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Monitoring Gypsum Plaster Setting in a Foam through Raman Spectroscopy
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We use Raman spectroscopy to probe in situ the hydration reaction of a foamed mineral binder, here
gypsum plaster. We show the strong effect of the mixing process used for foaming on the hydration kinet-
ics. On the contrary, we observe no effect of the cationic surfactant tetradecyltrimethylammonium bromide
(TTAB) used as foaming agent and of the foam structure. By tuning the hydration time scale with a setting
retardant (citric acid) and measuring in parallel the characteristic bubble radius in the foam, we show that
hydration kinetics control the arrest of the bubble-size evolution in the fresh foam and the final pore size

in the set gypsum.
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I. INTRODUCTION

Aerated mineral materials such as foamed concrete [1],
foamed plaster [2], foamed calcium phosphate [3], or
foamed geopolymers [4,5] are interesting because they
combine the properties of the solid base material and those
of air. They are therefore used for their lightness, as in
gypsum plasterboards, their raw material content, which
reduces the environmental footprint of Portland-cement
production in foamed concrete, or their good thermal
and phonic insulating properties [6]. They also have a
large surface-to-volume ratio and hence a larger reactiv-
ity, which is interesting for their use in water treatment [5]
or bone replacement [3,7].

A simple method to prepare such porous-mineral mate-
rials is to incorporate air mechanically into a hydraulic
binder, i.e., a suspension of reactive particles that forms a
solid through a dissolution-precipitation process [8,9]. The
air can be incorporated either directly by strong shearing of
the cementlike suspension or by mixing the reactive paste
with a precursor foam [1,2,10].

Control of the macroscopic properties (the acoustic
absorption, flow permeability, thermal conductivity, etc.)
ideally requires tuning of the pore morphology, including
the pore size [11,12]. It is determined both by the size
of the air bubbles initially present in the fresh suspension
foam and its evolution as the mineral binder sets. The fresh
foam is indeed an unstable fluid structure, which evolves
through the combined effects of gravity-induced drainage,
ripening due to gas transfer between bubbles and bubble
fusion called coalescence [13]. More precisely, for a given
setting time, Feneuil et al. have shown that the stability
of a cement foam is governed by the ratio between the
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yield stress of the fresh material and the Laplace pressure,
given by y /R, where y is the surface tension of the solu-
tion and R is the bubble radius [14]. However, so far, we
do not know how this criterion evolves as the setting time
is changed among various materials. More generally, the
kinetics of dissolution-precipitation in mineral foams and
its impact on the final porous structure have scarcely been
explored [15].

The monitoring of setting reactions in mineral binders is
often performed through calorimetry or x-ray diffraction
[16—18] but it is not obvious to adapt these methods to
in situ measurements inside a foam: the low thermal con-
ductivity of foam must indeed disturb sample cooling in
calorimetry, while x-ray diffraction usually probes samples
on length scales much smaller than the bubble radius (typ-
ically 0.1-1 mm) and is thus not representative of the bulk
of the foamed material.

The aim of the present study is therefore to show how in
situ continuous Raman spectroscopy can be used to probe
the kinetics of dissolution and precipitation of a foamed
mineral binder, here gypsum plaster. We first investigate
the influence of the surfactant and of the mixing process
(mixing duration and velocity) used to generate the foam.
We then study the role of the foam structure. Finally, the
action of citric acid used as a setting retardant is studied.
This allows us to modify the reaction kinetics and therefore
the final pore size.

II. MATERIALS AND METHODS

A. Materials
1. Gypsum plaster

We study gypsum plaster as a model mineral binder.
This material solidifies through a dissolution-precipitation

© 2022 American Physical Society
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mechanism [16]. Plaster is the common name for calcium
sulfate hemihydrate CaSOy - %HZO, also called bassanite
when found in nature. It dissolves in water until solubility
is reached (8.7 g/l at 25 °C, corresponding to 60 mM) [19].
Under these conditions, the ionic solution is supersaturated
with respect to calcium sulfate dihydrate CaSO, - 2H,O0,
i.e., gypsum (solubility of 2.6 g/l, corresponding to 15
mM). This triggers the precipitation of gypsum needle-
shaped crystals. The overall hydration can therefore be
described by a single reaction:

1 3
CaSOy - EHQO + EHzO — CaSOy4 - 2H,0. (D

Finally, the entanglement of the gypsum needles provides
the mechanical strength of the new mineral [20].

The plaster used is 8-hemihydrate (plaster of Paris) from
Fisher chemicals. The plaster-particle diameter distribu-
tion is measured by laser granulometry (Horiba LA-960)
shortly after opening the jar. It is characterized by a median
diameter Dv50 = 9.5 um (for a volume-weighted distri-
bution) and the first and last deciles Dv10 = 4.9 um and
Dv90 = 20.8 yum.

To make the plaster paste that is further foamed, the
powder is dispersed in an aqueous solution containing sur-
factant and citric acid as a setting retardant. Control exper-
iments without these organic additives are also performed
for comparison.

Due to exposition to ambient air, the hygroscopic plas-
ter evolves due to moderate hydration on the time scale of
weeks. For each figure and parameter, the corresponding
experiments are thus all performed within a limited period
(1-2 weeks) and on a single batch.

