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Tricalcium aluminate hexahydrate, C3AHg, forms during the hydration of the oxide form, C3A. Modelling the
resulting phase composition over time has been the subject of intensive research; yet, understanding the effect of
PH, a crucial parameter of cementitious mixtures, has remained elusive. To this end, we studied the stability of
C3AHg in a wide pH range via the addition of HCl. We compared the behavior of conventional ‘cement’ C3AHg
and ‘Bayer’ C3AHg, synthesized via alkaline digestion. Upon addition of HCI to mixtures in HoO or NaCl, both

phases slowly transform in an equilibrium reaction into Friedel's salt, C4ACl2H1, a layered double hydroxide
(LDH) with chloride ions being intercalated between the layers. Consequently, C3AHs, C4ACl2H;, and AI(OH)3
are likely to coexist in the pH range of 11-12. Furthermore, we find the reverse process, i.e. C4ACl;H19 - C3AHg
to be kinetically hindered, consistent with the high stability of C4ACloH;o compared to hydroxide-intercalated

LDHs.

1. Introduction

Cement production has reached an estimated 4.4 billion metric tons
worldwide in 2021 [1]. The design of efficient and sustainable cemen-
titious materials for the various purposes of construction industry re-
quires detailed understanding of the behavior and physico-chemical
properties of cementitious materials. The hydration of cement and the
underlying solid-liquid reactions lie at the heart of cement chemistry,
affecting setting time and hardening, the temporal evolution of pH and
ion content of the liquid phase, the development of solid phases, etc.
[2-8]. As an appreciation of the importance of hydration reactions,
comprehensive thermodynamic models and databases have been pub-
lished tabulating standard Gibbs energies or equivalent stability prod-
ucts of formation and dissolution for a large number of solid phases
[2,9-15]. Thermodynamics, however, only applies if the reactions under
consideration can progress without kinetic barrier, which is often not
the case [16].

In this respect, the solid-state and aquatic chemistry of tricalcium
aluminate, CagAlOg or C3A (where C = CaO, A = Al,03 according to the
conventional notation) is of particular interest, since it is the most
reactive clinker phase upon hydration, amounting to 4-11 % of Portland
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cement [8,17-22]. C3A is also present in alternative formulations, such
as calcium sulfoaluminate [23-27] cements, proposed to be a ‘greener’
alternative to Portland cement due to its lower CO, emission, lower
sintering temperature, better chemical resistance, faster setting, etc.
[20,23-29]. However, a major drawback of calcium sulfoaluminate
cements is their high production cost [20,24], primarily due to bauxite
as the main alumina source. To tackle this problem, bauxite residue or
red mud, which is the major by-product of the Bayer process, has been
proposed to replace bauxite [30-34]. Using red mud, CsA is introduced
in its hydrated form, Ca3Al,(OH)g or C3AHg (where H = H30, Fig. 1a), to
the cement, since it forms in significant quantities during the so-called
soda recovery step of the Bayer process [35,36].

A large body of research has been devoted to the analysis of the C3A
— C3AHg hydration reaction involving numerous intermediate solid
phases forming, via studying either mixed clinker phases or neat CgA.
Cs3A is known to transform into various layered double hydroxide (LDH)
phases, e.g. CoAHg, C4AH;3, and/or C4AH; g [7,37-42], preceding the
formation of katoite, C3AHg [37-39,42-46]. The dissolution equilibria
of C3A as well as C3AHg have been studied in detail, and corresponding
thermodynamic solubility products for both solids have been deter-
mined [9,15,22,47].
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In equilibrium, other stable phases are either aluminum hydroxide,
AHs, or calcium hydroxide, CH, or LDH phases depending on the tem-
perature and Ca:Al molar ratio [42,46]. Around room temperature, a
phase boundary exists between C3AHg/C4AH19 (T < 19 °C) and C3AHg/
CH (T > 19 °C) aqueous systems at Ca:Al = 3:2 [42,48]. Moreover,
C4AH;9 may exist in other hydration stages, i.e. C4AH;; and C4AH;3,
respectively [7]. Further, these phases have a layered structure, con-
sisting of CapAl(OH)¢ layers as building blocks and various anions
(OH, Cl, AI(OH)4, NOg3, SO?(, CO%’) residing in the interlayer gallery
to satisfy charge neutrality [7]. In particular, the chemical binding of
external chloride is governed by the formation chloride-hydrocalumite
or Friedel's salt, CasACloHig or Cas[Al(OH)g]loClye4H0 (Fig. 1b),
which is thus intimately related to the corrosion of reinforced concrete
structures triggered by chloride ions [48-53]. Upon addition of CH to
alkaline aluminate solutions in the absence of C3A, the formation of
C3AHg can also take place in alkaline aluminate solutions via the asso-
ciation of Ca2+, Al(OH); and OH™ ions [54]. This reaction is rather slow,
especially at room temperature, where CH and hydroxide-
hydrocalumite, e.g. C4AH;;1, dominate the solid phase after 1 day.

