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Impact of water activity on the water content of cement hydrates

1. Introduction

Varying hydration states, i.e. water content of C-S-H, AFm and AFt phases may have a
direct impact on the specific density/volume of cement paste, e.g. the volume of some
hydrates can change as much as 20% during drying [1] and may thus strongly affect the
porosity and performance of a cementitious system. Unfortunately a systematic study
summarizing the hydration states of individual cement hydrates under related exposure
conditions is still not available.

It has been demonstrated that water activity a(H,0), and thus the water chemical potential
u(H,0) plays an important role in the prediction of the final phase assemblage of
cementitious systems. For example Albert et al. [2] and Monteiro [3] have shown, e.g., that
decreasing the water chemical potential by reducing water vapor pressure (RH) or
increasing temperature destabilize ettringite and monosulfoaluminate becomes more stable.
The aim of this paper is to demonstrate that a decrease in the water chemical potential of a
cementitious system can lead to changes of the hydration states of crystalline cement
hydrates (AFm and AFt phases). Furthermore the paper summarizes experimentally
determined hydration states of the aforementioned hydrates at 25°C and different RH’s in
order to enable later calibration of a thermodynamic model to predict the impact of water
activity on phase assemblages and the distribution of water amongst them.

AFm (AlLO;-Fe;O3-mono) phases are hydrated tetracalcium aluminate compounds
belonging to the lamellar double hydroxide family. They occur during the hydration
process of Portland cements and are composed of positively charged main layers
[Ca;Al(OH)s]” and negatively charged interlayers [X.nH,O]" where X is either one
monovalent anion or half a divalent anion. A crystal may contain more than one species of
X anions. The layer thickness ¢’ depends on the nature of the X anion and the amount of
interlayer water n [4]-[5]. The most important AFm phases are presented in Table 1; the
interlayer anion is shown in bold italic font and the interlayer water content is denoted by
“n”. Previous studies about hydration states of the aforementioned AFm phases can be
found in the references listed in Table 1.

AFt (AL O3-Fe;0O3-tri) phases have the general formula
[Ca;s(AlFe)(OH)g*12H,0]2°X3°nH,0, where n is the interchannel water and X represents
usually one formula unit of a doubly charged anion. The most important AFt phase is
ettringite [Caz(AI)(OH)s]2(S04)2926H,0 or Cg¢AS;Hi. From the theoretical 32 water
molecules, 2 are located in the interchannel space and can be removed at room temperature
and low RH, even though some discrepancies exist about the real amount of interchannel
water and whether it can be removed or not at these conditions [6]-[9].



Table 1:

Most important AFm phases and reported water content at room temperature

Phase Name Chemical formula foi:ﬁ::l Ref.

omate | [Cax(A)s OH)o] [S0, 0] ned68,10 | CoASHe | [CINOF
i%fnmxy' (Cas(Al), (OH)y,] [(OH),* nH,0]  n=4.612 | CeAHy, [17]-[19]
{;fﬁ;‘,’gj{f | [Cas(Al): (OH)1] [COs» nH0] n=5 | C4ACH, [[12%]][[1272]]
;irrﬁli:.rtzo [Cay(Al), (OH)12]2+[1/2C03(OI'1)'l‘ngO]z n=5.5 | C4ACosHes:a [16[]2'%7]’

2. Experimental procedure

3.1. Materials

All chemicals used were analytical grade reagents. The precursor used in the synthesis of
AFm and AFt phases was tricalcium aluminate C;A, which was prepared from a 3:1 molar
ratio of CaCO; and AL,O; at 1400°C, based on the procedure given by Matschei [24].
Anhydrite CaSO4 was prepared by dehydration of gypsum in a muffle furnace at 550°C
overnight. CaO was obtained by decarbonation of CaCOs; at 1000°C overnight. Double
distilled CO, free water was used in the synthesis of the hydrates. NaOH with purity higher
than 99% was used in the experiments with solutions at high ionic strength.

3.2. Synthesis and aging of AFm and AFt phases

The synthesis procedures were based on the protocols followed by Matschei [24]. A closed
sample holder was used to avoid carbonation during purity checking of wet hydrate slurries
by XRD. A displacement correction of the peaks in the pattern was done by using Rutile
TiO, as internal standard. The reactants and the synthesized phases are shown in Table 2.
The synthesis time was 4 weeks. Once purity has been confirmed, the solid was vacuum
filtered under N atmosphere and aged at 25°C inside hermetic glass bottles equilibrated
with salt solutions at different RH: Na(OH)= 8%, CH,CO,K= 23%, MgClL=33%,
Mg(NO;),=51.5%, NaCl= 74%, KCl= 83%, K,S04= 97%, H,0= 100%. The aging periods were
10 months in the case of Monosulfoaluminate and 8 months for the other phases.

