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ABSTRACT

The determination of reliable weathering/dissolution rates for cement phases is of fundamental importance
for the modelling of the temporal evolution of both radioactive waste repositories and CO2 geological
storage sites (e.g. waste matrix, plug in boreholes). Here, the dissolution kinetics of AFm-Cl (hydrated
calcium aluminates containing interlayer Cl) has been studied using flow-through experiments conducted
at pH values ranging from 9.2 to 13. Mineralogical (XRD) and chemical (EPMA, TEM) analyses have
been performed to determine the evolution of the phases during the dissolution experiments. For pH values
between 10 and 13, the dissolution of AFm-Cl is congruent (i.e. Ca/Al ratios close to 2 both for solids and
outlet concentrations). In contrast, the precipitation of amorphous Al-phases and possibly amorphous
mixed Al/Ca phases is observed at pH 9.2, leading to Ca/Al ratios in the outlet solutions higher than those
of the initial solid. Therefore, at pH 9.2, even if Cl–/OH– exchange occurs, estimation of dissolution rate
from released Cl appears to be the best proxy. Dissolution rates were normalized to the final specific surface
areas (ranging from 6.1 to 35.4 m2 g−1). Dissolution rate appears to be pH-independent and therefore
the far-from-equilibrium dissolution rate at room temperature is expressed as: logR(mol m–2 s–1) =
–9.23 ± 0.18

KEYWORDS: hydrated calcium aluminates, AFm, Friedel’s salt, dissolution, kinetics.

Introduction

IN most of the designs of deep underground
radioactive waste disposal, cementitious materials
will be used to build access structures, galleries,
vaults and packages for wastes. In such contexts
cement materials have essentially a mechanical
function (e.g. low permeable barriers that retard
radionuclide migration), but can also sorb radio-
nuclides. Indeed, several studies report cationic and
anionic sorption on concrete, cement, as well as on
pure cement phases (e.g. Aimoz et al., 2012a,b,
2013; Atkinson and Nickerson, 1988; Baur and

Johnson, 2003; Birnin-Yauri and Glasser, 1998;
Bonhoure et al., 2006; Cornelis et al., 2012;
Gougar et al., 1996; Iwaida et al., 2001; Johnson
et al., 2000; Kindness et al., 1994; Miller et al.,
2000; Moulin et al., 2000; Pointeau et al., 2008;
Pollmann et al., 2006; Segni et al., 2006; Tits et al.,
2011; Van Es et al., 2015). Some authors highlight
a possible long-term stabilization of the sorbed
elements, if phases remain at equilibrium with the
surrounding pore water (Cornelis et al., 2012).
However, cement materials that will be present in
situ may be in direct contact with the surrounding
rock formation, and thus with rock pore water. The
chemical gradient between the cement pore water
and the pore water in the host rock will induce
mineralogical transformations whose impact must
be evaluated in the framework of repository long-
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term evolution (e.g. Gaucher and Blanc, 2006).
Therefore, the stability of cement phases, both from
a thermodynamic and kinetic point of view, is a
fundamental importance in the determination of
radionuclide migration, and more generally, for
nuclear safety assessments.
The present study focuses on the stability of

hydrated calcium aluminates (AFm), which are
phases found in most hydrated cement pastes. AFm
are predicted to play a major role in the retention of
anionic species (including radionuclides) that
might enter in contact with cements, because they
possess an anion exchange capacity. This charac-
teristic is due to the fact that the AFm phase belongs
to the layered double hydroxide family, i.e. phases
built of layers bearing a permanent positive charge
and separated from each other by an interlayer
space containing water and exchangeable anions
compensating for the layer charge (Aimoz et al.,
2012a; Baquerizo et al., 2015; Birnin-Yauri and
Glasser, 1998; Matschei et al., 2007; Moulin et al.,
2000; Pollmann et al., 2006; Segni et al., 2006; Van
Es et al., 2015).
Here, dissolution experiments were performed

with a twofold objective: determination of kinetics
law for the dissolution of AFm-Cl (i.e.
Ca4Al2Cl2O6 : 10H2O) and of the evolution of
AFm structure during dissolution. The initial
material was first carefully characterized using a
combination of chemical and physical techniques.
Dissolution experiments were then performed in
flow-through reactors at room temperature and at
various basic conditions (pH 9.2 to 13), so as to be
representative of those reported during concrete
alteration. Indeed, performance assessment calcu-
lations report an evolution of pH from 13.2 to 9
inside concrete due to cement/host interactions (e.g.
Marty et al., 2015a; Marty et al., 2014) and/or
concrete carbonation (e.g. Dauzer̀es et al., 2014;
Shi et al., 2016). Alteration products were also
carefully examined at the end of experiments.

