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1 | INTRODUCTION

| Trinh Thao My Nguyen’

| Dylan Singh' | Erika La Plante’

Abstract

Magnesium silicate hydrate (M-S-H) represents a promising alternative to tradi-
tional cement, particularly for low-pH construction applications such as nuclear
waste encapsulation and carbon dioxide injection. The durability of construction
materials, a critical aspect of their suitability for various purposes, is primarily
governed by the kinetics of dissolution of the binder phase under service condi-
tions. In this study, we employed in situ atomic force microscopy to assess the
dissolution rates of M-S-H in water equilibrated with air. Quantitative analysis
based on changes in volume and height revealed dissolution rates ranging from
0.18 to 3.09 X 102 mol/cm?/s depending on the precipitate Mg/Si ratio and mor-
phology. This rate surpasses its crystalline analogs, talc (Mg;Si,0,,(OH),) and
serpentine (Mg;(Si,05)(OH),), by about three to five orders of magnitude. Inter-
estingly, oriented M-S-H dissolved faster than non-oriented M-S-H. Spatially
resolved assessments of dissolution rates facilitated a direct correlation between
rates and morphology, showing that edges and smaller crystallites dissolve at a
faster pace compared to facets and larger crystallites. The outcomes of this study
provide insights into the mechanisms governing the dissolution of M-S-H and the
factors dictating its durability. These findings hold implications for the strategic
design and optimization of M-S-H for various applications.

KEYWORDS
atomic force microscopy, dissolution rate map, non-classical growth, oriented precipitates, time
series

dissolution of the binder, which increases porosity and
permeability. Hence, materials with low dissolution rates

The demand for concrete is anticipated to continue grow-
ing in the future, with concerns arising from the low
durability and relatively short lifespans of many concrete
structures.' These issues not only pose technical and eco-
nomic challenges but also raise sustainability concerns.?
The rate of concrete deterioration is influenced by var-
ious factors including composition, curing conditions,
and environmental exposure during the structure’s service
life.> Significantly, degradation primarily stems from the

tend to exhibit enhanced durability and longer lifespans,
whereas those with high dissolution rates may necessitate
frequent maintenance or replacement.*

Magnesium silicate hydrates (M-S-H) hold promise as
a low-pH cement suitable for various applications, includ-
ing nuclear waste management.’ Lower pH cements, such
as M-S-H, demonstrate improved compatibility with clay
barriers,® whose neutral pH can lead to the dissolution of
typical ordinary Portland cement binder that is composed
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of calcium silicate hydrate (C-S-H). M-S-H exhibits low
crystallinity and a layered structure reminiscent of clay
minerals with a high degree of polymerization in the silica
network.” Tetrahedral sites within M-S-H are often bound
with two or three neighbors, characterized as Q* and Q?
species.” Although the precise structure of M-S-H remains
incompletely understood, analytical techniques such
as Raman spectroscopy, Si-nuclear magnetic resonance
(NMR), and X-ray diffraction suggest that M-S-H with
Mg/Si ratios between 0.8 and 1.0 resembles disordered
talc (3Mg0-4Si0,-H,0),® whereas higher Mg/Si ratios are
associated with serpentine-like structures such as lizardite
(3Mg0-28i0,-2H,0).”!° M-S-H exhibits a variable com-
position, typically with a molar Mg/Si ratio ranging from
0.5 to 1.5. At Mg/Si ratios of 0.5-0.7, excess Si may be
present as amorphous silica (SiO,), whereas at ratios of
1.0-1.5, excess Mg may exist as brucite (Mg(OH),).”"! Our
previous study has shown that increasing the Mg/Si ratio
in the solid phase leads to the depolymerization of silica
tetrahedra within M-S-H, with only minor amounts of
co-precipitated brucite and silica, if any.'> However, the
implications of this depolymerization on the deteriorative
properties of M-S-H are not yet fully understood.