2. Surfactant

The foaming agent used is the surfactant tetrade-
cyltrimethylammonium bromide (TTAB, from Sigma-
Aldrich). Unless specified, it is dissolved at concentration
3 g/l in deionized water. This corresponds to twice the crit-
ical micellar concentration (CMC) of TTAB in pure water.
In solutions saturated with respect to gypsum, we measure
that the CMC is lowered by a factor close to 2 (data not
shown), due to the reduced electrostatic repulsion between
the surfactant charged heads in the presence of sulfate ions
[21]. In all cases, the surfactant concentration we use is
thus well above the CMC.

According to zeta potential measurements from the liter-
ature, gypsum is positively charged (¢ &~ 20 mV [22]) and
plaster slightly positively charged (¢ =~ 4 mV [23]). We
therefore chose a cationic surfactant for which we expect
a reduced adsorption compared to an anionic one, as sup-
ported by measurements of gypsum nucleation and growth
for various surfactant charges [24].

3. Citric acid

We use citric acid (Acros Organics, purity >99%) to
delay the setting time of the plaster. It is used at five dif-
ferent concentrations cca between 0 and 0.5 g/l. The main
effect of citric acid is to hinder the growth of gypsum, by
binding onto gypsum crystal faces [25]. Citric acid bind-
ing depends on the crystalline faces, which results in the
same time in a change of the morphology of the crystals,
from needlelike to more compact crystals [26—29]. As this
changes the arrangement of the gypsum crystals in the final
material, it is expected that the mechanical properties are
also affected but both an increase [27] and a decrease [28]
of mechanical strength with citric acid addition have been
reported.

B. Methods
1. Sample preparation

The preparation protocol is summarized in Fig. 1(a). We
first prepare a wet plaster by mixing the plaster powder
and the solution with surfactant and citric acid. A fresh
solution is prepared for each experiment. Throughout our
whole study, the solution:plaster mass ratio (W/P) is kept
equal to 0.8 unless specified. With 2750 kg/m? as the plas-
ter density [30], this corresponds to a solid volume fraction
of 0.31 in the initial suspension. The initial time ¢ =0
in our experiment is defined as the time when the plaster
powder and the solution are put in contact. The wet plas-
ter is mixed right afterward with an electric home blender
equipped with a whisk (Bosch ErgoMixx) at a mixing rate
w,, during a mixing time f,,. The mixing rate w,, depends
on the choice of the blender mode (among three) and varies
from 7 Hz to 17 Hz. The mixing time #,, is varied from 30 s
to 120 s. To ensure a uniform and reproducible mixing, we
use a foaming container of size comparable to the whisk
(disposable 200-ml beaker) and we always make the same
mass of plaster suspension (36.5 g).

Once the solution is foamed, it is transferred into one or
two polystyrene Petri dishes of diameter 35 mm and height
10 mm, for further measurements detailed in the follow-
ing paragraphs. It is closed to avoid evaporation from the
peripheral bubbles. For the Raman spectroscopy measure-
ments (see Sec. II B 4), the sample is sealed with a paraffin
thin film to avoid the Raman signal from the polystyrene
of the original cap.

In order to study the influence of the surfactant in two
samples with the same structure (unfoamed) and under the
same mixing procedure, we use the slightly different pro-
cedure presented in Fig. 1(b). (i) We prepare a sample of
plaster and deionized water at mass ratio W/P = 0.8. (ii)
The suspension is mixed at fixed conditions (z,, = 60 s,
wn, = 7 Hz). (iii) It is gently mixed with a spatula with a
surfactant solution at concentration 15 g/l, to obtain a final
sample at mass ratio W/P = 1 and a surfactant concentra-
tion of 3 g/l in the solution. This allows us to prepare a
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FIG. 1. (a) The preparation protocol used in most of our exper-
iments. (b) The special protocol to study the influence of the
surfactant (see text for details).

mixed unfoamed sample but still one that contains surfac-
tant. The same procedure is used for the sample without
surfactant, replacing the incorporated surfactant solution
in step (iii) by deionized water.

2. Air-volume fraction

The air-volume fraction ¢ entrained in the foamed plas-
ter is deduced from sample weighing through the relation
¢ =1—m/(psV), where m and V' = 9.6 ml are the mass
and volume of plaster foam inside the Petri dish and p, =
1550 kg/m> is the density of the initial plaster suspen-
sion. It is only slightly smaller than the density of the final
water-plus-gypsum material (1600 kg/m?), considering
the plaster and gypsum densities (2750 and 2320 kg/m’
[30]) and the reaction stoichiometry, so we neglect the
corresponding volume variation.

We first evaluate the volume fraction of air entrained
by the mixing process in the plaster suspension when no
foaming agent is present. We find that it is rather limited
(¢ = 3.6 £ 0.6% for t,, = 60 s and w,, = 17 Hz).