Materials and methods

Materials

AFm samples
To avoid carbonation processes (e.g. Goñi and
Guerrero, 2003), all syntheses were performed in a
N2-filled glove box, using ultra-pure water (resist-
ivity = 18.2 MΩ cm) that was degassed prior to
placement in the glove box. Synthesis protocol
involved mixing C3A and CaCl2·2H2O (1:1 molar

ratio) at room temperature, following Balonis and
Glasser (2009), and allowing the reaction to run for
15 days, with periodical shaking. After 15 days of
maturation, synthesized AFm-Cl were filtered
(using a 0.45 µm Millipore HVLP membrane
filters) and dried (using a lyophilizer Christ Beta
2-8). Fluids were also retrieved and analysed.

Input solutions
All input solutions used during flow-through
experiments were prepared with ultra-pure water
(resistivity = 18.2 MΩ cm). Buffering solutions
were made up of borax (Na2B4O7·10H2O) and
NaOH for pH values ranging between 9.2 and 11,
and of NaOH and KCl for pH values between 12
and 13. The masses of salts used for the preparation
of buffer solutions are reported in Table A1
(Supplementary Tables A1–A6 have been depos-
ited with the Principal Editor of Mineralogical
Magazine and are available from http://www.
minersoc.org/pages/e_journals/dep_mat_mm.html).
Note that potassium has been added in solution at
pH 12 and 13 so as to be consistent with the
conditions of cement pore water.

Analytical procedures

Solid analysis
An electron probe microanalyser (EPMA) was used
to determine the composition before, and after,
dissolution experiments. Matrix corrections were
undertaken with a ZAF program (Merlet, 1994).
Powder X-ray diffraction was performed with a

Bruker D8 Advance diffractometer, equipped with
a Cu anode (λ = 1.5418 Å) and a LynxEye detector.
Data were acquired in continuous scan mode, in the
5-80°2θ CuKα interval, with a total counting time
of 4 h, and were averaged every 0.02°2θ CuKα. To
protect samples from alteration by atmospheric CO2

during measurement, powders were measured in
polyimide capillaries (diameter of 1.6 mm) sealed
on both sides by glue.
AFm-Cl were analysed prior and after dissol-

ution experiments using transmission electron
microscopy (TEM) and energy dispersive X-ray
spectrometry (EDX). The TEM samples were
prepared by dispersing the powdered samples in
alcohol by ultrasonic treatment. One drop of the
suspension was deposited on the carbon membrane
and the solvent was evaporated at room tempera-
ture. High-resolution transmission electron micros-
copy images were taken using a CM20 PHILIPS
operating at 200 kVand having a line resolution of
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1.4 Å. Analysis of selected area diffraction patterns
was performed using CrystBox (Klinger and Jäger,
2015).
The gas-adsorption experiments using nitrogen

as the adsorbent were conducted at 77 K on a
Quantachrome Nova 2200e surface area analyser.
The specific surface areas (SSA) were calculated
using the Brunauer–Emmett–Teller (BET) equation
(Brunauer et al., 1938) for relative pressures (P/Po,
the ratio of pressure to saturation vapour pressure)
ranging from 0.005 to 0.35 and using 15 points.
The SSA of the AFm were evaluated prior and after
dissolution experiments. Before the measurements,
the samples were outgassed during 24 h under
vacuum.

Solution analysis
The pH was measured immediately after sampling.
The apparatus (a Metrohm electrode connected up
to a Mettler Toledo pHmeter) was calibrated before
each analysis. Collected fluids were then acidified
using nitric acid (65%, Merck® Suprapur).
Calcium and Al concentrations were measured
with an ICP-AES (Horiba-Jobin Yvon® Ultima 2)
and an ICP-MS (Thermo® seriX 2), respectively.
Ion chromatography was used for Cl analysis
(Thermo-Dionex® ICS3000). The detection limits
were 1.25 10–5, 1.85 10–8 and 1.41 10–4 mol L–1 for
Ca, Al and Cl, respectively.

Flow-through experiments

Experimental apparatus
Dissolution experiments were carried out using
flow-through reactors at room temperature (Fig. 1).
The total volume of the reactor was ∼83 mL. The
input buffer solution was circulated at a constant
flow rate of ∼0.5 mL min–1 through the reactors
using a peristaltic pump (Watson Marlow®, 205U).
The input solution was continuously bubbled with
N2 to avoid any dissolved CO2. Themagnetic stirrer
was rotated on an axle in order to avoid any
grinding of AFm particles between the bar and the
bottom of the reactor (Metz and Ganor, 2001).
Experiment labels (AFm-Cl-X, where X stands for
the dissolution pH), initial masses, average flow
rates and experiment durations are reported in
Table 1.

