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Kinetics of dolomite—portlandite reaction
Application to Portland cement concrete
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Abstract

The dedolomitization reaction kinetics are studied through several long-term experiments consisting of an aqueous dispersion of fine
powders of dolomite and portlandite with different alkalinity, temperature and silica content. The experimental results are reproduced through
computer simulation, which allows the estimation of the apparent dissolution constant rates for dolomite. These are discussed together with
other parameters influencing the kinetics, in particular the modification of the specific surface of dolomite. The parameters obtained make it
possible to predict the behavior of the system beyond experimental periods. Both experimental and simulated results are discussed in
connection with the expansion and cracking occurrences observed in portland mortars and concretes made with dolomitic limestone.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Expansion and cracking occurrences observed in con-
crete made of high-alkali portland cement and dolomitic
limestone aggregate, have led to the supposition that an
alkali—carbonate reaction (ACR) takes place [1,2], which
accelerates the dedolomitization reaction. The reaction is
supposed to proceed with an increase of volume of the
resultant phases, or, alternatively, would produce the expan-
sion of the bulk material through an indirect mechanism.
The possible role of alkali in the dedolomitization reaction is
still a controversial matter [3,4].

Many laboratory tests confirm that prisms of mortar
made with dolomite aggregate expand after continuous
attack by alkaline solutions [5], and this result has
become the base for standard expansion tests in several
countries. However, up to now, little evidence, if any, has
been provided of an expansive reaction between alkali
and dolomite.
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In the dedolomitization reaction,
CaMg(CO;3), + Ca(OH), = 2CaCO; + Mg(OH),

dolomite reacts with portlandite, producing calcite and
brucite. Following the molar volumes of the solids
involved [6], the reaction results in an increase of volume
of 1.13%. According to the above authors, alkali would be
needed only to form an intermediate alkali carbonate, but
this point has not been proved yet. Other authors [7] and
[8] claim that expansion observed would be produced
through alkaline dissolution of silica or clay contained in
the dolomitic aggregate (alkali—silica reaction, ASR). In
this case, the ACR problem would lead us to the well-
studied ASR problem.

Despite of the extensive research carried out in several
laboratories, disagreement on the origin of the bulk
expansion observed in concretes made of dolomitic
aggregate still remains. In order to gain some insight
on these problems at a more basic level, several long-
term experiments on the evolution of media saturated
with portlandite and dolomite were undertaken. These
experiments include quantitative control of dissolution—
precipitation of phases in different alkaline media, at
25°C and 75°C, and with silica content. All of these
results are reproduced by computer simulation, and the
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kinetic parameter estimates allow the extension of the
simulation to a wide variety of conditions.

2. Experimental

The basic batch experiments consisted of an aqueous
dispersion of fine powders of the starting phases, dolomite
and portlandite. Five different initial water solutions were
used: (1) pure water at room temperature; (2) pure water at
75°C; (3) 0.1 molar NaOH solution at room temperature; (4)
0.1 molar NaOH solution at 75°C; and (5) as Experiment (1)
pure water with silica, with low exposed surface, was also
introduced in the batch dispersion.

The starting water solutions and mineral powders were
introduced in Teflon bottles provided with a cap to avoid
atmospheric carbonation. The volume ratio of starting
minerals to solution (1/1000) was carefully chosen to
facilitate further chemical analyses and, in particular, the
filtration of the complete suspension, so that all the solids
were recovered in the form of a thin film suitable for powder
diffraction. Filters had 0.22 um pore diameter.

About 10 to 15 bottles were prepared with the same
starting composition. The content was stirred every 30 min.
Bottles were extracted from the bath and opened after
different periods of time. The period between two extrac-
tions was increased as the rate of reactions slowed down.
The average duration of the experiments at room tempera-
ture, until a steady state was practically reached, was about
200 days. At 75°C, the steady state was reached earlier. In
the following we give a brief description of the starting
minerals and the methods of analysis.