To study the impact of temperature in the re/de-hydration behavior of cement hydrates,
Monosulfoaluminate synthesis was performed at 5°C, 25°C, 50°C and 85°C.

In order to study the impact of the ionic strength of the solution in the dehydration behavior
of Hydroxy-AFm, OH19-AFm (the index 19 shows the total water content of the phase)
initially synthesized at 5°C was mixed with NaOH solutions at 3 different concentrations
(2, 3 and 4 mol) at 25°C. The XRD measurements were done in wet filtered samples after 3
days of exposure to the alkali solution.



Table 2:
Used recipes to synthesize AFm and AFt phases

Ceme_'m Name and Abbreviation Reactants w/s Letsp
notation (°C)
CaACH Monocarboaluminate (Mc) C3A+CaCO; / 1:1 10 23
LE C4A("3£)A5Hm Hemicarboaluminate (Hc) | C3;A+ CaCO5+Ca0O / 1:0.5:0.5 | 10 23
~ | C4ASH4 Monosulfoaluminate (Ms) C3A+CaS0, / 1:1 20 85
C4AH; Hydroxy-AFm (OH-AFm) C3A+Ca0 /1:1 10 5
5| CoASHy Ettringite (Ett) C;A+CaSO, / 1:3 20 | 23

3.3. Characterization

X-ray analyses of wet and dried samples were carried out with a Bruker D8 Advance
diffractometer (CuKa radiation, 45 mA, 35 kV) equipped with a Super Speed detector, in
the range 7-50° 20, with a step size and time per step of 0.02° and 0.5 s, respectively. A
closed sample holder was used to avoid carbonation and drying during testing.

Thermogravimetry measurements were performed using a Mettler Toledo TGA/SDTA 851°¢
under N, flux, over the range 25°-1100°C, with a heating rate of 20°C/min. The
measurements were done immediately after sample preparation to avoid drying and
carbonation.

3. Results and discussion

3.1. Water chemical potential as function of RH, temperature and solution ionic
strength

The aim of the present paper is to demonstrate that changes of the water chemical
potential p(H,0) will impact the interlayer/interchannel water content of sensitive
cement hydrates e.g. AFm and AFt, . This may lead to de- or rehydration processes
which consequently impact the specific solid volume of the hydrates and potentially the
performance of the used binder system.

Here the chemical potential measures the driving force for movement of water molecules
between two sites. The chemical potential of water is related to the change in the Gibbs free
energy of the system, which depends on the pressure, temperature and species in solution.
The water chemical potential under atmospheric conditions as function of temperature can
be defined as follows:

u(H,0),,r = u°(H;0); + RTIn(a(H,0)) Eg.1



where p°(H,0); is the standard chemical potential of liquid water at 298.15 K, R is the gas
constant 8.314 J/(K mol), T is the temperature in K and a(H,0) is activity of water which
can be linked to relative humidity RH at a given water vapor pressure p and known
saturation vapor pressure of water p° according to Raoult’s law by:

P _ RH

a(Hzo) = 2 = E Eq. 2

In simple words according to the equations shown above there are 2 ways to
change w(H,0): by changing the a(H,0), i.e. R " at constant temperature (Fig. 1a)

100
and by adjusting the temperature at constant a(H,0) (Fig. 1b).
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Fig. 1. Water chemical potential at: a) different isotherms as function of RH and b) in saturated
conditions as function of temperature.

