there might be a structural difference in the M-S-H gels forming due to the effect of

the phosphate additive.

3.2. Structural evolution

3.2.1. X-ray diffraction and thermal analysis

14
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310

311 Based on the discussion in the preceding section, further analysis was undertaken to
312  understand the structural evolution of a phosphate modified system. A 1:1 Mg(OH),:SiO,
313  blend, using a w/b ratio of 1.0 and 2 wt. % (NaPOs3)s, was used as it developed the highest
314  compressive strength among the samples tested at this w/b ratio.

315

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

(c)

Sm c B B
B
M= (b)

(a)

10 20 30 40 50 60 70

20 (degrees
316 (deg )

317 Figure 5. X-ray diffractograms of 1:1 Mg(OH),:SiO; (w/b = 1.0) with 2 wt.% (NaPO3); at
318 curing ages of (a) 7, (b) 14 and (c) 28 days

319

320  The structural development of the binder can be seen in the diffractograms in Figure 5, where
321  decreasing intensity of the brucite (Mg(OH),) reflections is evident, along with increasing
322 intensity of M-S-H reflections as the curing process progresses. This correlates well with the
323 DTG data for samples with different curing durations (Fig. 6), demonstrating that longer-term
324  curing led to lower mass loss at ~400 °C (Mg(OH), decomposition), and larger mass losses in

325  the regions 25 - 150 °C and ~550 °C, both of which can be used as indicators of M-S-H

15
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formation. As in Figure 4, these DTG data also show a double peak in the region 450-700 °C.
At early ages both peaks appear to have a similar intensity, but the peak at 550 °C increases

at later curing ages, while that for the calcite decomposition at 650 °C remains constant.
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Figure 6. DTG data for 1:1 Mg(OH),:SiO; (w/b = 1.0) with 2 wt.% (NaPOs)s, at curing ages

of 7, 14 and 28 days

The DTA data for the M-S-H binder (Fig. 7) show endothermic heat flow features in similar
temperature ranges to those observed as mass loss peaks in DTG, but with an additional
exotherm at 800-850 °C, which becomes sharper and more intense with greater sample
maturity. This signal changes from two shallow exotherms (826 and 853 °C) after 7 days, to
one strong sharp exotherm at 833 °C after 28 days. This change is not associated with a mass

loss event in the DTG data, and therefore has been identified as the crystallisation of M-S-
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H."** ' Similar crystallisation events have been observed in thermal treatment of

29a 26

amorphised talc,”® which is converted to enstatite (MgSiOs) at this temperature.
Comparable exotherms are noted in natural serpentine minerals, with chrysotile exhibiting a

particularly sharp exotherm, forming a mixture of enstatite and forsterite (Mg,SiO4) upon

heating. >

(c)

Exoup —>

(b)

(a)

T T T T T T T T T 1
0 200 400 600 800 1000
Sample temperature (°C)

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

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

To further understand the exotherms observed in the DTA data, samples cured for 7 and 28
days were heated to 900 °C and analysed by XRD to determine the crystalline phases formed
(Fig. 8). There is a clear difference observed between the samples. For the 28 day cured
sample, only enstatite (MgSiO;, PDF # 73-1758) was present, similar to the thermal treatment

of amorphised talc as noted above. On the other hand, for the 7 day cured sample, in addition
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to enstatite, forsterite (Mg,SiO4, PDF # 34-189), periclase (MgO, PDF # 89-4248) and a

broad band around ~22° 26 assigned to low-crystallinity silica were also observed.

e - enstatite

f - forsterite
p - periclase

e

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

days of curing

The presence of a single, sharp exotherm in the DTA data for the 28 day cured M-S-H (Fig.
7) can be explained by the presence of only enstatite after heating (Fig. 8). The shallower
double peak observed in the DTA data for the 7 day cured sample could be attributed to a less
developed and less homogeneous M-S-H gel structure, which crystallised into enstatite and
forsterite at slightly different temperatures. The significant amount of periclase in the 7 day

cured sample is due to the dehydroxylation of remnant Mg(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 sample. The silica fume used in the present study (Figure
9a) had a spectrum similar to that of vitreous silica, with broad bands at 1110 cm™ and 803
cm™ arising from Si-O stretching, and at 475 cm™ arising from O-Si-O bending.”> Mg(OH),
(Figure 9b) displayed a characteristic OH vibration at 3698 cm™ and libration at 415 cm™,
with adsorbed water at ~3400 cm™ and the broad carbonate vibration of the calcite impurity
at 1450 cm™.** The anhydrous mix (Figure 9c) naturally showed the features of these raw

materials combined.