In summary, the phase composition and solubility of calcium-
aluminate phases are affected by temperature, Ca:Al molar ratio, and
pH. However, the role of the latter in phase alterations upon hydration
of cementitious materials has remained elusive, albeit it can vary in a
wide range i.e. pH ~ 12.5-13.7 (Portland cement) [2,5], pH ~ 10.3-12.9
(calcium sulfoaluminate cement) [6], and pH =~ 11.5-13.8 (concrete)
[57]. For concrete, the pH can decrease even below 10 as a result of
continuous leaching by water [58]. Equally important, C3AHe may form
under very different conditions, such as via hydration of C3A [4,5,59,60]
or alkaline digestion of CH in the Bayer process [35,611, which can alter
the physico-chemical properties of these phases and hence may affect
the mechanical properties of cementitious admixtures. Yet, such
comparative study has not been published to the best of our knowledge.

To this end, we prepared C3AHe via both hydrating CsA and
digesting CaO in hot sodium aluminate solutions and studied the
response of their aqueous mixtures to changes in pH, both in water and
NaCl solutions. We find these phases to be very similar in terms of their
structure, crystallinity and morphology. In aqueous dispersions, the pH
values reflect the solubility of C3AHs. Strikingly, upon addition of hy-
drochloric acid, we observe that C3AHg transforms to Friedel's salt,
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which is the dominant solid phase between pH ~ 10.2 and 11.5. In acidic
medium, Friedel's salt dissolves yielding metal chlorides and mainly
AHjs. Interestingly, in the presence of excess NaCl, the attainment of
solubility equilibria is slower in the alkaline, but faster in the acidic
regime.

2. Experimental

2.1. Synthesis of C3AHg

Irregular aluminum shots (99.9 %, Alfa Aesar) and NaOH solutions
(from analytical research or a. r. grade NaOH pellets, VWR) were used to
prepare a CO,-free sodium aluminate stock solution with a composition
typical to a Bayer “pregnant” or “green liquor”, i.e. [NaOH]r = 7.5-8.0
M (with a carbonate content of <0.1 mol%), and [NaAl(OH)4]r = 4.6 M,
according to protocols published earlier [62,63]. (Hereafter, the
subscript T denotes total or analytical concentration.) An equipment
described previously [64] was implemented for the synthesis of Bayer
C3AHg, modifying a procedure reported in [61]. Here, CaO made by
calcining Ca(OH)3 (97 %, VWR Chemicals) at 1000 °C for 8 h was added
to the green liquor at a Ca:Al molar ratio of 1:1, and the mixture was
stirred for 4 h in oil bath at T ~ 95 °C. The obtained product was washed
with distilled water and dried under N, atmosphere using infrared lamp.
As qualitative check for purity, the thus obtained product was calcined
at 1300 °C for 4 h in a tube furnace; the X-ray diffractogram of the
resulted C3A matched with that of a literature reference (PDF #38-1429
[65]); see Fig. S1 in the Supporting Information, SI.