Solution sampling
Outlet solutions of experiments performed at pH
ranging from 9.2 to 12 were filtered through a
0.01 μm membrane before being collected in the

output bottle (Cellulose nitrate filter, Sartorius®).
Experiments performed at pH 13 were filtered
using a 0.45 µm membrane (Millipore® HVLP),
because cellulose nitrate fibre was observed to be
unstable under such pH conditions. The fluid
sampling allows monitoring of the solution (pH,
Ca, Al and Cl) and flow rates as function of time.

Solid sampling
Solid suspensions were collected and filtered (using
a 0.45 µm Millipore® HVLP membrane filters) at
the end of the experiments. Masses of recovered
materials at the end of experiments are reported in
Table 1. The minor loss of material during the
procedure is unavoidable. However, collected and
calculated masses from solution chemistries are in
the same order of magnitude (see Supplementary
Tables A1-6, deposited at http://www.minersoc.org/
pages/e_journals/dep_mat_mm.html).

Calculation methods

Dissolution rates

The stirred flow-through reactors allows for the
control of reaction conditions (i.e. constant pH
conditions using a buffer solution as input). The
experimental setup is powerful for themeasurement
of reaction rates at steady state (reached when the
outlet concentrations are constant with time). In the
case of a congruent reaction, the following
expression is verified (Lasaga, 1998):

dNi

dt
¼ 0 ¼ �q(couti � cini )þ 1iAR (1)

where Ni is the amount of the atom i (mol), t is the
time (s), q is the flow rate (L s–1), couti � cini is the
difference between inlet and outlet concentrations
(mol L−1), ε is the stoichiometry of the atom inside
AFm-Cl (εCa = 4, εAl = 2 and εCl = 2 mol mol–1 of
AFm), A is the total reactive surface of the mineral
(m2), and R is the dissolution rate (mol m–2 s–1).
Therefore equation 1 becomes:

R ¼ q(couti � cini )

1iA
(2)

In practice, the mineral dissolution rarely attains a
steady state. Rather, output concentrations decrease
continuously during the alteration process, which
may, for example, alter the particles morphology, as
observed for illite by Köhler et al. (2005). In
addition, the amount of altered mineral decreases
with time (i.e. dissolution experiment), which may
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decrease the total reactive surface area (A) and then
the amount of elements released in solution. The
total reactive surface area is expressed as:

A ¼ Smt (3)

where S is the reactive surface area in (in m2 g–1, see
its estimation in the section Reactive surface area)
and mt is the mass of reacting mineral at the time t
(in grams, see its estimation in the section Mass
sample evolution).

Reactive surface area

The reactive surface area (S) has been estimated
using BET measurements performed on initial and
final materials. Following numerous kinetic studies
(e.g. Cama et al., 2000; Ganor et al., 1999;
Trapote-Barreira et al., 2014), only final BET
surfaces have been used to normalize reaction rates.
An increase of the BET surface is commonly
observed during flow-through experiments.

However, as dissolution rates are estimated at the
end of experiments, the final BET surface con-
stitutes a suitable proxy. Moreover, it should be
noted that reactive surface areas were measured on
freeze-dried samples that may contain less inter-
layer water than when they are in solution
(Baquerizo et al., 2015).

Mass sample evolution

Table 1 indicates a significant evolution of the
reacting-material masses during dissolution experi-
ments (up to 96 wt.% for the AFm-Cl-11
experiment). Mass variations are therefore taken
into account in dissolution-rate calculations:

mt ¼ m0 �
X

t

Vt

((couti )t � (cini )t)

1i
MAFm (4)

where m0 is the initial mass of added AFm (g),
MAFm is the molar mass (g mol–1) of AFm and V is
the volume of sampled solution (L).

FIG. 1. The experimental apparatus. Modified from Marty et al. (2015c).

TABLE 1. Experimental conditions.

Experiment
Average flow rate

(mL min–1) Input solution Used material Initial mass (g) Duration (h) Final mass (g)

AFm-Cl-9.2 0.49 A AFm-Cl(a) 1.2340 27 0.9168
AFm-Cl-10 0.48 B AFm-Cl(a) 1.1577 47 0.2431
AFm-Cl-11 0.46 C AFm-Cl(a) 1.3250 51 0.0510
AFm-Cl-12 0.46 D AFm-Cl(a) 1.2406 47 0.4350
AFm-Cl-13 0.48 E AFm-Cl(b) 1.0078 46 0.6357
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Calculation of ionic activity products and
solution saturation index

Ionic activity products (IAP) and solution satur-
ation index (SI) were calculated from the compos-
ition of the fluids retrieved at the end of the
synthesizing procedures and from the solutions
sampled during dissolution experiments, using
PHREEQC code (Parkhurst and Appelo, 1999)
and the THERMODDEM database (Blanc et al.,
2012).