Another way to decrease the a(H,0) and thus the u(H,0) can be achieved by increasing
the ionic strength of the solution by dissolving ionic compounds (in our case NaOH was
used). The Pitzer model was used to quantify the changes of water activity as function of
ionic strength. This model is one of the most used methods for calculating ion activity
coefficients in concentrated electrolyte solutions at room or elevated temperatures. Even
though the method is semi-empirical it is based on rigorous thermodynamic definitions of
the chemical potential of the species, the osmotic pressure and the potential energy between
ions [25]. For a solution of a single electrolyte MX the activity coefficient may be
expressed as [26]:

2VMVy

3/2
Iny = |ZuZx|f? +m=EEpY 4 m? (207)

(i FBa.3

where vy and vy are the numbers of M and X ions in the formula unit and Z,, and Zy their
charges. m is the molality of the solution and v = vj,+Vy. As it is not the aim of this work
to explain the detailed Pitzer model the reader is referred to [25]. Fig. 2 shows the
calculated relation between NaOH molality and its impact on water activity. It can be seen
that concentrated NaOH solutions have the potential to significantly decrease the a(H,0).
Its impact on the hydration states of cement hydrates will be shown later.
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Fig. 2. Calculated water activity [ a(H,0)] at 25°C as function of NaOH molality

Using the three mentioned procedures as a reference to decrease the w(H,0) a series of

experiments were done in order to demonstrate its influence in the hydration states of AFm
and AFt phases.

3.2.Impact of water chemical potential on the hydration states of AFm phases.

3.2.1. Impact of RH and temperature on Monosulfoaluminate

As shown in the X-ray difractograms Fig.3a at 25°C, Ms14 (the index 14 shows the total
water content of the phase) is the observed hydration state at saturated conditions but it
starts to dehydrate at 97% RH to Ms12 which is found until 23%RH (Ms12 water content
was confirmed by TGA). At 8%RH a lower hydration state appears with a basal space of
8.15A, which according to Dosch et al. [12] corresponds to Ms10, but according to our
TGA results the hydration state is Ms10.5. As can be seen in Fig. 3b a decrease of RH may
lead to significant reduction of specific solid volume of monosulfoaluminate of up to 15%,
which may in turn affect the space filling properties of hydrated cements significantly.
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Fig. 3. a) XRD patterns of Msi14 dried at 25°C and different RH's. b) Volume changes and different
hydration states of Ms as function of RH at 25°C (basal space in parenthesis).



In a second experiment the impact of temperature on the hydration states of
monosulfoaluminate at saturated conditions was investigated. It was found that in the range
from 25 to 85°C Msl14 was observed. However at low temperatures (5°C) a water rich
hydrate state was identified by XRD which we attributed to Ms16 (Fig. 4). Also when
initially synthesized Ms14 is stored at 5°C it rehydrates to Ms16, but will subsequently
dehydrate to Ms14 if exposed at temperatures higher than 25°C (exact temperature was not
determined). Hence we can conclude that lower temperatures tend to stabilize higher
hydration states of Monosulfoaluminate due to an increase in the u(H,0) (See Fig. 1b).
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3.2.2. Impact of RH and solution ionic strength on Hydroxy-AFm

At 25°C, OH19-AFm is found until 97%RH and then completely dehydrates to OH13-AFm
at 83%RH. OH13-AFm is observed until 23%RH. At 8%RH Hydroxy-AFm further de-
hydrates and OH11-AFm is formed. An exact quantification of the water content could not
be done in any of the aged samples since a high degree of carbonation as well as de-
composition due to thermodynamic constraints was obtained, resulting in the precipitation

of other phases such as Hemicarboaluminate, Hydrogarnet (Hg) and Portlandite (CH),
which hampers the analysis.
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Fig. 5. a) XRD patterns of OH19-AFm dried at 25°C and different RH's. b) Volume changes and
different hydration states of OH-AFm as function of RH at 25°C (basal space in parenthesis)



As stated in chapter 3.1 a third way to manipulate the

iy L _ chemical activity of water is to increase the ionic
2 mol NaOH solution ; ‘

strength of the electrolyte solution. This was done by

o dissolving NaOH in water at different molalities. When
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Fig. 6. XRD patterns of wet OH-AFm
at different NaOH mol concentrations
at 25°C.

3.2.3. Impact of RH on carboaluminate phases (Monocarboaluminate and
Hemicarboaluminate) at 25°C

As demonstrated in Figs 7a and 7b Monocarboaluminate shows no change in its
hydration states from 100% to 8%RH. The 11 H,O state ,Mcl1, was observed . The
measured basal space is 7.57A.
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Fig. 7. a) XRD patterns of Mc equilibrated at 25°C and different RH’s. b) TGA of Mc pre-
conditioned at 8%, 23% and 83% RH at 25°C .