Upon reaction, some of these features from the raw materials became less prominent (Figures
9d,e), and the spectrum of the 28 day sample (Figure 9f) became very similar to those

14a

previously reported for other M-S-H gels.

It is noted that the spectrum of the 28 day curing sample also resembles those for partially

26:2% oround chrysotile,?” and ground antigorite.29b Libration of the Mg;OH

amorphised talc,
unit in talc has been observed at 669 cm™, along with a vibration of chrysotile at 608 cm™
(shoulder at 645 cm™),* and similar modes are likely to be causing the peak seen in the M-S-
H at 642 cm™. The Si-O-Si vibrations of the tetrahedral sheets within the talc structure are
recorded at 1018 cm™ and 1047 cm™,*® while amorphised chrysotile exhibits in-plane Si-O
and out-of-plane Si-O stretching at 1025 cm™ and 1082 cm™ respectively, with asymmetric

Si-O stretching at 960 cm™.?” The broad band centred at 1009 cm™, with a broad shoulder at

1052 cm™, in the M-S-H is likely to be related to similar structural motifs.
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The broad bands at ~3400 cm™ and 1640 cm™, which increase in intensity with age, are
suggestive of water adsorbed to surfaces or incorporated in disordered reaction products.
Some contribution in this region may also be from Si-OH vibrations due to the hydrated

residual silica, which may also be producing the shoulder seen at ~ 885 cm™.

1641 1462 885
(f) 3443 ; Y 1009

W TN

805
<3697 1212

(b) mr %

I ! | ! | ! | ! | ! | ! | ! |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 9. FTIR spectra of (a) silica fume, (b) Mg(OH),, (c) 1:1 Mg(OH),:Si0, with 2 wt.%
(NaPOs3)e as an anhydrous powder mix, and hydrated samples cured for (d) 7, (e) 14 and (f)

28 days (w/b = 1.0 for all hydrated samples)

3.3. Nuclear Magnetic Resonance (NMR) spectroscopy

¥Si and 25Mg MAS NMR experiments were carried out to identify any structural changes

occurring in these binders at advanced times of curing (up to 8 months), and the effect of

(NaPOs)¢ addition on the structure of the M-S-H formed in the 1:1 Mg(OH),:SiO, binder
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system. The °Si NMR spectra of M-S-H samples with 0% and 2% (NaPO;)g after 1 and 8

months of curing are reported in Figure 10.

The *’Si MAS NMR spectra in Figure 10 are in good agreement with previously reported
spectra for synthetic M-S-H type gels produced using MgO as the main Mg source, 4> 1937
Both the 1 and 8 month data sets resemble most closely the aged (6 months) high-Mg

samples produced at 85 °C by Brew and Glasser,'* and the peak assignments presented here

follow the general trends identified by those authors.

Deconvolution of the spectra enabled the identification of five peaks, with very minor shifts
between spectra (Table 2). For the two spectra obtained after 1 month of curing, Q' and Q*
peaks centred at around -81 and -86 ppm respectively were identified, with the Q® region split
between two peaks centred at (a) -93 and (b) -97.7 ppm, respectively. It is noted that the »8j
MAS NMR spectra of serpentine minerals and talc typically exhibit peaks in the Q° region,
while broader Q' and Q? bands signify a less structured gel The major Q*(a) peak at -93 ppm
was consistent with the Q’ resonance typically identified in both chrysotile ** and antigorite,”
while the smaller Q*(b) peak at -97.7 ppm was assigned to a Q” site environment similar to

those typically present in talc.*®

(a) (b)

Data
Data

Simulation Simulation

T T T T T 1 r T T T T 1
-60 -70 -80 -90 -100 -110 -120 -60 -70 -80 -90 -100 -110 -120
Chemical shift (ppm from TMS) Chemical shift (ppm from TMS)
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Figure 10. ”Si MAS NMR spectra for 1:1 Mg(OH),:SiO, (w/b 1.0) with (a) 0 and (b) 2 wt.

% (NaPOs)g at a curing age of 1 month, (c) 0 and (d) 2 wt. % (NaPOs)e after 8 months of

curing. The data presented include a simulation and constituent peaks underneath.