Results and discussion

Characterization of the initial material

Solid characterization
So as to obtain enough material for all experiments,
two independent batchs of AFm-Cl synthesis have
been conducted, following the same protocol. The
composition of the obtained solids was similar, as

shown in Table 2, both having measured atomic
ratios of Ca, Al and Cl in very good agreement with
the ideal stoichiometry of a pure AFm-Cl (i.e. Ca/
Al = 2, Al/Cl = 1). Refinement of the experimental
XRD pattern (Fig. 2) confirms sample purity, as
expected from chemical data. The sole presence of
the two polytypes of AFm-Cl was necessary to
attain a satisfying fit to the data, and almost no
change in structure parameters as compared to
those provided by Renaudin et al. (1999) was
needed to reproduce the data. In particular, c
deviated by < 2% as compared to the model
proposed by those authors. Complementary TEM
observations of the initial material (Fig. 3) show
that crystals have a typical size of 100–1000 nm in
the ab plane and an automorphic hexagonal shape
in the ab plane. Because the alteration experiments
were expected to reduce the amount of sample
available for analysis and thus to possibly exclude
the possibility of performing XRD analyses,
selected-area electron diffraction (SAED) patterns

TABLE 2. Compositions (mol mol–1 of AFm) of unreacted materials determined from EPMA.

Synthesis Ca Al Cl Considered structural formula*

AFm-Cl (a) 4.2 ± 0.2 1.9 ± 0.1 1.8 ± 0.0 Ca4Al2Cl2O6:10H2O
AFm-Cl (b) 4.2 ± 0.1 1.9 ± 0.1 1.9 ± 0.1 Ca4Al2Cl2O6:10H2O

*Assuming a temperature of 25°C and assuming the presence of ten water molecules per structural
unit (e.g. Rapin et al., 2002; Renaudin et al., 1999).

FIG. 2. Experimental AFm-Cl XRD pattern (black crosses) and best fit to the data (solid red line).
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were also collected. In order to facilitate analysis,
they were collected perpendicular to the ab plane
and were found to be typical for AFm-Cl, in
agreement with XRD data (fig. 1; Renaudin et al.,
1999). EDX analyses were also collected on several
independent crystals and were found to be in
agreement with EPMA data, with a relative Ca:Al:
Cl ratio of 1.0:0.5:0.5.
The specific surface area (SSA), determined from

BETanalysis, is 6.4 ± 0.1 m2 g–1, in agreement with
literature data (e.g. 10 m2 g–1, Dai et al., 2009).

Analysis of the synthesis equilibrium solutions
Compositions of fluids retrieved at the end of the
synthesis procedures are given in Table 3. The SI of
retrieved solutions with respect to portlandite,

katoite (C3AH6), gibbsite and an amorphous form
of Al(OH)3, noted as gibbsite(am), are reported in
Table 4. All these potential secondary phases are
undersaturated; their precipitation is therefore not
expected during synthesis procedures.
The overall aqueous equilibrium of AFm-Cl is

expressed as follows:

Ca4Al2Cl2O6:10H2Oþ 12Hþ

¼ 2Alþ3 þ 4Caþ2 þ 2Cl� þ 16H2O

Note that experiments are performed in fully
water-saturated conditions, and therefore it was
considered that one mole of AFm-Cl contains
10 moles of water. According to this reaction, the
average IAP calculated after the synthesis

FIG. 3. TEM observations performed on an AFm-Cl sample before dissolution experiments. EDX analyses give a
characteristic atomic abundance in agreement with EPMA (i.e. relative Ca:Al:Cl ratio of 1.0:0.5:0.5). (a) SAED pattern
of the crystal shown in the inset at the bottom right of the image. (b) Indexing of the pattern using the structure model
from Renaudin et al. (1999). Only central and most intense reflections are indexed. The increase in calculated intensity
follows the order of crosses to circles of increasing diameter. The fit to the data converged with a standard deviation of
experimental-to-calculated d-spacing of 0.0015 Å and with the [001] zone axis, in agreement with visual observation of

the crystal (inset in (a)).
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procedures is log IAP = 74.50 ± 0.44 at 25°C.
The error on the proposed log IAP has been
established from the standard error obtained from
the two syntheses of AFm-Cl. The value is in
agreement with the thermodynamic constant refer-
enced in THERMODDEM (i.e. log K = 74.95).
These IAP calculations indicate that synthesized
materials are close to a thermodynamic equilib-
rium. The chemistry of the solutions retrieved is
therefore consistent with the formation of pure
AFm-Cl.