For plaster mixed with the surfactant solution (TTAB at
3 g/l), Fig. 2 shows the final air-volume fraction ¢ as a
function of the mixing time t,,, for different rotation speeds
wy,. We observe that the air volume entrained is more than
one order of magnitude larger than without surfactant (¢
in the range 55%-93%). We also find that the air-volume
fraction increases with the rotation speed. Depending on
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FIG. 2. The air-volume fraction ¢ incorporated in the foamed
plaster suspension, as a function of the mixing time ¢,, for differ-
ent mixing rates ,,. The dashed lines show the extrapolation to
¢ = 0 when the suspension is not mixed (¢,, = 0 s). The TTAB
surfactant solution is used at concentration 3 g/l, except for the
hollow square (no surfactant). The error bars for w, = 17 Hz
illustrate the reproducibility of the measurement.

Wy, ¢ either increases (w, = 7 and 10 Hz) or remains
constant with #,, (w,, = 17 Hz).

This result is consistent with the findings of Politova et
al. [31] for aqueous foams (without particles) under shear
mixing in a similar kitchen mixer. They have observed that
the volume of air entrained increases with time and then
saturates and that the final air fraction is larger and reached
sooner when increasing the mixing rate w,,. The authors
explain the evolution of the foam volume by the follow-
ing mechanism. In the first stage (gas fraction increasing
with time), air is entrapped following breaking of waves
at the foam surface. This process is more efficient at high
shear rates or velocities, as observed in other self-aerating
devices such as plunging jets or breaking waves [32]. In
the meantime, the trapped bubbles are broken apart under
shear so that the average bubble size decreases. Both mech-
anisms increase the shear stress in the foam. This damps
the surface waves, leading to the arrest of air entrainment
and the saturation of ¢ that we observe for w,, = 10 and
17 Hz.

3. Bubble-size measurements

For experiments on the effect of setting retardant (citric
acid), we image the top surface of the plaster-foam sample
with a CCD camera (IDS uEye) equipped with a lens. The
lens magnification is chosen as a compromise to measure
both the bubble size at the initial stage (smaller bubbles)
and the final one (fewer bubbles). An image of the surface
is recorded every 4 s. An example of the evolution of the
foam structure is shown in Fig. 3 (see also the video in the
Supplemental Material [33]).
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FIG. 3.
3 g/1, citric acid concentration cca = 0.5 g/1.

We first observe on such images the average growth of
the bubbles, termed coarsening or ripening: due to differ-
ences in Laplace pressures, the gas contained in the smaller
bubbles dissolves in the liquid and diffuses to the larger
ones through the liquid films. The larger bubbles there-
fore grow, the smaller ones eventually disappear, and the
average bubble size increases [13].

We also observe that the surfactant efficiently prevents
soap-film rupture, as no coalescence (bubble-merging)
events are observed. In addition, no plaster particles are
present in the soap films. After setting, we therefore obtain
an open-cell porous material (connected pores).

To evaluate the importance of drainage, we compare
images of the top and bottom surfaces after setting for the
longer setting kinetics (citric acid at the largest concen-
tration 0.5 g/l). The apparent surface-gas volume fraction
is 0.47 £0.01 at the bottom, versus 0.52 £ 0.01 at the
top (¢, = 60 s, w, = 17 Hz), corresponding to a relative
variation of 10%. We therefore neglect it and consider
that the evolution of the bubble structure is mainly due to
coarsening.

Image analysis using the FIJI software package [34] and
the procedure detailed in Appendix A allows us to mea-
sure the radii R; of typically 400—1500 surface bubbles and
to determine the Sauter radius of the bubble-size distribu-
tion, defined as Ry, = Y R}/ R?. R3, is found to vary
between 150 and 450 um depending on time and experi-
mental conditions. Although the bubble-size distribution at
the surface may not be fully representative of that in bulk
[35,36], it has been shown previously that bubbles at the
boundary and in bulk coarsen in pace [37]. We therefore
consider the surface Sauter radius R3; to be representative
of the bulk foam structure, which can then be monitored
without sample destruction.

4. Monitoring of the hydration reaction with Raman
spectroscopy

We use Raman spectroscopy to follow the hydration
reaction. As the plaster sets, calcium sulfate hemihydrate
dissolves and dihydrate (gypsum) precipitates. This change
of crystalline environment is associated with frequency

The evolution of the foam top surface with time 7. Experimental conditions: #,, = 60 s, w,, = 17 Hz, surfactant concentration

changes in the vibration modes of sulfate molecules, which
are monitored through Raman spectroscopy.

We use an Ocean Insight Raman spectrometer
(QE65000) working at A = 785 nm with a resolution of
2 em~!. It is equipped with a backscattering probe that
brings the laser light to the top surface of the mineral-foam
sample and sends the backscattered light to the spectrom-
eter. The laser power is set to 170 mW and the acquisition
duration is varied between 4 and 30 s. This is much smaller
than the time scale of hydration, so we can smooth the
time-resolved data in the figures for clarity.

Unless specified, the sample is placed on a turntable
working at approximately 4 revolutions per minute. Oth-
erwise, we find unreproducible results for the foamed
samples and long setting times, which we attribute to local
heating due to prolonged laser exposition and reduced heat
transport in the foamed material (compared to bulk). The
Raman signal is therefore averaged from various locations
at the top of the sample. Finally, to obtain absolute mea-
surements of the Raman shift, the Raman spectrometer is
calibrated with a reference synthetic quartz with a known
and well-defined peak at 465 cm™!.