In addition, “cement” C3AHg was synthesized with a well-known
method, where CaO (made from calcining >99.0 % CaCOs at 1000 °C
for 12 h) and Al,O3 (std. gr., Sigma-Aldrich) were used as starting ma-
terials in a Ca0:Al303 = 3:1 M ratio [59]. The oxide was prepared by dry
milling at 12 Hz for 30 min with a ball:sample mass ratio of 50:1 in a
Retsch MM 400 mixer mill. (This pre-treatment in general increases the
surface energy of solid particles via mechanical activation, which
eventually leads to lower sintering temperatures.) After grinding, the
solid was calcined at 1300 °C for 4 h. Using this method, a phase-pure
product was obtained, and its reflection pattern agreed with that pub-
lished earlier (PDF #38-1429 [65]), see Fig. S1, SI. The obtained oxide
was hydrated (sample:water mass ratio of 1:5 or molar ratio of 1:60) for

Fig. 1. Unit cell of a) C3AHg (COD #1008157 [55]) and b) CasACl,H; ¢ (Friedel's salt, ICSD #51890 [56]), with the following colour code for atoms: red (oxygen),
silver-blue (aluminum), mauve (calcium), green (chlorine). For better visualization, hydrogen atoms are not shown. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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two days at T =~ 95 °C in oil bath under N, atmosphere, followed by
washing with distilled water and drying under N, atmosphere.

2.2. Elemental analysis

For both katoites, the Ca:Al molar ratio was determined with the aid
of inductively coupled plasma mass spectrometry (type Agilent 7900).
Here, 10 mg of solid was mixed with 100 mL water, then subsequent
addition of 1 mL cc. HNO3 (ICP-MS grade, VWR) lead to complete
dissolution. For more accurate determination, both Sc(III) and Y(III)
internal standards were added to the samples in a concentration of 100
ppb. The elemental ratios were determined to be 1.47 + 0.04 for cement
and 1.52 + 0.03 for Bayer C3AHg (based on three samples), which are in
excellent agreement with the ideal 1.5:1 ratio.

Moreover, the AI(III) content was determined via classical gravi-
metric analysis for the Bayer solid. 2 g of sample was completely dis-
solved in ~64 mL 1 M HC], then its tenfold diluted aliquot was used to
precipitate Al(III) in the form of its oxinate (8-hydroxyquinolinate)
complex in a 2 M CH3COOH/CH3COONH4 medium at 70 °C. (99.8 % 8-
hydroxyquinolin, a. r. grade glacial acetic acid and ammonium acetate,
a.r. grade, were all purchased from VWR.) The AI(III) concentration
derived from the weight of precipitate was only 1.1 % lower than the
ideal one.

2.3. Structural characterization

The structural characterization of Bayer and cement C3AHg as well as
the phases forming from them were carried out by means of X-ray
diffractometry (XRD), Fourier-transform infrared (FT-IR), 2771 magic-
angle-spinning (MAS) nuclear magnetic resonance (NMR) spectros-
copy, Ny adsorption-desorption BET, thermogravimetric analysis with
mass spectrometric detection (TG/DTG-MS) and scanning electron mi-
croscopy with energy dispersive X-ray analysis (SEM-EDS), respectively.
For detailed description of the instruments and measurement condi-
tions, the Reader is referred to the SI.

2.4. Potentiometric titrations and batch measurements

First, separate samples were prepared for time-dependent (batch)
measurements by suspending 2 g of solid in either 20 mL deionized
water (Millex Synergy UV) or 20 mL 1 M NacCl solution (made from NaCl
of a. r. grade from VWR Chemicals), thereby yielding an initial mass
concentration of 100 g L™!. In the next step, 21 mL of ~1.0 M HC, in
which the number moles of H' is equivalent to 4 OH™ ions of C3AHg or
CagAly(OH)15 (which will be referred to as 4 equivalents), was added to
the suspensions under constant stirring. The stock solution of HCI was
made by volumetric dilution of 37 wt% HCI (a. r. grade, VWR). The exact
concentration of the titrant was determined via titrating a solution of
dried KHCO3 using methyl red as indicator. 20-120 min after acidifi-
cation, the samples were filtered at different times, through 0.45 pm
PTFE membrane filters using CO» traps. The filter cakes were collected
and dried in Ny atmosphere using infrared lamp. The dried solids were
characterized via XRD, and selected samples were analyzed by TG-MS
and EDS.