AFm dissolution kinetics

Fluid-chemistry evolutions
Inlet/outlet pHmeasurements, as well as Ca, Al and
Cl concentrations during flow-through experi-
ments, are given in the supplementary data
(Tables A1–6, deposited). The evolution of con-
centrations over time obtained during the AFm-Cl-
9.2 experiment (dissolution at pH 9.2) indicate that
a steady state was not reached for both Cl and Ca
outlet concentrations. In contrast, a steady state may

TABLE 3. Compositions of retrieved fluids during synthesis procedures.

Synthesis pH Cl (mol L–1) Al (mol L–1) Ca (mol L–1)

AFm-Cl (a) 12.08 8.46 10–02 6.93 10–06 5.86 10–02

AFm-Cl (b) 12.11 1.07 10–01 9.04 10–06 6.62 10–02

TABLE 4. Saturation indexes (SI) of retrieved fluids during synthesis procedures.

Synthesis SIPortlandite SIGibbsite(am) SIGibbsite SIKatoite

AFm-Cl (a) –0.38 –5.08 –2.24 –2.03
AFm-Cl (b) –0.29 –5.00 –2.16 –1.59

FIG. 4. Ca/Al ratios calculated from outlet concentrations monitored during flow-through experiments.
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be assumed for Cl outlet concentration; therefore Cl
constitutes a best proxy in the estimation of
dissolution rate. Similarly, in the AFm-Cl-10
experiment (pH = 10), an approximate steady state
is observed after 20 h of dissolution experiment
whatever the considered element. Two distinct
steady states are distinguished for the experiment
AFm-Cl-11: a first one between 25 and 30 h (pH
∼11.7) and a second one after 45 h (pH ∼10.8). At
pH 12 and 13 (i.e. AFm-Cl-12 and AFm-Cl-13
experiments), Ca, Cl and Al outlet concentrations
appear to be relatively constant over time.
Output pH values were always higher than

input values for pH ranging from 9.2 to 12.
Conversely, in the experiment performed at
pH 13, output pH is lower than in the input
solution. Such an evolution can be explained by
pH buffering by the AFm itself, as its equilib-
rium pH was measured during synthesis to be
∼12.1 (Table 3).
In experiments performed at pH 12 and 13, high

Cl concentrations were observed, as a result of the
presence of KCl in input solutions (Table A1,
deposited). Chemical analyses performed on inlet
solutions indicate that Ca concentrations were
always below the detection limit (i.e. 1.25 10–5

mol L–1). In contrast, the weak presence of Al in
inlet solutions was sometimes observed (see
supplementary data, deposited).

The evolution of Ca/Al ratios with time in the
outlet solution are reported in Fig. 4. This ratio is
close to 2 for experiments performed at pH ranging
from 10 to 13, as expected for congruent dissol-
ution of AFm-Cl samples (Table 2). In contrast, at
pH 9.2, Ca/Al remained significantly > 2 during the
whole alteration experiment, with values of 3.5–
2.5. Calculation of the SI of the phases of interest
for the present study demonstrates that amorphous
Al(OH)3 is close to equilibrium (Fig. 5) in this
experiment. Therefore, in such conditions, the
formation of amorphous Al(OH)3 cannot be ruled
out because it would decrease outlet Al concentra-
tions and therefore lead to the observed high Ca/Al
ratios (see Fig. 4). Many authors (e.g. Gardner,

FIG. 5. Saturation indexes of gibbsite(am) during dissolution experiments. Calculations performed with PHREEQC
(Parkhurst and Appelo, 1999) using the THERMODDEM database (Blanc et al., 2012).

TABLE 5. Compositions (mol mol–1 of AFm)
determined from EPMA at the end of the
dissolution experiments.

Experiment Ca Al Cl

AFm-Cl-9.2 4.0 ± 0.1 2.0 ± 0.1 1.4 ± 0.1
AFm-Cl-10 4.1 ± 0.1 1.9 ± 0.1 1.1 ± 0.1
AFm-Cl-11 3.9 ± 0.2 2.1 ± 0.1 1.0 ± 0.3
AFm-Cl-12 4.1 ± 0.2 1.9 ± 0.1 1.7 ± 0.1
AFm-Cl-13 4.1 ± 0.1 1.9 ± 0.1 1.3 ± 0.1
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1970; Hem and Roberson, 1967; Hsu, 1966)
suggest that amorphous Al(OH)3 precipitates
initially from solution and then evolves into a
crystalline form (gibbsite) upon ageing. This latter
form is more stable from a thermodynamic point of
view but is unlikely in our experimental conditions,
because of room temperature and low duration of
the experiment (27–51 h).