In this study, we quantified the dissolution rate of M-
S-H in deionized (DI) water using in situ atomic force
microscopy (AFM). In situ AFM enables high-resolution
surface topography-based measurement of dissolution
rates under controlled environmental conditions. The
findings from this study offer valuable insights into the
selection and design of alternative cementitious materials
aimed at ensuring long-lasting performance.

2 | METHODS

2.1 | Sample preparation and
characterization

The experimental procedure employed in this study is
illustrated in Figure 1. The growth solution for the syn-
thesis of M-S-H was prepared by mixing stock solutions
of sodium metasilicate pentahydrate (Na,SiO;-5H,0,
99% purity) and magnesium nitrate hexahydrate
(Mg(NO3),-6H,0, >95% purity) in ultrapure DI water
(Milli-Q, >18.20 MQ-cm) in a polypropylene centrifuge
tube to achieve the desired [Mg]/[Si] molar ratios of
0.5:1, 1:1, and 1.5:1 (Table 1)."> Our previous study has
shown that synthesized M-S-H has a composition that
generally matches the growth solution composition.'? A
single crystal mica disc (Ted Pella, V1) was submerged
in the centrifuge tubes to allow the growth of M-S-H
on the mica (001) surface. Subsequently, the tubes were
sealed and stored at ambient temperature (23 + 2°C) for
about 120 min (Table 1). The mica discs were removed

O H
== =

Sample drying
Preparation of M-S-H M-S-H growth
growth solution on mica H
H,O0 O

I:I> AFM

Solvent preparation Air-equilibration AFM imaging

FIGURE 1
employed in this study. M-S-H, magnesium silicate hydrate.

Schematic showing the experimental procedure

from the centrifuge tube using tweezers and then dried
using ultra-high purity nitrogen gas. The samples were
stored under ambient conditions before dissolution rate
measurements were conducted.

2.2 | Dissolution rate

Before dissolution, water was equilibrated with atmo-
spheric CO, (approximate pCO, of 10~>#) by allowing
the container to stand openly in the ambient laboratory
environment for at least 2 days, covered with a Kimwipe
to prevent contamination (Figure 1). Precipitates of M-S-H
on mica were dissolved in air-equilibrated ultrapure DI
water. At the beginning of each experiment, 200 uL of
DI water was injected into the fluid cell at a flow rate
of 5 uL/s. The flow was stopped and the topography
of the overgrowth films was characterized in situ (i.e.,
while the sample is exposed to water) using an Asylum
Research Cypher ES Environmental AFM operating in
AC mode fitted with an integrated fluid cell with inlet and
outlet gas and liquid ports, at a controlled temperature
of 25.0 + 0.1°C.”® A monolithic silicon probe with a
nominal force constant of 3 N/m, resonance frequency
of 75 kHz, tip radius < 10 nm, length of 225 pm, width of
28 um, and thickness of 3 um was used. Image process-
ing and analysis were performed using Gwyddion'*
and limited to first-order flattening (planar slope
correction).

The dissolution rates were measured by observing
the changes in the M-S-H surface topography relative
to the mica surface, which has a dissolution rate of
9.4 + 0.26 x 107'% mol/cm?/s at a pH of 6.1,"° estimated
to be ~3 to 4 orders of magnitude slower than M-S-H.
Indeed, there was no indication of mica dissolution, which

A ‘T1 ¥TOT "916T1SST

:sdny woy

2SULOI'T SuOWWO)) AN d[qedrdde oY) £q paUIIAOS oI SI[ONIR Y {3SN JO SA[NI 10] AIRIQIT AUIUQ AJ[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO KIIM"ATRIQI[AUITUO//:5d))Y) SUONIPUO)) pue SWId T, Y 39S “[SZ0T7/10/90] U0 ATRIqIT duljuQ AS[IAN ‘SIAR( - BIUIOJIED) JO ANSIOATUN) AQ ZOTOT 9B/ TT11°01/10p/Ww0d KI[IM".



Journal | s

WAHAB ET AL.