Furthermore, batch experiments were carried out to obtain infor-
mation on the equilibrium pH and solid phases. Here, the initial com-
positions differed in the amount of added HCl (0-12 equiv. acid, i.e.
0-64 mL). Two series were prepared using either H,O or 1 M NaCl so-
lution as the dispersion medium, and the concentration of the solids was
100 g L™! before the addition of HCl. After 1 day of mixing, the pH of the
suspensions were measured using a Sentix H combined glass electrode
(WTW), calibrated against buffer solutions. That is, solid-liquid contact
was always established during pH readings. The suspensions were then
filtered, dried, and measured via XRD, while the supernatants were
analyzed for [Al(IID)]t via gravimetry. All batch measurements were
performed at (23 + 2) °C.
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To augment batch pH measurements, potentiometric titrations were
carried out using a Metrohm Titrando 888 titration instrument equipped
with a double-jacketed glass cell. First, suspensions of 100 g L™! were
stirred for one hour to allow equilibration, then a total volume of ~64
mL HCI, corresponding to 12 equivalents, was added stepwise to the
mixture in 2 mL increments. A waiting time of 2 h was set between two
aliquots. The cell potentials of the suspensions were measured by a
calibrated pH electrode. Each solution was stirred continuously under
N, atmosphere to prevent carbonation, while the temperature was kept
at (25.0 £ 0.1) °C by a Julabo F12-MB thermostat.

3. Results and discussion
3.1. Characterization of katoites

It has been reported that the precursors of hydration can modify
several properties of hydrogarnets, e.g. morphology, particle sizes, and
even thermal stability [60]. Thus, the very different synthesis proced-
ures for Bayer and cement C3AHg require a comprehensive structural
characterization of the as-prepared solids. Based on the powder X-ray
diffractograms (Fig. 2a), there is no difference between the two trical-
cium aluminate hydrates (JCPDS card no. PDF #24-0217 [65]), as both
the positions and the relative intensities of the peaks are very similar.
Moreover, the presence of an amorphous phase is discernible in the
range of 10-40° 20, which is more pronounced for Bayer C3AHg. Given
its maximum being at ca. 20°, this phase is probably amorphous AH3.
Nevertheless, the close agreement between the ideal katoite composi-
tion and the result of gravimetric determination indicate the contribu-
tion of this phase to be <2 wt%. In addition, we determined virtually the
same mean size of ordered crystallites for the two solids (Table 1),
considering the uncertainty of analysis. (To calculate these sizes, we
took the average of the data for (420), (521), and (611) reflections, using
the Scherrer equation with the shape factor being 0.9, based on fitting
the entire diffractograms with a set of Lorentzians.) X-ray diffractograms
for another lot of synthesized katoites are shown in Fig. S2a, SI. It has to
be noted here that for the Bayer product, only the reflections of C3AHg
are seen. Conversely, the cement product exhibits the (001) and (002)
reflections of monocarbonate-hydrocalumite, CasAcHi; / Cag[Al
(OH)]2CO305H,0 (¢ = CO%f), (JCPDS card no. PDF #41-0219 [65]),
suggesting that CO, was not completely excluded during the synthesis
(as stock solutions of NaOH/NaAl(OH)4 might contain <0.1 mol%
NayCO3), or it was adsorbed during the drying period. In general, this
layered double hydroxide is a frequent by-product when hydrating
calcium aluminates [60]. Based on the semi-quantitative approach
described in Ref. [66], we estimate the amount of CagAcH;; to be 8 + 1
wt%, hence the lower limit of phase purity of C3AHg is 92 wt%. Overall,
we find the Bayer product to have a lower affinity for carbonation.

Likewise, the IR spectra (Fig. 2b; for another lot, see Fig. S2b, SI)
further confirm the above findings, as all characteristic vibrations are
found for both katoites with almost identical relative absorbances. We
detect lattice OH stretching vibrations between 3000 and 3750 cm?,
with a sharp one at ~3650 cm ! and a broader one at ~3500 cm ™},
indicating water molecules situated in two different chemical environ-
ments. Also, noticeable amount of hydrating (surface) water molecules
is apparent from the scissoring vibration mode at 1650 cm ™ in the case
of cement C3AHg. Further, the signal at 790 cm! is the asymmetric
stretching vibration of the M-O bonds. Moreover, signals of the surface
adsorbed or interlayer carbonates from CasAcH;; are also discernible
around 1390 and 1510 cm ™~