Mineralogical evolution
Data from EPMA collected on solid remaining at
the end of the dissolution experiments are reported
in Table 5. Final Ca/Al ratios are ≈2 and therefore
are fully consistent with solution Ca/Al ratios
calculated at pH ranging from 10 to 13. In the
experiment conducted at pH 9.2, the average
composition of the solid was not found to be
enriched in Al, even if high Ca/Al ratios were
measured in outlet solutions (Fig. 4). This can be
explained straightforwardly because amass balance
calculation from the outlet solution chemistries
predicts a composition of the remaining solid close

to that of the initial solid (i.e. Ca = 3.9, Al = 2.1 and
Cl = 1.5 mol mol–1 of AFm). Therefore, Al enrich-
ment of the solid cannot be distinguished on bulk
analysis because it is within the range of EPMA
uncertainty. In addition, if Al-rich phases were to be
formed, they may have been missed as only ten
independent analytical points could be collected,
owing to the low amount of solid available for this
analysis.
In order to understand better the alteration

mechanisms at the crystal scale, TEM was
employed. As exemplified here with the sample
subjected to alteration at pH 12, when alteration pH
ranged between 10 and 13, EDX was consistent
with EMPA data reported in Table 5 (i.e. relative
Ca:Al:Cl ratio of 1.1:0.5:0.4) and SAED patterns
were typical for AFm, with a pattern identical to
that of the initial material. The presence of
numerous rounded and broken particles as well as
an alteration process of the particles from edge
surface areas (ESA) were identified (Fig. 6). The
whole AFm surface appears to be reactive, and

FIG. 6. TEM observations performed on AFm samples
after dissolution experiments at pH 12. EDX analyses give
a characteristic atomic abundance in agreement with
EPMA analyses (i.e. relative Ca:Al:Cl ratio of
1.1:0.5:0.4). (a) Electron micrograph showing the alter-
ation of AFm particles. (b) Electron-diffraction pattern.

FIG. 7. TEM observations performed on AFm samples
after dissolution experiments at pH 9.2. EDX analyses
give a characteristic atomic abundance in agreement with
EPMA analyses (i.e. relative Ca:Al:Cl ratio of 1:1.5:0.4).
(a) Electron micrograph showing the alteration of AFm

particles. (b) Electron-diffraction pattern.
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therefore, the specific surface area (i.e. BETsurface
area) is assumed to play a role in the dissolution
process. No secondary mineral precipitation was
observed when alteration pH ranged between 10
and 13.
Analysis of the solid resulting from alteration at

pH 9.2 was more complex. First, TEM analyses
showed the presence of numerous rounded and
broken particles with, again, the regular presence of
a dissolution process from ESA (see Fig. 7). In
these particles, SAED patterns as well as EDX
analyses (relative Ca:Al:Cl ratio of 1.1:0.5:0.4)
were typical for AFm (Fig. 3 and Fig. 7). Formation
of gibbsite(am), that is a pure Al(OH)3 phase,
predicted by geochemical calculations has not been
confirmed by TEM observations. However, two
types of Al-rich particles were identified. The first
type had characteristic relative Ca:Al:Cl ratios of
0.5:1.4:0.1 (Fig. 8a), and had a SAED pattern

typical for an amorphous phase (Fig. 8b). The
second type had a foil-like morphology (Fig. 8c),
did not contain Cl, and had a Ca/Al ratio of 1. In the
SAEDpattern, all reciprocal lattice points that could
be observed resulted from the presence in the
background of AFm-Cl (Fig. 8d ) and thus this
second type of Al-rich particle is also amorphous.
Note that the fact that SAED showed the presence of
AFm-Cl whereas EDX data were incompatible
with the presence of an AFm background is simply
due to the fact that the size of the areas analysed
with the two methods vary: SAED can only be
acquired on a circle having a diameter of ∼300 nm,
whereas EDX analysis can be much more focused
(Fig. 8c).
Overall, although the present analyses could not

confirm the presence of pure amorphous Al(OH)3,
the presence of amorphous phases being enriched
in Al was evident, which is consistent with

FIG. 8. TEM analyses indicating the secondary-phase formations during the AFm-Cl-9.2 experiment. (a) Electron
micrograph showing the formation of an Al-rich phase. EDX analyses give a relative Ca:Al:Cl ratio of 0.5:1.4:0.1.
(b) Electron-diffraction pattern showing the amorphous nature of the Al-rich phase. (c) Electron micrograph showing a
foil-like morphology. Dotted circle marks the area analysed by SAED in which the presence of AFm-Cl cannot be
avoided (arrows). Full white circle indicates the area analysed by EDX. EDX analyses give a relative Ca:Al:Cl ratio of
1.0:1.0:0.0. (d ) Electron-diffraction pattern showing the amorphous nature of the foil-like morphology, as all diffraction

features could successfully be attributed to the AFm matrix.
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chemical data (Fig. 4). The coherency with
thermodynamic predictions cannot be further
discussed because such phases are not documented
in the considered database.