The size of the region probed by the Raman setup is
determined by the width of the laser beam at the sample
surface, typically of the order of 1 mm, and the depth of
penetration of the laser light inside the foamed suspension,
a medium that scatters light. The depth of the scattering
volume is estimated as a few times £*, the light-transport
mean free path [38]. On the one hand, the light-transport
mean free path of light in a liquid foam is proportional
to the bubble radius: £* ~ 4 — 6R for the gas fractions
studied in our work [39]. This corresponds to £* ~ 0.6-3
mm. On the other hand, the light-transport properties of the
reacting plaster suspension are not known and are expected
to evolve upon time. A rough estimate is, however, pro-
vided by Mie scattering solution. Taking into account the
median plaster-particle diameter of approximately 10 pum,
we find £* of the order of 100 pm for the (unfoamed) plas-
ter slurry. This is comparable to the initial bubble radius
(typically 150 pum; see Sec. III B). Some scattered light
must thus reach the second layer of bubbles from the
surface. Finally, the determination of the precise value of
the penetration depth is beyond the scope of this study
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but we expect it to be intermediate between the two esti-
mated above, of the order of 1 mm and larger than a
bubble diameter. We therefore consider the Raman mea-
surements as reasonably representative of the bulk of the
foam.

For a quantitative analysis of the Raman signal, we
focus on the most prominent v; peak, corresponding to the
symmetric stretching vibration mode of SO4 groups [40].
Figure 4 shows an example of the evolution of the Raman
signal (the scattered intensity as a function of the Raman-
shift wave number v) in the range v = 9601060 cm™!,
as hydration proceeds during the setting of a foamed
gypsum-plaster sample. The signals from hemihydrate
(plaster powder) and dihydrate (gypsum powder from
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FIG. 4. Raman spectra showing the transition of peak v;(SOy)
during the hydration reaction in a foamed sample (#, = 60 s,
wy, = 17 Hz, TTAB 3 g/1, no citric acid): the intensity (offset for
clarity) is shown as a function of the Raman-shift wave num-
ber v. The plain lines correspond to the Raman peak of the
foamed plaster at # = 150, 540, and 1350 s, corresponding to
extent of reaction & = 0.14, 0.60, and 1, respectively. The dashed
lines correspond to hemihydrate (plaster) and dihydrate (gyp-
sum) Raman bands as measured separately on reference powders.
kyu and kpy are the corresponding peak positions.

Acros Organics), measured separately, are also shown for
comparison (dashed lines). The locations of the v peaks of
pure hemihydrate and dihydrate are, respectively, kyy =
1016.0 cm™! and kpy = 1009.7 cm™! and are consistent
with values reported in the literature [41]. We observe
that during the setting, the characteristic wave number &
of the peak decreases with time from k; = 1015.1 cm™!
at t =150 s to kr = 1009.7 cm~! at # = 1350 s. This is
indicative of the advancement of the hydration reaction
of calcium sulfate. Note that the initial peak location £;
is slightly different from the pure hemihydrate peak kyyy.
This shows that hydration starts before the first Raman
spectrum, during the first 150 s of the experiment, corre-
sponding to the mixing and setup of the sample. On the
other hand, ks ~ kpy, indicating that hydration is almost
complete at the end of the experiment.

Finally, to extract the location k(¢) of the v; peak with
a finer resolution, we fit each spectrum using a Lorentzian

function and we calculate the extent of the setting reaction
as

k(t) — kr

0 =1-= 7,

@

where Aky, = kyy — kpy = 6.3 cm™~!. More details on the
fitting procedure and its interpretation can be found in
Appendix B. Examples of the reaction kinetics &(f) are
shown in Fig. 5, from which a characteristic reaction time
Tehem €an be defined as £(f = Tepem) = 1/2.

1.04 — CTTAR = 0 g/|

= CTTAB = 3 g/I

0.0 1 Tchem
0 200 400 600 800 1000
t(s)
FIG. 5. The extent of the reaction & as a function of time ¢ with

TTAB surfactant (light red) and without surfactant (black). Each
experiment is repeated 6 times. Final W/P = 1. Experimental
conditions: ¢, = 60 s, w,, = 7 Hz, no citric acid.
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II1. RESULTS

A. Kinetics of hydration in a gypsum-plaster foam
1. Surfactant

We aim at comparing plaster setting kinetics in bulk and
in foam conditions. Two things are necessary to make a
foam: a foaming agent (surfactant) and the foaming pro-
cess, which here is induced by mixing. In this paragraph,
we first evaluate the role of the surfactant alone on the
hydration kinetics. In order to keep the same mixing condi-
tions in two samples with the same structure (unfoamed),
we thus use the modified preparation protocol presented in
Fig. 1(b) and in Sec. I[I B 1.

Figure 5 compares the hydration kinetics measured with
and without surfactant. It shows that the TTAB surfactant
at concentration 3 g/l is neutral in the reaction process. This
is consistent with the expectation of limited interactions
between the positively charged surfactant and calcium
sulfate minerals (see Sec. II A).

2. Foaming process

We focus in this study on mineral foams obtained by
strong mixing. This procedure is commonly used to gen-
erate particle-laden foams due to its simplicity [2,42,43]
and we wonder here about the extent to which it affects the
setting kinetics.