2.1. Dolomite

Gem quality crystals of dolomite were finely powdered.
Only the fraction of powder with diameter below 25 pm
was used. The measured BET [9] surface was 2.12 m?
g~ '. Powder diffraction showed a single phase. Electron
microprobe analyses of the bulk solid confirmed the purity
of the material.

2.2. Portlandite

“Alfa” commercial Ca(OH), from Johnson Matthey was
used. The measured BET surface was 16.5 m* g~ '. Powder
diffractogram showed traces of CaCOs;, estimated to be
under 1%.

Characterization of the filtered solution included pH
measurement with a standard high alkalinity electrode, and
cation analyses of the metals by Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES). The
spectrometer used was a Perkin Elmer Elan 6000.

Quantitative analysis of the crystalline solids retained in
the filters was achieved by the full diffraction profile
matching method (quantitative Rietveld analysis), using

the FULLPROF program [10]. When an amorphous phase
was present, the composition was deduced by mass balance.
Whenever necessary, the solids were also dissolved and
analyzed by ICP-AES.

3. Chemical model

The calculations of the mineral—water reactions are
based on the mass conservation equation in a closed system:
Nr
%:Zugiomkm(ﬂm—l) i=1...N¢ (1)
o
where c; is the total concentration of the ith component in
solution (kmol m ~?), and the right hand term of Eq. (1) is
the amount of component supplied/scavenged by the
dissolution/precipitation of minerals [11]. Thus, Ny is the
number of minerals, vX; is the stoichiometric coefficient of
the ith component in the dissolution reaction of the mth
mineral, o, is its the specific reactive surface of the mineral
(m* m~?%), k, is the growth or dissolution rate constant
(kmol m ~%s '), obtained from experiments, and (), is the
saturation of the solution with respect to the mineral ({2, <1
for subsaturation, (},,,> 1 for supersaturation, and {},,,=1 for
equilibrium). The term in parentheses is the saturation-
dependent term. As the solution reaches equilibrium the
term in parenthesis in Eq. (1) tends to 0 and the dissolution
of the mineral vanishes.

The total amount of component in solution, ¢;, is dis-
tributed over various aqueous species (Table 1). By assum-
ing chemical equilibrium between these species their
concentration can be computed. See details of the calcula-
tion in Ref. [12]. The value of the saturation (), is then
calculated from the concentration of the species involved in
the dissolution reaction.

Table 1
Chemical reactions considered in the chemical model

log K
Primary aqueous species
Ca*", Mg?", OH ", COy* ~, HSiO; ~
Aqueous complexes
OH™ +H'=H,0 14.00
HCO; ~ +OH ~ =CO;>~ +H,0 3.666
CO5Ca(aq)=Ca’>" +CO5> ~ —3.327
CaOH" =Ca®>" +OH ~ —1.145
H,Si0,%> ~ =HSiO; ~ +OH ~ —1.036
SiO, (aq)+OH ~ =HSiO; ~ 4.042
Minerals
CaMg(C05),=2C05>~ +Ca** + Mg " —1.709
CaCO;=C05* ™ +Ca*”" —8.480
Ca(OH),=Ca>" +20H ~ —5.435
Mg(OH),=Mg?* +20H ~ —1.169
“Silica gel”=HSiO; ~ +Ca® " +OH ~ —8.548

The values of the equilibrium constants are those of the EQ3NR
database [18].
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The reactive surface area of a dissolving mineral is
updated according to the decrease of its volume fraction ¢,,:

Ot + Ar)}ﬁ
0)

Following Eq. (2), as the volume fraction of the mth mineral
approaches zero, the reactive surface also approaches zero.
Therefore, the dissolution of a mineral may vanish either
because the solution reaches equilibrium or due to the
exhaustion of the mineral.