Exchange reactions
The unreacted AFm-Cl was a pure phase having a
Cl content of 2 mol mol–1 of AFm (Table 2). Both
EPMA and TEM-EDX analyses point to a
systematic decrease of the Cl content after alteration
experiments (Table 5), while Ca/Al ratio and SAED
patterns remained similar for all experiments but
pH 9.2, meaning that the AFm layer structure, and
thus layer charge, was preserved. Because the main
anion in all input solutions was OH– (Table A1,
deposited), the loss of Cl– certainly reflects the
exchange of interlayer Cl– by interlayer OH–.
Geochemical calculations also indicate the possible
exchange of Cl– by B(OH)�4 (resulting from the
buffering solution) for experiments performed at
pH from 9.2 to 11 (i.e. using borate, see Table A1,
deposited). Boron uptake by AFm has been studied
by Qiu et al. (2015). These authors indicate that the
affinity of OH– for the AFm is stronger than that of
B(OH)�4 . Therefore, the amount of B(OH)�4 in the
AFm interlayer is probably low (if any) in our
experiments. Figure 9 indicates that the exchange
process, characterized by an increase of outlet Cl
concentrations, occurs in the early stage of
dissolution experiments.

Dissolution rates as a function of pH at room
temperature
At pH ranging from 10 to 13, Ca/Al ratios of both
solids and solutions indicate a congruent dissol-
ution process; dissolution rates can be therefore
calculated directly from outlet Ca and Al concen-
trations. In contrast, solution chemistries for the
experiment performed at pH 9.2 indicates non-
congruence (Ca/Al ratio > 2). In such conditions,
geochemical calculations and TEM observations
indicate the precipitation of amorphous Al-rich and
mixed Al/Ca phases. Such formations explain the
absence of a steady state for Ca and Al outlet
concentrations and raises a question about the
validity of equation 2 for this experiment.
Consequently, estimated rates from released Ca
and Al at pH 9.2 are subject to significant and
unquantifiable uncertainties and are probably
underestimated. In addition, estimating reaction
rates from outlet Cl is not possible, because this ion
is subject to exchange reactions in the early stages
of dissolution experiments (Fig. 9). These limita-
tions can be circumvented by considering final
AFm-Cl compositions reported in Table 5 as well as
the mass evolution estimated from released Ca.
Outlet Cl concentrations can then be used to
calculate dissolution rates. Unfortunately, such
calculations are impossible at pH 12 and 13 due
to the high amount of Cl in input solutions (see
Table A1, deposited).

FIG. 9. Evolutions of Cl concentrations during AFm-Cl-13 experiment.
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Specific surface areas obtained on the final
solids, calculated dissolution rates and saturation of
outlet solutions with respect to AFm are given in
Table 6. As indicated by saturation indexes,
dissolution experiments conducted at pH 9.2–12
have been performed in far-from-equilibrium con-
ditions and the dissolution kinetics thus are
independent of the saturation ratio (e.g. Cama
et al., 1999; Marty et al., 2015b). In contrast, at pH
13, a deviation-from-equilibrium effect on dissol-
ution rate may occur (SI = –1.12). Therefore, the
measured dissolution rate during the AFm-Cl-13
experiment could be slightly underestimated. Note
that the amount of the retrieved material at the end
of the AFm-Cl-11 experiment is weak (i.e. 0.05 g,
see Table 1); therefore, the uncertainty on the BET
measurement is probably higher than the one
reported in Table 6 (i.e. 35.4 ± 7.2 m2 g–1).
The BETsurface areas used for the normalization

do not necessarily correspond to reactive surface
areas, i.e. not really involved in the dissolution
process. For example, several authors report a clay
dissolution from edge surface areas (ESA) in
basic conditions (e.g. Marty et al., 2011) with
measured ESA significantly lower than BET areas
(e.g. ESA = 11.2 m2 g–1 and BET = 104 m2 g–1 for
a synthetic montmorillonite). Nevertheless, in our
study TEM observations indicate an isotropic
particle alteration (including ESA) and surfaces
have been normalized according to BET (Fig. 10).
On the basis of this assumption, no significant
effect of pH on dissolution rates can be observed.
Under our experimental conditions, dissolution

rates appear to be pH-independent and therefore,
an average dissolution rate has been calculated
over the range of investigated pH. The far-
from-equilibrium dissolution kinetics at room tem-
perature is expressed as: logR(mol m–2 s–1) =
–9.23 ± 0.18

Conclusion

AFm-Cl has been synthesized successfully and the
phase alteration studied with flow-through experi-
ments performed at room temperature and various
pH conditions (i.e. 9.2 < pH < 13). Flow-through
experiments combined with mineralogical (XRD)
and compositional (EPMA, TEM, ICP-AES, pH
measurements) analyses make up an excellent tool
for evaluating AFm alteration. Efficiency/safety
evaluations of many systems, including the long-
term geochemical evolution of host rocks consid-
ered for high-level nuclear waste repositories orTA

B
L
E
6.