TABLE 1 Experimental conditions for M-S-H dissolution at different molar ratios of [Mg]/[Si] (0.5, 1.0, and 1.5).
[Mg]/[Sil [Mg] (mM) [Si] (mM) pH (initial) Time (min) T (°C)
0.5 50 100 - 100 25.0
0.5 50 100 5.93 121 25.0
0.5 50 100 5.88 119 25.0
1.0 100 100 6.05 129 25.0
1.0 100 100 5.41 154 25.0
1.5 75 50 6.07 125 25.0
1.5 75 50 5.73 122 25.0
1.5 75 50 5.21 121 25.0

Note: Reported are the concentrations of Mg and Si in the growth solutions and corresponding [Mg]/[Si] ratios, initial pH of atmospheric CO,-equilibrated water

before dissolution reaction, total dissolution time, and dissolution temperature.

Abbreviation: M-S-H, magnesium silicate hydrate.
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FIGURE 2 A representative atomic force microscopy (AFM) image illustrating the segmentation procedure. To determine the average

height, surface area, and volume of magnesium silicate hydrate (M-S-H) precipitates, a mask was carefully created in Gwyddion'* for each

image in the time series.

allowed for the correction of images for temporal drift by
cropping mutually corresponding areas in two or more
images. Image segmentation was performed to delineate
pixels corresponding to M-S-H from those corresponding
to mica (Figure 2). Given the limitations of built-in seg-
mentation algorithms in Gwyddion,'* a manual image
segmentation approach was adopted. Specifically, masks
were manually drawn around M-S-H precipitates for each
image using the “Mask Editor” tool in Gwyddion."* This
approach ensured that all precipitates were included in
the analysis. For time series analyses, particular attention
was paid to image alignment to correct for any drift and
ensure consistency in the masked regions across the series.
Distinct surface features on the mica substrate were used
as reference points for alignment using the “Align Scans”
tool. Therefore, the data consisted of measurements taken
at selected intervals during the experiment to quantify the
changes in height, surface area, and volume over time.
Dissolution rates were obtained from either volume
change or height change of the precipitates. For volume-
based dissolution rates, the total volume of M-S-H is

converted to moles using its molar volume, taken as
189.8 cm?/mol for the composition 3Mg0+4Si0,5H,0.'
The calculated moles are normalized to the surface area,
and a linear equation was fitted to the surface area-
normalized volume over time to obtain the dissolution
rate in units of mol/cm?/s. The height-based dissolution
rate was determined using a method outlined previously
wherein the slope describing the change in average height
over time is normalized to the molar volume.'”

3 | RESULTS AND DISCUSSION

3.1 | Dissolution rates of M-S-H and
comparison with analogous silicate
minerals

The experimental conditions are summarized in Table 1.
The pH of the CO,-equilibrated water calculated using
the geochemical modeling software, PHREEQGC," is 5.6.
As depicted in Table 1, the initial pH values of the CO,-
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FIGURE 3 AFM images showing M-S-H ([Mg]/[Si] = 1.5) on a mica substrate reacted with air-equilibrated water, illustrating the
progressive dissolution of M-S-H. The formation of etch pit-like features, as well as the predominant dissolution near edges, is evident (white

arrows).
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FIGURE 4 Evolution of (A) average height, (B) surface area, and (C) volume obtained from time series AFM images for different

[Mg]/[Si] ratios and morphologies. Initial (i.e., t = 0) images are collected in air, that is, prior to the introduction of water in the fluid cell. The
results show near-linear decreases in average height and volume over time.

equilibrated water varied but remained consistently close
to the anticipated value.