We therefore investigate the influence of the mixing time
tn and mixing rate w,, on the setting kinetics of a plas-
ter suspension without a foaming agent (surfactant). As no
surfactant is present, the plaster remains unfoamed.

The mixing time is varied from 30 s to 120 s. Outside
this range, the mixing time is either too short to provide
sufficient homogenization of the solution or too long to
avoid significant hydration. Two mixing rates are selected:
w, = 7 Hz and w,, = 17 Hz. Hand mixing is also inves-
tigated but leads to nonreproducible results. Two sets of
experiments are performed at different citric acid (CA)
concentrations.

Figure 6 shows the extent of reaction £ as a function of
time ¢ for different mixing durations #,, and rates w,,. The
two subfigures correspond to different citric acid concen-
trations, cca = 0 [Fig. 6(a)] and cca = 0.5 g/l [Fig. 6(b)].
We observe that the plaster setting kinetics are accelerated
by a factor close to 1.6 when the mixing time is increased
by a factor of 4. The influence of the mixing rate is less
obvious: increasing w,, decreases the setting time for pure
plaster but has no effect when citric acid is present.

To summarize, the strong shear applied on the plaster
suspension during the foaming process, in the first minutes
of the experiment, has a significant effect on the subsequent
hydration kinetics (from a few to a few tens of minutes)
and must be rigorously controlled to provide reproducible
results. In the following, we therefore fix the mixing time

0.0

3000

FIG. 6. The extent of the reaction £ as a function of time
¢t for different mixing times f,, mixing rates w,, and citric
acid concentrations (a) cca = 0 and (b) cca = 0.5 g/l. Several
experiments are done in the same conditions to illustrate the
reproducibility of the measurements. No surfactant is used, so
the samples are unfoamed. The measurements are obtained at a
fixed location in the sample (no turntable).

to t, = 60 s and each set of curves is obtained for a
constant mixing rate w,,.

3. Comparing setting kinetics in a foamed and in a bulk
material

We now know that plaster hydration kinetics hardly
depend on the presence of TTAB surfactant but are
strongly affected by the mixing process. By imposing the
same mixing conditions on samples containing or not con-
taining surfactant, we can now investigate the role of the
foam geometry (obtained by mixing in the presence of
surfactant), compared to setting in a bulk material (no
surfactant). These results are shown in the £(¢) curves of
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1.0 A /-/c;a—— —
0.8 A
0.6 A
(V9
0.4 A
Cca= 0.5 g/I
—— Unfoamed (without TTAB)
0.2 1 Foamed (with TTAB)
cca=0gl/
— Unfoamed (without TTAB)
0.01 —— Foamed (with TTAB)
0 500 1000 1500 2000 2500 3000
t(s)
FIG. 7. The extent of the reaction & as a function of time ¢ for

cca = 0 and 0.5 g/l. Samples are either foamed (with surfactant
TTAB at concentration 3 g/l) or unfoamed (without surfactant).
Experimental conditions: ¢,, = 60 s, w,, = 17 Hz.

Fig. 7. We find no observable influence of the foam struc-
ture, compared to the bulk material, both with and without
citric acid. In both cases, the difference in the characteristic
setting time Tche 18 Smaller than or comparable to the dis-
persion of similar measurements (typically 200300 s with
citric acid and 100 s without citric acid; see Fig. 6).

4. Citric acid

Figure 8(a) shows the influence of the citric acid concen-
tration cca on the hydration kinetics in foamed plaster for
other experimental conditions fixed (TTAB 3 g/l, #,, = 60
s, w, = 17 Hz, W/P = 0.8). As expected (see 11 A), we
observe that citric acid acts as a setting retardant, the
hydration time ey increasing by a factor close to 2 as
cca increases from 0.1 to 0.5 g/l. We find no noticeable
difference between cca = 0 and 0.1 g/1. Preliminary exper-
iments also show that the retarding effect saturates above
0.5 g/l.

B. Evolution of foam structure

For citric acid concentrations in the range ccy = 0.1 —
0.5 g/l, we measure the temporal evolution of the Sauter
radius Rj, in parallel to the Raman measurements of Sec.
[T A 4. Our results are shown in Fig. 8(b).

For each experiment, we initially observe an increase of
the Sauter radius Rz, due to coarsening, before a plateau
R« 1s reached as the interstitial suspension becomes a
solid mineral. As the citric acid concentration increases
and the setting reaction is delayed, we observe that the
time Tyech to reach the saturation logically increases. This
results in a larger pore radius in the final material, though
with some experimental variability.

— cca=0.59/
0.14 — cca=0.3g/
—— cca=0.29/
: cca=0.1g/l
Tmech cca=09/l
0.0

1000 1250 1500 1750 2000
t(s)

0 250 500 750

FIG. 8. (a) The extent of the reaction & as a function of time
t for different citric acid concentrations cca. The dashed lines
show the definition of t.pem for one specific experiment. (b) The
Sauter radius Rz, as a function of time for different citric acid
concentrations cca. For the same specific experiment as in (a),
the dashed line corresponds to a fit by Eq. (3) for coarsening
dynamics, with D, = 3.3 x 10~ mm?/s (see Sec. IVB). The
dotted line shows the maximum radius Ry, obtained at the end
of the experiment. T is defined as the intercept between the
two curves and characterizes the arrest of coarsening of each
experiment. Experimental conditions: ¢, = 60 s, w, = 17 Hz,
TTAB concentration 3 g/1.