The kinetics of calcite precipitation is described by the
right hand term in Eq. (1). This term is consistent with the
experimental law obtained by Inskeep and Bloom [13] for
calcite precipitation at pH>8 and pco,<0.01 bar. A value
of 390 x 107 mol m % s~ ! for the rate constant was
obtained from their experimental results. The same equation
has been used to calculate the dissolution of dolomite. A

om(t+ Af) = 0,(2) [ (2)

rate constant value of 2.2 x 10 ~ 8 mol m ~2 s ! has been

obtained from the experimental data of Refs. [14,15]. In the
following calculations portlandite is assumed to dissolve
faster than dolomite, while calcite and brucite precipitate in
equilibrium. Therefore, the dissolution of dolomite is the
slower reaction and controls the rate of the overall dedolo-
mitization process.

4. Results

The general trend of the experimental results and the
corresponding numerical simulation results are plotted in
Figs. 1 and 2. Typically, the amount of solid phases, the
composition of the solution and the pH were simulated as a
function of time. The input data of the calculations are
dissolution rate constants, and the initial specific surfaces
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Fig. 1. Dissolved and precipitated solids. Different symbols indicate experimental values. Lines indicate simulated results. When error bars not drawn, the error
is lower than the size of the symbols. (a) Experiment 1, final measured concentrations of Ca®* and Mg®* are 97.6 and 0.4 ppm, respectively. (b) Experiment 2,
final measured concentrations of Ca®* and Mg® " are 2.8 and 5.4 ppm, respectively. (¢) Experiment 3, final measured concentrations of Ca®>* and Mg>* are
205.6 and 0.2 ppm, respectively. (d) Experiment 4, final measured concentrations of Ca®>* and Mg® ™ are 1.5 and 0.1 ppm, respectively.
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Fig. 2. Results obtained in Experiment 5. (a) Dissolved and precipitated
solids. (b) Concentration of Ca*>* and Si**. (c) pH.

and volume fractions of the starting phases. In the follow-
ing, we give a brief account of the main features of each
group of experiments.

4.1. Pure water, 25°C (Fig. la)

At the beginning, the reaction takes place very quickly,
probably consuming the finest fraction of dolomite powders.
After 10 to 20 days, the reaction slows down, until a steady
state is reached after 180 days. An apparent dissolution rate
constant of 4.5x 10~ ' mol m ~? s~ ! was obtained for
dolomite by fitting the experimental results and the calcula-
tions. At the end of the experiment, dolomite was consumed
almost completely (86%), and the solution remained sub-
saturated (Qgo;=5.0 x 10 ~3). The steady state is reached
because the reactive surface (04, has decreased to very
small values.

4.2. Pure water, 75°C (Fig. 1b)
In this experiment, the equilibrium of the solution

(Qgo1=1.0) is reached after 15 days when 95% of dolomite
is dissolved. The best-fit apparent dissolution rate constant

for dolomite is 3.9 x 10 ~° mol m~? s~ '. By comparing

the rate constants obtained in Experiments 1 and 2, activa-
tion energy of 37.2 kJ/mol is obtained for the dissolution
reaction of dolomite. This value compares well with the
range from 27.2 to 32.2 kJ/mol given in Ref. [16].

4.3. Solution 0.1 molar NaOH, 25°C (Fig. Ic)

The steady state is reached after 80 days when the
reaction has only consumed 22.5% of the starting dolomite.
The solution is subsaturated (4,;=0.26 x 10 ~°), and the
vanishing of the dissolution is due to the decrease of the
reactive surface. From this point, the dissolution of dolomite
will continue at a very slow rate, until the reaction is
complete, after 400 days. An apparent dissolution rate
constant of 2.3 x 10~ '® mol m % s~ ! is obtained from
the comparison of analytical and calculated values. The high
pH clearly slows down the dissolution of portlandite, which
does not dissolve completely.

4.4. Solution 0.1 molar NaOH, 75°C (Fig. 1d)

The reaction ends after 5 days when portlandite and
dolomite are completely exhausted and the only solids
present are calcite and brucite. The dissolution rate con-
stant for dolomite deduced from the experiment is
1.9% 10 ®* mol m % s~ ', almost an order of magnitude
higher than the value obtained from Experiment 2. The
activation energy deduced from Experiments 3 and 4 is
76.5 kJ/mol.