Representative time-series AFM images illustrating the
dissolving M-S-H on mica are shown in Figure 3. Two types
of morphologies are observed: non-oriented and oriented,
which are further discussed in Section 3.2. The dissolution
rates remain near-constant throughout the entire experi-
mental duration (Figure 4), suggesting that despite the lack
of convective flow, the solution remained highly under-
saturated with respect to the dissolving phase.'*? Similar
experimental conditions have been employed using semi-
stagnant DI water in the AFM fluid cell for studying

calcite (CaCOs3) dissolution, with water refreshed every 5
or 10 min, wherein the formation of etch pits indicates
a highly undersaturated reacting fluid.?! The formation
of etch pit-like features, which increased in both size
and number over time, was also observed in this study
(Figure 3). Furthermore, it has been proposed that min-
erals with slow dissolution rates, less than approximately
1.6 x 107'° mol/cm?/s (estimated from the given data) are
generally surface reaction-controlled.?” Finally, the persis-
tence of highly undersaturated conditions is also supported
by geochemical modeling of the reaction solution using
data from Figure 4.
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TABLE 2
Mg/Si ratios. The uncertainties represent the standard errors
obtained from linear regression.

Dissolution rates of M-S-H measured at various

Dissolution Dissolution
rate based rate based on
on volume height
change change
(X102 mol/ (X107 > mol/

Mg/Si Morphology cm?/s) cm?/s)

0.5 Oriented 293 +0.14 3.09 +0.14

1.0 Non-oriented 0.39 + 0.10 0.50 + 0.11

1.5 Non-oriented 0.17 + 0.04 0.18 + 0.05

Oriented 1.53 +0.10 1.72 + 0.10

In single crystals, etch pits impact dissolution by increas-
ing its reactive surface area. As etch pits form and expand,
they create additional sites for dissolution reactions to
occur. For instance, in quartz, etch pit densities as high
as 10'° cm~2 have been reported, indicating a substan-
tial increase in the reactive surface area.”’ Etch pits also
expose high-energy sites on mineral surfaces, often associ-
ated with crystal defects or dislocations. These sites exhibit
higher reactivity, compared to flat, defect-free surfaces,
leading to localized areas of enhanced dissolution.

While distinct from true etch pits, analogous etch pit-
like features are observed in M-S-H particulates (Figure 3).
Similar to etch pits found in single crystals, these fea-
tures indicate rapid localized dissolution, exposing edges
that could contribute to an overall increase in disso-
lution rates.”>** Furthermore, rapid dissolution within
these depressions could alter local solution chemistry and
influence dissolution progression.?* For M-S-H, this mech-
anism could lead to complex dissolution morphologies and
spatial variation in rates. The development of etch pit-
like features can also have implications for the long-term
durability of M-S-H. The propagation of these features
may weaken the material structure, potentially leading to
increased susceptibility to further degradation or mechan-
ical failure. Understanding these processes is crucial for
predicting the long-term performance of M-S-H-based
concrete.

The dissolution rates, quantified based on the data pre-
sented in Figure 4, are summarized in Table 2. To the best
of our knowledge, these are the first quantifications of M-S-
H dissolution rates. Both height-based and volume-based
measurements yield similar results within experimental
uncertainty. An apparent decrease in dissolution rates with
rising [Mg]/[Si] ratio is evident (Figure 5). While the pres-
ence of secondary phases might explain the unexpected
rate increase at low Mg/Si, it is noteworthy that the precip-
itation of brucite, which will tend to artificially increase
rates, is more likely to occur at high, rather than low,

eramic Society
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FIGURE 5 Dissolution rates of M-S-H measured in this study

(light colors refer to height-based rates, and dark colors refer to
volume-based rates, Table 2), talc at pH 4.06,” lizardite at pH 3.84,%

4,728 2,939 and brucite

forsterite at pH 5
near pH 5.6.! Increasing Mg/Si ratio correlates with increased
dissolution rates for talc, lizardite, and other phyllosilicates under

comparable pH conditions.

amorphous silica at pH 6.

Mg/Si ratios.'® Nevertheless, it should be noted that these
phases, if present, are not uniformly distributed, and the
uneven distribution of associated phases could contribute
to the observed disparity in dissolution rates. Alternatively,
a higher concentration of amorphous silica at high Mg/Si
may lead to decreased dissolution rates. This phenomenon
is attributed to the immediate precipitation of M-S-H,
which reduces the pH and subsequently promotes silica
precipitation.'? It is also worth noting that the observed
variation in dissolution rates across Mg/Si ratios is similar
to that across different morphologies for the same Mg/Si
ratio (Table 2).