IV. DISCUSSION
A. Kinetics of hydration

We first discuss the shape of the reaction curves & (¢) and
the corresponding time scales.

The kinetics of the hydration reaction can be limited by
various mechanisms: (i) the dissolution of hemihydrate,
(i1) the diffusion of reactants in the suspending liquid from
a hemihydrate particle to a gypsum crystal, and (iii) the
nucleation and growth of gypsum crystals.

We first estimate the maximum diffusive flux that can
be achieved in our system. From the solubilities of gyp-
sum and plaster, the maximum concentration difference of
calcium sulfate in the liquid is Ac = 60 — 15 = 45 mM.
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We consider rather dense suspensions (solid volume frac-
tion of the order of 0.3) so the interparticle distance § must
be close to the particle size, typically 10 um for the ini-
tial plaster powder. Taking the diffusion coefficient D ~
10~° m?/s, we obtain the diffusive flux jp &~ DAc/8 ~
5 mmol/m?/s.

When undergoing mixing, the suspension becomes
strongly sheared. Characterizations of flows of similar
kitchen mixers [44] have shown that they can reach shear
rates & of typically 10-30 w &~ 170500 s~'. This results
in diffusive boundary layers of thickness dg; ~ /D/é =
2 pum. This is smaller than, yet comparable to, the inter-
particle distance, so the enhancement of reactant transport
through advection must be limited.

On the other hand, the reactivity of the gypsum and plas-
ter surfaces can be estimated from the dissolution rate of
gypsum k ~ 40 umol/m? /s reported in the literature [45].
This is 2 orders of magnitude lower than the diffusive flux
Jjp, 80 we estimate that the precipitation of dihydrate and
the dissolution of hemihydrate are the limiting mechanisms
of the reaction.

More precisely, the reaction advancement follows three
stages highlighted in the inset of Fig. 9 [19,46,47]. First,
there is an induction period (I) during which the limiting
steps are heterogeneous nucleation and the initial growth
of gypsum crystals onto the plaster grains. Second, there is
a rapid increase of the reaction (II), limited by the growth
of the gypsum crystals. Third, the reaction starts to slow
down (phase III in the inset of Fig. 9), limited by the
dissolution of the remaining plaster particles. As a first
approximation, we estimate the duration of these three
phases as 71 = #(§ =0.2), oy = #(§ = 0.7) — t(§ =0.2),
and 7y = 1§ = 0.9) — #(& = 0.7), respectively. We report
in Fig. 9 the variations of these three time scales with the
average duration Tepen.

Figure 9(a) shows the effect of citric acid on the char-
acteristic durations 7, 7y, and ty;;. We observe that the
increase of the hydration time scale tcnem upon citric acid
addition can be mostly attributed to the increase of the
induction time 77 and, to a lesser extent, to the increase
of the duration of the growth-limited phase tj;. The phase
(III) limited by plaster dissolution is barely affected. This
is consistent with the literature, highlighting the interaction
of citric acid with the gypsum surfaces [25-29].

We now discuss the influence of the mixing procedure
highlighted in Sec. III A2, where we show that the time
scale for hydration t.hen is shorter after longer mixing
(larger t,,) and, to a lesser extent, for faster rotation rates
(larger w,,). Note that the retarding effect on the reaction
duration [typically 1000 s on Fig. 6(b)] can be much larger
than the initial difference in mixing duration (90 s). Similar
effects have previously been observed in Refs. [48,49].

Figure 9(b) shows the influence of the mixing dura-
tion on the three phases of the hydration reaction. In
this case, we observe that the three characteristic time
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FIG. 9. The characteristic time scales of the three phases
of hydration t; (induction), 7;; (growth-limited), and 7y
(dissolution-limited), as a function of the average duration Tchem.
(a) The influence of the citric acid concentration, increasing from
left to right (same colors as in Fig. 8). The line corresponds to a
linear behavior T ~ Tepem. (b) The influence of the mixing dura-
tion #,,, decreasing from left to right (same colors as in Fig. 6),
cca = 0.5 g/l, w, = 7 Hz. The lines show the linear fits of the
data. The inset shows a typical hydration curve & (#) highlighting
the three phases of the reaction.

scales are proportional to the average duration Tcper. This
indicates that gypsum nucleation and growth and plaster
dissolution are equally affected by the induced shear. As
discussed above, we expect advection-diffusion to play a
limited role in the reaction. However, it has been pre-
viously observed that shear induced by the mixing can
hinder the aggregation of gypsum needles [48]. A simi-
lar effect can be expected for the plaster particles. This
mechanism will increase the gypsum surface area avail-
able for precipitation and the plaster surface area prone
to dissolution. Besides, previous experiments on suspen-
sions of attractive particles have shown that larger shear
rates lead to smaller aggregates [50,51], which could
explain the (small) effect of the mixing rate w,, on the
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FIG. 10. (a) The effective diffusion coefficient D, for coarsening dynamics, (b) the maximum Sauter radius Ry,ax, and (c¢) the mechan-

ical time for coarsening arrest Tyech, as a function of the hydration time e, for various citric acid concentrations cca (colors). The
horizontal line in (a) shows the average value D, = (2.4 & 0.4) - 10~* mm?/s. Experimental conditions: t,, = 60 s, w,, = 17 Hz,

foamed samples (surfactant TTAB at 3 g/l).

hydration kinetics [see Fig. 6(a) for samples without cit-
ric acid]. Further investigation is, however, necessary to
demonstrate the role of particle disaggregation or disen-
tanglement unambiguously. Finally, it should be recalled
that the samples are unfoamed in this set of experiments,
as no surfactant is present; therefore, the effects observed
in Figs. 6 and 9(b) cannot be attributed to dynamical pro-
cesses specific to foams, such as bubble rearrangements or
bubble coalescence.