C
al
cu
la
te
d
di
ss
ol
ut
io
n
ra
te
s
as

fu
nc
tio

n
of

pH
.

E
xp
er
im

en
t

pH
o
u
t

F
lo
w

ra
te

(m
L
m
in

–
1
)

F
in
al
B
E
T

(m
2
g–

1
)

R
C
a
(m

ol
m

–
2
s–

1
)

R
A
l
(m

ol
m

–
2
s–

1
)

R
C
l
(m

ol
m

–
2
s–

1
)

S
I A

F
m
-C
l

A
F
m
-C
l-
9.
2

9.
27

±
0.
06

0.
48

±
0.
01

9.
4
±
0.
2

2.
37

(±
0.
25
)
10

–
1
0

1.
28

(±
0.
12
)
10

–
1
0

4.
25

(±
0.
48
)
10

–
1
0

–1
7.
36

A
F
m
-C
l-
10

10
.0
2
±
0.
03

0.
47

±
0.
02

13
.7
±
0.
7

8.
43

(±
0.
67
)
10

–
1
0

7.
08

(±
0.
45
)
10

–
1
0

1.
23

(±
0.
06
)
10

–
0
9

–1
0.
72

A
F
m
-C
l-
11
a

11
.7
1
±
0.
02

0.
42

±
0.
01

35
.4
±
7.
2

6.
59

(±
0.
50
)
10

–
1
0

6.
38

(±
0.
38
)
10

–
1
0

8.
04

(±
0.
90
)
10

–
1
0

–2
.6
4

A
F
m
-C
l-
11
b

10
.8
4
±
0.
10

0.
46

±
0.
01

35
.4
±
7.
2

2.
92

(±
1.
00
)
10

–
1
0

3.
44

(±
1.
32
)
10

–
1
0

3.
38

(±
1.
88
)
10

–
1
0

–1
1.
12

A
F
m
-C
l-
12

12
.0
2
±
0.
08

0.
46

±
0.
01

7.
1
±
0.
2

7.
70

(±
1.
21
)
10

–
1
0

7.
93

(±
1.
18
)
10

–
1
0

––
*

–1
.6
8

A
F
m
-C
l-
13

12
.7
8
±
0.
03

0.
48

±
0.
00

6.
1
±
0.
1

5.
20

(±
1.
27
)
10

–
1
0

5.
37

(±
1.
19
)
10

–
1
0

––
*

–1
.1
2

R
C
a,
R
A
l
an
d
R
C
l
st
an
d
fo
r
di
ss
ol
ut
io
n
ra
te
s
es
tim

at
ed

fr
om

ou
tle
tC

a,
A
la
nd

C
lc
on
ce
nt
ra
tio

ns
,r
es
pe
ct
iv
el
y.
S
I A

F
M
−
C
l
re
fe
rs
to

th
e
sa
tu
ra
tio

n
in
de
x
of

th
e
so
lu
tio

n
w
ith

re
sp
ec
t
to

th
e
A
F
m
-C
l.

*C
al
cu
la
tio

n
is
im

po
ss
ib
le
du
e
to

th
e
hi
gh

am
ou
nt

of
C
l
in

th
e
in
pu
t
so
lu
tio

n.

1256

NICOLAS C. M. MARTY ETAL.



the integrity of cap-rocks for CO2 geological
sequestration are usually performed using reactive
transport modelling. Among others, the prediction
of natural and engineered barriers evolution upon
geochemical gradients is of paramount importance
(Bildstein and Claret, 2015). The modelled min-
eralogical transformation pathways can be affected
both by kinetics reaction rates and mesh refinement
(Marty et al., 2009). Therefore being able to
implement an accurate kinetic reaction rate in the
reactive transport calculation, like the one described
in this paper, will form a sound basis in time-barrier
evolution. More specifically, the following conclu-
sions can be drawn: there is a congruent dissolution
process for pH ranging from 10 to 13; there is a
formation of amorphous Al-rich phases as well as
amorphous Ca/Al-mixed phases for the experiment
performed at pH 9.2; no significant effect of pH on
dissolution rate can be drawn.
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