M-S-H possesses a semi-crystalline structure primar-
ily composed of Q> and Q> species, with Q*/Q? as
indexed using both NMR and Fourier-transform infrared
spectroscopy decreasing as Mg/Si ratios increase.'>!® Q3
species, characterized by greater polymerization, con-
sequently demonstrate greater resistance to dissolution,
compared to Q2.'° Similar to other silicates, the dissolu-
tion of semi-crystalline magnesium silicate, is driven by
an ion-exchange reaction.*”** It is anticipated that disso-
lution initially occurs at surface defects, such as scratches
or regions with high curvature, which typically harbor a
higher concentration of undercoordinated and strained Q>
groups.®” As these sites become depleted, dissolution stabi-
lizes, with new Q? groups continuously exposed at particle
edges and areas where impurities have been removed.*

The dissolution rate of M-S-H is three to five orders of
magnitude higher than that of talc and lizardite under
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FIGURE 6 Height and amplitude images showing (A) oriented and (B) non-oriented morphologies of M-S-H grown from solutions with

[Mg]/[Si] ratios of (A) 0.5 and (B) 1.5.

similar environmental conditions (Figure 5). Far-from
equilibrium dissolution rates of lizardite at pH = 3.84
and talc at pH = 4.06 at near-ambient temperature are
1.1 x 107! mol/cm?/s and 2.9 X 1077 mol/cm?/s.>>%° These
differences are consistent with the highly defective struc-
ture of M-S-H, compared to its crystalline analogs. In
talc, magnesium is situated in octahedral positions linked
by oxygen bridges to four silicon tetrahedra and two
protons.** Since octahedral Mg-O bonds break faster than
tetrahedral Si—O bonds, talc dissolution is initiated by the
breaking of Mg-O bonds followed by the rapid removal
of Mg atoms in Mg-H exchange reactions.” Similar to
talc, M-S-H is composed of octahedral Mg-O and tetrahe-
dral Si-O. Hydrolysis of the Si-O-Si and Si-O-Al bonds
is usually considered the rate-limiting step of dissolution
in clays,**° consistent with Mg-O bonds breaking more
rapidly than Si-O bonds.>**” Nonetheless, Si-O bonds
can be weakened by breaking nearby bonds (e.g., Mg-
0),” implying that the factors that affect Mg-O bond
breaking also influence overall dissolution rates. Inter-
estingly, M-S-H dissolution rates are closely aligned with
dissolution rates of forsterite (Mg,SiO,) which is around
5 x 107 mol/cm?/s at pH = 5.4 and pCO, = 0.5 atm,
quantified from dissolved Mg concentrations.?’ Forsterite
consists of isolated silica tetrahedra linked together by
Mg** ions.*®

3.2 | Influences of morphology on
dissolution rates

M-S-H has a complex microstructure consisting of vari-
ous morphologies that can contribute to variability in the
dissolution rates. Spheroidal precipitates around 30 nm
across in diameter are observed, which are either oriented
or non-oriented (Figure 6). The oriented morphology often
consists of elongated grains aligned in a particular direc-
tion (Figure 6A). In contrast, the non-oriented morphology
is characterized by a mixture of spheroidal and irregularly

shaped grains with no preferred alignment (Figure 6B).
The aggregation of the small spheroidal particles further
results in a range of secondary morphologies such as peaks,
valleys, and other complex structures.

A link between the morphology and dissolution rate
is observed (Figure 5). At a Mg/Si ratio of 1.5, oriented
M-S-H dissolves almost 10 times faster than non-oriented
M-S-H. This can be explained by the increased poros-
ity in oriented M-S-H caused by inefficient packing as
observed in other mesocrystalline structures that form by
particle attachment.***’ Another potential reason for the
increased dissolution rate of oriented particles is dissolu-
tion by particle detachment, which is characterized by neck
formation in thin regions followed by particle break-up.*’
Additional studies are needed to ascertain the prevailing
processes that are operative during M-S-H dissolution.