Table 2. Peak positions and widths (ppm) for deconvolutions shown in Figure 10. Estimated

uncertainty in calculated intensities + 1%

1 month 8 months
NaPO
(NaPO3)e Q Q@ Q@ Qm Q Q Q Q@ Qb
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 5.9
Intensity (%) 13.7 244 579 4.0 - 11.6 26.5 559 6.0
Centre -80.9 -859 932 977 -112 -80.0 -85.7 -935 -97.7
2 wt. %
FWHM 7.5 4.2 5.2 8.2 12.7 6.6 4.7 4.5 7.1
Intensity (%) 16.1 15.8 52.1 5.3 10.7 7.7 266 573 8.3

The relatively high Q*(a+b)/Q” intensity ratio in Figure 10 is indicative of a high level of

structural development in the gel. The addition of 2 wt.% (NaPO;)s leads to the presence of a

peak centred at -112 ppm after 1 month, attributed to Q* species in unreacted silica fume®
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and indicating a lower extent of reaction, resulting in lower intensity Q3 and Q2 peaks. This
indicates that with no addition of (NaPOs)s the silica fume had completely reacted, while the

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

After 8 months of curing, the spectra had changed slightly compared with those observed in
the specimens after 1 month of curing. There was a decrease in the Q' region for both 0 and 2
wt. % phosphate samples, which suggests that further structural development of M-S-H
occurred in the samples, leading towards the formation of a more cross-linked structure. After
8 months of curing the resonance assigned to the Q* sites of unreacted silica fume was no
longer present in the phosphate-containing sample, indicating that the silica fume in these

binders has been fully consumed at this time.

The structure of M-S-H has previously been proposed to resemble a poorly crystalline talc-
like material.'* Talc typically exhibits a single *’Si peak at -97.7 ppm,”™ however this peak
was only a minor Q® component within the binders produced in this study. The major Q’
component was identified at -93 ppm, which corresponds to that typically found in the
serpentine group of minerals (polymorphs of Mg3;(SiOs5)(OH)4, such as chrysotile, lizardite
and antigorite). The reported *’Si NMR peak locations for these minerals vary slightly from
publication to publication, potentially due to the slight variations in chemical composition of
each natural sample due to Fe, Ca and Al inclusions. Both chrysotile ** and antigorite > % have
reported values close to -93 ppm, although the antigorite spectrum is broad, while data for

lizardite are difficult to obtain.

To clarify the details of the M-S-H structure formed here, natural mineral samples of lizardite

and antigorite were obtained and analysed via ’Si and Mg MAS NMR. These samples
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contained traces of iron (7.0 wt.% in antigorite, 3.4 wt.% in lizardite, on an oxide basis as
determined by X-ray fluorescence), broadening the signal and affecting the relaxation times.
This was more severe for the antigorite sample. The lizardite was also slightly aluminous (7.1
wt.% Al,O3), as Al often substitutes for Si in natural samples.41 These spectra are shown in
Figure 11, both exhibiting strong signals within the Q® region at around -90 ppm. The broad
antigorite spectral feature at -87.8 ppm is downfield of the principal Q® peaks in the M-S-H,
although the spectrum is not of high resolution, whereas the main lizardite peak at -93.7 ppm
matches very closely to the Q*(a) site observed within the M-S-H samples. There does exist a
broad feature downfield of this peak, which significantly reduces in area when cross polarised
with 'H, suggesting that these environments may resemble less ordered, less hydrated

lizardite-like assemblages than the primary Q’ (a) site.

-93.7
() -87.8 (b)

T T T T T T 1 I T T T T T T 1
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 0 20 -40 -60 -80 -100 -120 -140 -160 -180 -200
Chemical shift (ppm) Chemical shift (ppm)

Figure 11. ”Si MAS NMR spectra for: (a) lizardite, (b) antigorite. Spinning sidebands

marked with *

Mg MAS NMR data are significantly more difficult to obtain and interpret than is the case
for ?Si. The low natural abundance (10%) and low resonance frequency of Mg often

necessitate the use of very high field instruments (e.g. 20 T used here) **. Combined with its
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quadrupolar nature (spin °/,), this makes the interpretation of spectra complex, although
recent advances in this field are shedding more light on this less well studied nucleus a4

Mg MAS NMR spectra of lizardite, antigorite and talc are overlaid with the spectra of 1 and
8 month cured M-S-H samples (with 0% (Na3;PO,)s) in Figure 12. A clear change in
lineshape is observed in the M-S-H samples as curing progresses, with the spectrum shifting
upfield. The 8 month M-S-H sample specifically aligns well with the lizardite spectrum (as
compared in Fig. 13), compared to the antigorite or talc spectra. It should be noted that being
a natural sample, the lizardite contains an impurity of ~12 wt.% Mg(OH),, which will modify
the 25Mg spectrum. At this field strength, second-order quadrupolar interactions of the central
transition cause Mg(OH), to exhibit a split double peak from its single Mg site **. This double

peak is centred -9 ppm, which is in the central part of the lizardite spectrum. Though