4.5. Pure water plus solid amorphous silica, 25°C (Fig. 2)

The most relevant reaction here is the formation of a
calcium—magnesium silica gel, whose composition
evolves with time. At high pH values amorphous silica
dissolves fast and reacts with calcium and magnesium in
solution, inhibiting the formation of calcite and prevent-
ing the formation of brucite, which is never observed. If
reactive silica is in excess, portlandite is completely
exhausted when only 23% of the starting dolomite is
used up. The dissolution rate constants obtained for
silica and dolomite are 1.5x 10 * mol m % s~ ! and
2.1 %10 " mol m 2 s~ !, respectively.

5. Discussion

In all the experiments, the dedolomitization reaction
progresses, in agreement with the well-known fact that
the calcite—brucite pair is more stable than the dolomite—
portlandite assemblage. In principle, the reaction should
be complete with the consumption of one or both
reactants, but this result was only achieved in experiments
at 75°C.
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At room temperature, the reaction proceeds very slowly
after partial dissolution of dolomite. This was attributed to
the decrease of the reactive surface between dolomite and
water as dolomite is consumed. To confirm this point, single
crystals of dolomite with dimensions 4 x 4 x 3 mm were
immersed in portlandite-saturated solutions, with the same
compositions as those in Experiments 1, 2 and 5. After
several months, the surfaces of these crystals were observed
and analyzed by SEM and XRD. In all cases calcite crystals
were observed covering the surface of the dolomite crystals.
Crystals of brucite were also present on the dolomite surface
when silica was not present. In addition, diffraction showed
that most calcite presented the same crystal orientation as
dolomite, as expected, given the similarities between the
structure of both minerals. It can be concluded, therefore,
that the heterogeneous (mainly epitaxial) nucleation of
calcite on the dolomite surface creates a protective layer
inhibiting the dissolution of dolomite. The efficiency of this
barrier may depend critically on temperature and alkali
concentration: for 0.1 molar solution of NaOH, only
22.5% of dolomite was consumed after 80 days, at room
temperature. On the contrary, at 75°C the reaction is
completed after a few days.

In mortars the place where the new phases, calcite and
brucite, are formed may be relevant with respect to the
reported problems of expansion and cracking. The molar
volumes of reactants and products indicate that the expan-
sion of mortar with a volume content of 10% of portlandite
could reach 0.33%, provided that all portlandite reacted with
dolomite. Moreover, our observations indicate that part of
the new phases would crystallize in the place occupied by
dolomite. This observation suggests that one parameter
determining the advance of the reaction is the total surface
of contact between aggregate and paste. For millimeter-
sized aggregates, or with bigger diameters (i.e., in mortars
and concretes), the amount of exposed surface would
depend mainly on the development of the layer of calcite
surrounding the grains of dolomite. In addition, these new
layer phases create an interface between the paste and the
aggregate that may reduce the adherence, altering the
mechanical properties of the concrete. This problem will
be treated in a future paper.

Numerical simulation of the results is very useful since it
allows the estimation of apparent dissolution rate constants
of the phases involved. In the studied reactions, the best
agreement between simulation and experiment is obtained
by considering that the dissolution rate of portlandite is
several orders of magnitude greater than that of dolomite,
and that calcite and brucite precipitate in equilibrium with
the solution. Therefore, the dissolution of dolomite is the
slower process, and controls the overall reaction. The
dissolution rate constant, kg,, is obtained by fitting the
calculated and observed results. The figures given above
range from 2.1 x 10 ' t0 4.5 x 10 """ mol m ~? s~ ' for
room temperature, two orders of magnitude lower than the

value reported in the literature, 2.2 x 10 " mol m % s !

[14,15]. This discrepancy is interpreted as due to the
precipitation of new phases, calcite and brucite, on the
dolomite surface. This fact results in a decrease in the
reactive surface with respect to that measured by BET.
When kg, is fitted only to the initial results (first 10 days)
of Experiments 1 and 3, the obtained values are very similar
to those given in the literature [14,15].