Height difference maps demonstrate spatial variation
in dissolution rates (Figure 7). It is evident that hill and
valley areas dissolve faster than planar areas (arrows in
Figure 7). Over the examined dissolution period, near-
complete dissolution of the fine satellite particulates was
observed, while the larger central precipitates underwent
partial dissolution (arrows in Figure 7A,B). Within the
large aggregate, the grain edges preferentially dissolve,
presumably because of the higher presence of reactive fea-
tures like steps, kinks, and terraces, analogous to single
crystals.?

33 |
rates

Comparison with C-S-H dissolution

The greater barrier for water exchange around Mg?* ions
than Ca?* ions suggests that M-S-H is more resistant
to dissolution and chemical alteration relative to C-S-H.
Furthermore, M-S-H is more polymerized than C-S-H,’
further suggesting greater aqueous stability of the former.
Indeed, M-S-H is considerably more stable at low pH, com-
pared to C-S-H, which is considered to be unstable at pH
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FIGURE 7 AFM images of M-S-H synthesized from a growth solution having [Mg]/[Si] = 1.5 at (A) 0 min and (B) 122 min of dissolution.
The difference between the two images is shown in (C), where negative height change indicates dissolution. It can be seen from (C) that the

greatest dissolution is observed around the edges where more surface area is exposed. The arrows indicate areas of fastest dissolution,
corresponding to surface features such as peaks and valleys. Interior locations in the precipitates showed slower dissolution.

less than 10.* Among silicates with no shared O atoms,
Mg,SiO, is one of the slowest to dissolve because of the
strong hydration of Mg?* ions.*> The steady-state dissolu-
tion rate of C-S-H under far-from-equilibrium conditions
has been quantified to be 3.1 + 0.4 x 107! mol/m?/s,** or
3.1 + 0.4 x 107 mol/cm?/s, which is significantly lower
than the dissolution rates measured herein. The low C-S-
H dissolution rates can be explained by measurements over
much longer durations (433 to 5754 h), wherein the forma-
tion of Si-rich domains on C-S-H may significantly inhibit
dissolution.** Future studies will compare the dissolution
rates of M-S-H and C-S-H under equivalent experimental
conditions.

The leaching of C-S-H, the primary binding phase
in conventional cement systems, is known to occur at
pH levels around 10, potentially compromising structural
integrity over time.** While there is a notable gap in
data regarding M-S-H dissolution at similar pH values,
the formation of M-S-H has been observed around pH
10 in open-flow systems, implying stability under these
conditions.* This suggests that M-S-H dissolution is likely
to occur at pH < 10 and supports the relevance of the
environmental conditions selected in this study. Nonethe-
less, quantifications of the pH-dependent dissolution rate
of M-S-H are critical in understanding phase stability. For
instance, an increase in pH from 6 to 10 may result in a
reduction in the dissolution rate of M-S-H, similar to other
Mg-rich phyllosilicates.*®

4 | CONCLUSION

Using in situ AFM, we determined the dissolution rates
of M-S-H and how its structure influences degradation
when exposed to air-saturated water. The phase’s mor-
phology significantly affects its dissolution rate, with
oriented precipitates featuring up to 10 times faster dis-
solution rates than non-oriented precipitates. This study

suggests that both the chemical reactivity and the spa-
tial arrangement of nanoparticles play crucial roles in
controlling the overall dissolution rate. Further investiga-
tions are necessary to elucidate the specific mechanisms
of M-S-H dissolution and how its mesostructure impacts
this process. This study quantifies dissolution rates at
early ages. Future research will consider longer durations
to identify temporal trends and changes in dissolution
behavior. Such studies could provide valuable insights
into the long-term stability and behavior of M-S-H-based
cements.
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