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

MSH
« 8 months

1 month

_ - Lizardite

.. Antigorite
L

f 1 1 T T T T — T 1 A T 1
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-S-H with reference materials.
Note that the antigorite spin rate was increased from 10 to 14 kHz due to line broadening

from iron.
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Lizardite
—— MSH - 8 months

. .
150 100 50 0 -50 -100 -150
Chemical shift (ppm)

Figure 13. Mg MAS NMR spectra of 8 month cured M-S-H, and comparison with lizardite

Studies of mineral formation in the M-S-H system have evolved significantly over time, as
thermodynamic and kinetic data are refined. Previous papers have included chrysotile as a
stable phase, or exclude lizardite from calculations, leading to predictions that either
antigorite or chrysotile are stable at low temperatures.*> Recently, however, it has been
concluded that lizardite is the stable phase in the M-S-H system below ~300 °C, with
antigorite only stable at temperatures exceeding 250 °C.*® Chrysotile is postulated to only
form from supersaturated solutions as a kinetic effect,”’ having no thermodynamically stable
range within the M-S-H field.*® Given this assessment, it seems reasonable to conclude that
the serpentine-like feature in the M-S-H gel is likely to be structurally similar to the

thermodynamically most stable phase; this is lizardite, given the formation conditions.

This assignment fits well with the chemistry of the binders produced within the Mg(OH),-
SiO,-H,O system studied; assuming complete reaction of Mg(OH), and SiO, in these
samples, the molar Mg/Si ratio of this binder should be ~0.95. This ratio is between those of

talc (0.75) and lizardite (1.5), and thus suggests that the structural motifs of both mineral
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types are likely to be present in the gel structure. It does, however, appear that ageing of the
gels produces a gel which is closer in structure to lizardite than talc, as evidenced by the

aforementioned NMR data.

Analysis of M-S-H gels at different Mg/Si ratios by Brew and Glasser'* showed that
increasing the Mg/Si ratio of the M-S-H gel induced changes in the peak positions of the 28
MAS NMR resonances towards less negative chemical shift values. In that study, aged M-S-
H gels formulated with Mg/Si ratios of 0.82 and 0.89 exhibited Q® bands at chemical shifts of
-98.8 ppm and -97.7 ppm respectively, whereas M-S-H gels produced with an Mg/Si ratio of
0.94 showed a peak shifted to -94.6 ppm. The authors noted that their FTIR and **Si NMR
data more closely resembled chrysotile than talc. This suggests that there is a shift from the
formation of a poorly crystalline talc-like structure to a poorly crystalline serpentine-like
material when the Mg/Si ratio is increased. It is important to understand this structural shift as
a function of composition, as knowledge of the structure of the M-S-H can help to predict its
future behaviour, likely stability, and the quantity of Mg(OH), which can be accommodated
into this system, and this is central to its use as a nuclear wasteform. The addition of
phosphate to enhance fluidity does not appear to significantly alter the final M-S-H structure,
although it retards the kinetics of conversion of amorphous silica to M-S-H in the first month

of curing.

5. Conclusions

Mg(OH), has been successfully used to produce an M-S-H cement. The M-S-H produced was

similar to high-Mg gels described in other works, and largely consists of a poorly crystalline
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serpentine-like assembly, which we have assigned as a lizardite-type structure. The addition
of (NaPOs3)¢ was effective in dispersing the Mg(OH), particles and adding fluidity to the
system. Higher doses of phosphate (2 wt.% or more) delay the formation of M-S-H, with 1
wt.% addition conferring the highest fluidity with minimal impact on M-S-H formation. The
developments presented in this work will enable M-S-H to be used as an encapsulant for both
low and high-water content sludges without the occurrence of bleed water, which would
otherwise need to be decanted and treated as a secondary waste stream if Portland cement-
based grouts were used to treat these sludges. The implementation of these cements for
Magnox sludge encapsulation is, however, likely to be hindered by slow strength
development in samples with a high water/binder ratio, despite providing an effective method
of converting this waste into a cementitious binder. Application of this cement would also be
highly dependent on the Mg/Si ratio in the resultant cementitious slurry. Retrieved sludges
can vary widely in their Mg(OH), contents. This study has highlighted the potential for

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