At room temperature, the addition of NaOH to the
solution makes the reaction slower, while at high tempera-
ture alkali accelerates the reaction. The different activation
energies obtained through Experiments 1-2 and 3—4 sug-
gest that the mechanism of dissolution of dolomite, at a
molecular level, would be different when alkali is present in
the solution.

Numerical simulation also enables us to predict the
behavior of the system beyond experimental time periods.
Using the dissolution rates obtained for dolomite, we carried
out the simulations for initial conditions similar to the actual
interaction between aggregates and portlandite in mortars.
For a cube of mortar with edge 1 dm, volume fractions and
specific surfaces of aggregate and portlandite, and even-
tually reactive silica, were introduced in the code (Fig. 3a—e).
The volume fraction of the interstitial pore solutions plus
nonreactive phases was 0.3 and the initial compositions
were the same as in Experiments 1 to 5. Neither carbonation
from the atmosphere nor diffusion and transport limitations
were considered. For reactions involving gel phases
(Experiment 5), the volume is uncertain, and the simulated
reaction will be more or less expansive depending on the
molar volume attributed to these phases. For instance, the
density of the C-S-H portland gel, depending on the
different authors, may vary from 2.0 to 2.8 g cm > (see
Ref. [17] for discussion). Using molar volume additive
rules, the densities obtained for portlandite and calcium—
magnesium silicate hydrate gel were 2.24 and 2.2 to 2.4 g
cm 2, respectively. Our results indicate that reactions
involving the formation of gel increase slightly the total
volume of solid, and are potentially expansive.

In the simulations depicted in Fig. 3a—d, corresponding
to Experiments 1 to 4, the reaction ends when all portlandite
is used up. This occurs after 200, 23, 390 and 4.7 years for
initial compositions and temperatures similar to Cases 1 to
4. However, the diffusion barriers created during the pro-
cess, not included in the simulation, may block the reaction
early before equilibrium. On the other hand, it is noteworthy
that the diffusion of atmospheric carbon dioxide can pro-
duce complete carbonation of the Portland paste in less than
100 years.

When silica is present (Fig. 3e), the evolution is less
linear. As portlandite dissolves, pH is high and amorphous
silica dissolves fast, forming a gel. After 130 years, por-
tlandite is exhausted, but dissolution of dolomite and pre-
cipitation of calcite continues at a lower rate, at the expense
of the calcium content of the gel. This becomes richer
towards the brucite component, and, in equilibrium, anti-
gorite-like minerals (Mg3[Si,O5]OH,) would crystallize.
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Experiment 1, (b) Experiment 2, (c) Experiment 3, (d) Experiment 4, and (e) Experiment 5.

The evolution ends when all phases reach equilibrium with
solution, after 460 years.
6. Conclusions

At room temperature, the apparent dissolution rates
obtained for dolomite range from 2.1x10° ' to

45%x10" " molm s~ ' At 75°C, these values increase
by more than one order of magnitude. The low values
compared with those referred to in the literature are due to
the decrease of the actual reactive surface caused by the
precipitation of new solid phases.

The activation energies are similar to those of previous
studies, suggesting that no significant differences in the
dissolution mechanism took place. The activation energies,
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however, are influenced differently by the alkali content of
the solution, indicating that a different mechanism of dis-
solution occurs when alkali is present.

At room temperature, alkali in the solution reduces the
dissolution rate of dolomite. At 75°C, NaOH solution
slightly increases the rate of the dedolomitization reaction.

Calcite and, possibly brucite, crystallize on the dolomite
surface, reducing the surface and slowing down the reaction.
In mortar and concrete the interface between the Portland
paste and aggregate could be modified, affecting the
mechanical properties of the material.

The total volume expansion produced in mortars by the
complete reaction of portlandite with dolomite is estimated
to be 0.33% (0.11% of linear expansion). At room tempera-
ture this expansion will be produced during a period of
200—-400 years.

When reactive silica is present, the reaction of dedolo-
mitization will continue long after portlandite is used up.
The gel formed is potentially expansive, and changes its
composition, towards the brucite component.
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