B. Controlling pore size through setting time

We now focus on the bubble-size evolution in the foam.
As shown in Fig. 8(b), we observe that the bubble Sauter
radius first increases due to coarsening, before reaching
a plateau Ry, corresponding to the solidification of the
interstitial gypsum structure. As the concentration of set-
ting retardant (citric acid) increases, the plateau is reached
later, leading to a larger pore size in the final material. This
is consistent with the findings of Roch Isern er al. [15],
who have observed a smaller pore size in gypsum foams in
the presence of setting accelerator (gypsum seeds).

More quantitatively, coarsening in three-dimensional
aqueous foams is known to follow diffusive dynamics
controlled by gas transport in the liquid films [52]:

Ry =/R2+D.(t—1t),

where R; the Sauter radius at time #; and D, is an effec-
tive diffusion coefficient controlled mainly by the gas
fraction ¢ and the foam physico-chemistry (gas and sur-
factant nature). We find that our R3;(¢) data at short times
are well fitted by Eq. (3), as shown for one example in
Fig. 8(b) (green dashed line). This allows us to deter-
mine D, for each experiment. Finally, we also determine
the final radius Rm.x and the characteristic time Tmech
for the arrest of coarsening, defined as the intersection

G)

between the initial coarsening law and Ry, [see Fig. 8(b)].
This mechanical time characterizes the solidification of
the foam structure. We now discuss how these parameters
depend on the hydration time scale Tpe.

We first plot the effective diffusion coefficient D,., char-
acterizing the early coarsening process, as a function
of the chemical time e, obtained from Raman spec-
troscopy measurements, for various citric acid concentra-
tions [Fig. 10(a)]. We observe that D, is roughly con-
stant when Tchem and cca vary, with D, = (2.4+0.4) -
10~* mm?/s. This value has the same order of magnitude
as those reported for particle-free aqueous foams [52]. This
indicates that the plaster hydration reaction plays no role in
coarsening in the fresh foam.

Figure 10(b) shows the final Sauter radius Ry,x as a
function of 7 oem. We observe that R,,,x increases with the
hydration characteristic time. This shows that retardation
or acceleration of setting can be used as a means to control
the pore size of foamed minerals. For fixed experimen-
tal conditions (constant citric acid concentration), we find
that the variability of the final radius is mostly due to the
variability of the hydration kinetics.

Finally, the increase of the final radius with the hydra-
tion time Tchem 1S a direct consequence of the increase of
the mechanical time T, at which coarsening is arrested.
This behavior, shown in Fig. 10(c), is expected since the
mechanical strength of the final material stems from the
entanglement of the gypsum needles resulting from hydra-
tion. Similarly to the case of Ry.x, we observe that, for
a fixed citric acid concentration, the apparent dispersion
in mechanical time coincide with variations in hydration
time. We also observe that T, is smaller, by a factor of
between 2 and 3, than the characteristic time for hydration
Tehem- 1his is also visible in Fig. 8, where the two sub-
figures share the same time axis and the two time scales
Tehem and Tpech are determined for the same experiment.
This fact indicates that the foam structure stops evolving
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in the first stages of the hydration reaction. We find that it
corresponds to £(f = Tyech) & 0.1. However, the two char-
acteristic times are not strictly proportional: as Tchem goes
from 750 to 1500 s (factor 2), we find that 7, varies from
250 to 750 s (factor 3). This is because the time scales of
the three phases of the reaction highlighted in Fig. 9 do not
grow in pace when the citric acid concentration is varied.
Previous works have shown that the arrest of coarsen-
ing is controlled by the ratio between the Laplace pressure
¥ /R3, which drives coarsening, and the resistance of
the solid interstitial network, characterized either by its
yield stress oy [14] or its shear modulus G [53]. The first
Laplace term decreases with time, at most by a factor of
3 [Fig. 8(b)], while G increases by orders of magnitude in
the first minutes of setting [54]. The instant of coarsening
arrest Tmech must therefore be primarily controlled by the
change of rheological properties of the paste. Our results
highlight that this corresponds to the beginning of the
hydration reaction (¢ & 0.1). Further investigations should
focus on relating the hydration reaction kinetics to the evo-
lution of the rheological properties of the reactive foamed
paste in the early times of solidification. This relation can
indeed be affected by several parameters: (i) the presence
of additives (such as citric acid) can change the gypsum
microstructure; (ii) foams that set later undergo structure
rearrangements (bubble reorganizations) when coarsening,
which could delay stiffening; and (iii) the confinement
induced by the foam network has previously been found to
modify the rheology of nonreactive suspensions [55,56].