Hemicarboaluminate Hcl12 (8.205A) is detected from 100% to 33%RH. The water
content was confirmed by TGA. A peak with a lower basal space (7.81A) starts to appear at
23%RH, which increases in intensity at 8%RH. This suggests an additional hydration state
of hemicarbolauminate appearing at RH’s <33%. The water content of this lower hydration

state of Hc could not been determined since the initial Hcl2 has not been completely
dehydrated.
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As shown before carboaluminate AFm phases (especially Mc) appear to be stable along a
wide range of p(H,0) and are thus relatively robust against changing exposure conditions
iLe. at differing humidities and temperatures; the latter is still under investigation.
Compared to other AFm phases e.g. OH-AFm and Ms, the structure of Mc differs
significantly which may impact the stability of this phase significantly. In Mc one Oxygen
atom of the carbonate (CO;”) group is directly linked to a Ca atom of the main layer and in
addition the remaining Oxygen atoms of this carbonate group contribute to the formation of
hydrogen bonds with water molecules, providing a strong cohesion between inter- and main
layer. This may be a plausible explanation why monocarboaluminate is comparatively
stable over a wide range of exposure conditions [20].

3.3. Impact of RH on AFt phases (Ettringite) at 25°C.

Etringite is the cement hydrate with the highest specific solid volume and water content.
AFt has a channel column structure. Theroretically only 2 of its water molecules are
relatively loosely bound in the interchannel spaces and may therefore be relatively easily
removed during drying. Nevertheless our investigations showed that ettringite is relatively
unsensitive against changing water activities or RH’s at 25°C. The X-ray patterns of
samples aged for 8 months at a given humidity showed no obvious changes within the
range 100% - 8%RH (no shift or displacement of the main reflections). Additional TGA
experiments to determine the water content of Ettringite showed that it varied from 31.9



H>0 molecules at 97%RH to 31.02 H,O molecules at 8%RH (See Fig. 9) which suggests
the removal of maximim one molecule from the interchannel. In summary it was shown
that despite its high water content ettringite remains very robust againts changing relative
humidities at 25°C. The impact of temperature remains subject of further investigations.
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Fig. 9. a) TGA of Ett dried at 25°C and different RH'’s. b) Experimental water content of Ett at
25°C.

4. Conclusions

Aim of this study was to show the impact of changing water chemical potential as function
of i) humidity, ii) temperature and iii) ionic strength of an electrolyte on the mineralogy of
hydrated cements. The three methods used to change the water chemical potential resulted
in significant differences of the hydration states and thus the bound water content of cement
hydrates. It was shown that we can group the AFm and AFt phases according to their
sensitivity —against changing water chemical potentials: Sensitive phases are
Monosulfoaluminate and Hydroxy-AFm, less sensitive hydrates are Hemicarboaluminate
and Ettringite, and Monocarboaluminate is an apparently non-sensitive phase. The
identified sensitive phases show specific solid volume changes of up to 30%, whereas the
volume of non-sensitive phases remains unchanged in the investigated range between 8§ and
100% humidity.

The results let us conclude that minor structural differences e.g. the direct bond of the
interlayer carbonate group to the calcium of the main layer of monocarboaluminate, may
have a strong impact on the stability of the phases with respect to changing water vapor
pressures RH’s under isothermal conditions.

Thus as a consequence of this work certain phases assemblages can be identified, which
appear to be more robust against changing environmental exposure conditions involving



wetting and drying. For example phase assemblages containing monocarboaluminate and
ettringite are dimensionally very stable across a wide range of humidities, which indicates
that hydrated limestone blended cements may be less affected by water activity induced
specific solid volume changes. At the moment it remains questionable whether we can
easily link the results to concrete performance properties e.g. shrinkage, strength etc.
Nevertheless it enables us to engineer phase assemblages which are from a mineralogy
point of view less sensitive to changes of exposure conditions.

Our results also showed that systems with high ionic strengths e.g. alkali activated binders
which present a high ionic strength pore solution may precipitate hydrates with lower water
content than at high water activities. Also as the water activity in these systems may change
significantly over time, initially formed phases with high water content may dehydrate
subsequently due to an increase in ionic strength of the pore solution caused by the
consumption of water during hydration.

Further research will be done to incorporate the findings into a thermodynamic model,
capable of predicting the volume stability of a cementitious system during exposure at
different external conditions. Unfortunately our insufficient knowledge of the impact of
1(H,0) on the water content of C-S-H hinders the analysis of a more realistic cementitious
system containing Portland cement, currently. However missing relevant data regarding
water content of C-S-H will be obtained in the course of ongoing work in the frame of the
Nanocem - Transcend projects [27].
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