V. CONCLUSIONS

In this study, we show that in situ continuous Raman
spectroscopy can be used to probe the kinetics of hydration
of a mineral in a foamed suspension.

The effect of foaming on the hydration of gypsum plas-
ter is investigated. We show that the presence of TTAB
cationic surfactant and the foam structure in itself have
no detectable influence on the setting kinetics. However,
the foaming process, which involves strong suspension
shearing at the beginning of the reaction, significantly
modifies the subsequent hydration kinetics, probably by
disaggregating the growing gypsum and dissolving plaster
crystals.

Finally, by using citric acid as a setting retardant, we
are able to modify the pore size of the final material. This
quantity is determined by the competition between the
fresh foam aging due to coarsening and the stiffening of
the foamed material following hydration. Increasing the
hydration time scale with retardant therefore results in later
coarsening arrest and larger bubble radius. We also find
that coarsening arrest takes place at an early stage of plaster
hydration.

From a practical point of view for the elaboration of
mineral foams (foamed cement, concrete, geopolymer,

etc.), this implies that a good control of the hydration
kinetics is crucial to tune the final pore size in the solid
material.

As Raman spectroscopy is applicable in other kinds of
hydraulic binders such as Portland cement [57,58], our
technique could be adapted to probe the reaction kinetics
of various types of aerated mineral materials and to relate
the hydration degree to mechanical stiffening of the foam.
In particular, an interesting situation would be to investi-
gate closed-cell foams [59], where hydration also proceeds
in the thin films separating the pores.
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APPENDIX A: IMAGE PROCESSING FOR
BUBBLE-RADIUS MEASUREMENT

A set of operations is performed on each image, as
shown in Fig. 11, using the FIJI software package. The raw
image [Fig. 11(a)] is first duplicated. A Gaussian blur filter
with radius 25 px corresponding to approximately 700 um
is applied to the copy and subtracted from the raw image.
This gives the image shown in Fig. 11(b), where only the
top bubbles are visible. An intensity threshold (value 0) is
applied to convert the image in Fig. 11(b) into a binary
image [Fig. 11(c)]. “Fill Holes” and “Watershade” oper-
ations are then carried out on the binary image to ensure
proper segmentation between neighboring bubbles. Figure
11(c) is the final image, on which bubbles are identified as
black disks. A particle-detection routine (‘“Particle analy-
sis” method) is then performed on Fig. 11(c), which gives
the area of each detected bubble. Black patches of area
< 10 px? are not considered, as they cannot be clearly
identified as bubbles. No circularity criterion is specified
and incomplete drops on the edges are discarded. From
the area of each bubble 4;, we extract their equivalent
individual radius R; = +/4,/m. We can therefore determine
the bubble-radius distribution for each recorded image and
monitor its evolution.

APPENDIX B: RAMAN SIGNAL PROCESSING

To detect the Raman shift & corresponding to the
peak maximum shown in Fig. 4, we fit the Raman
signal between v =960 cm™! and v =1060 cm™!
with a standard Cauchy-Lorentz function: f (v;/,k,0) =
Io%/((v — k)* 4+ 0?), where the intensity 7, the peak center
k, and its half width at midheight o are fitting parame-
ters. We then estimate the extent of the hydration reaction
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FIG. 11.

The image-processing method: (a) the raw image; (b) the subtracted image (grayscale adjusted for clarity); (c) the binary

image; and (d) the detected bubbles (numbered). Experimental conditions: t = 1750 s, t,, = 60 s, w,, = 17 Hz, TTAB 3 g/1, ccA = 0.5

g/l

as & =1 — [k(t) — kr]/ Ak, where k; and ky denote the
initial and final peak positions and Aky, = kyy — kpy =
6.3 cm™! is the difference between the hemihydrate and
dihydrate peaks.

This procedure is slightly different from the multipeak
analysis classically done in Raman spectroscopy. In our
case, we can alternatively fit the signal with two Lorentzian
functions at positions 1009.7 cm™! (hemihydrate or plas-
ter) and 1016.0 cm™' (dihydrate or gypsum). The corre-
sponding peak intensities /gy (for hemihydrate) and /py
(for dihydrate) are expected to be proportional to the con-
centration of these species [60]. To be quantitative, a
precise calibration is, however, necessary, which requires a
stable backscattered signal intensity, which is not the case
here.

Figure 12 shows an example of the evolution of
the hemihydrate and dihydrate intensities /yy and Ipy,

1.0 1200
- 1000
0.8 1
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wr —o— Ipy 600 .
o)
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FIG. 12. The evolution of the hemihydrate /yy and dihydrate
Ipy intensities (right axis, from two-peak analysis), together
with the extent of the reaction & (left axis, one-peak analy-
sis). Experimental conditions: foamed and turned sample without
retardant, ¢,, = 60 s, w,, = 17 Hz. The time interval between two
measurements is 30 s.

together with the extent of the reaction &, obtained for
a foamed sample without retardant. We observe that the
three quantities vary accordingly, despite intensity fluctua-
tions during the experiment.

In our study, we therefore focus on the single-peak anal-
ysis, as it is more straightforward and less demanding in
terms of peak intensity, which is usually smaller in the
foamed samples.
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