The thermogravimetric measurements of the katoites between 40
and 1000 °C are shown in Fig. 3a and b (for another synthesized prod-
ucts, see Figs. S3a and 3b, SI). Supporting the conclusions drawn from
XRD and IR data, the thermal behavior of the samples is essentially the
same. The DTG curves exhibit three endothermic transformations: the
release of the physisorbed water or the dehydration of minor LDH/AFm
phases [47,59] up to 150 °C, and that of the structural hydroxide groups
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Fig. 2. a) Traces of powder XRD of the two tricalcium aluminate hydrates, i.e. cement (red) and Bayer (blue) C3AHg. The black diffractogram stands for literature
reference (PDF #24-0217 [65]); shown are also the hkl indices of the most intense reflections. b) FT-IR spectra of the two C3AHg phases (cement: red, Bayer: blue),
with assignments of characteristic vibration bands. For panel b, LDH refers to a carbonate-containing layered double hydroxide, such as CagAcH;; [7]. In both panels,
measured data were normalized such that the highest value is unity. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 1

Physico-chemical attributes of the two tricalcium aluminate hydrates, i.e.
cement and Bayer C3AHg: composition, surface area (SA), as well as the position
(20), full width at half maximum (FWHM) of the three most intense reflections as
obtained by fitting the powder diffractograms with a set of Lorentzians. The
average crystallite sizes (D) were calculated from these data using the Scherrer
equation.

C3AHg Composition SA / m? 20/° FWHM / D /nm
g! o
cement 3Ca0eAl;,0305.94H,0 1.7 31.97 0.176 46.5 +
39.38 0.182 0.3
4454  0.186
Bayer 3Ca0eAl,0305.91H,0 1.4 31.83 0.160 49.0 +
39.23  0.176 1.8
44.40  0.181
100 — 0.0
1 112
95 442 r
7 - -0.1
90 —
2 1 -
~ 85 - - -0.2
g i
80 —
i - -0.3
75 < L
| 318
70 - -0.4
7 a) cement C;AH,
T T T T T T T T T
200 400 600 800 1000
Tfurnace / °C

up to 1000 °C, with the minimum being around 320 °C in the case of
cement C3AHg and 335 °C for Bayer C3AHg. Indeed, a loss at ~300 °C
has been previously assigned to the dehydration of katoites [21,47,59].
A further loss at 440-460 °C indicates the respective water molecules to
be in different environment, in agreement with the second OH band in
the IR spectra. Moreover, although surface / LDH carbonate is detect-
able in the IR spectra, the corresponding departure of CO; would be
expected well above 600 °C, see the discussion in Section 3.2.4. Overall,
the total mass loss is 28.36 % (cement C3AHg) and 28.26 % (Bayer
C3AHg), respectively. Since the theoretical maximum loss is 28.59 %, the
solids contain 5.94 and 5.91 water molecules, respectively; see also
Table 1. This small discrepancy is probably due to the presence of
partially hydrated oxides or other minor phases, or slight loss of water
upon drying. (For the other samples, these values are 5.76 and 5.90, see
Fig. S3, SL)

Regarding the textural attributes of the solids, the specific surface
area of cement C3AHg appears to be higher by ~20 % than that of the
Bayer phase (Table 1); this difference is however comparable with

100 Loo
1 118
95 456
1 L-0.1 _
90 — 5
] 2
85 F-02 =
7 T
80 — g
i L-03 ©
75
| 335
- L-0.4
7| b) Bayer C;AH,
——
200 400 600 800 1000
Tfumace / OC

Fig. 3. Thermogravimetric analysis of the two tricalcium aluminate hydrates, i.e. cement (a) and Bayer C3AHg (b). The left axis corresponds to the mass loss upon
heating (black), while the right axis shows its derivative (red). Also shown are the characteristic losses, each corresponding to an inflection point on the TG curve.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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uncertainty of data associated with the instrument used in this work. On
the other hand, both phases have a ca. tenfold smaller surface area than
the one reported earlier [67]. Such difference can be elucidated by the
different average particle (or aggregate) sizes of the solids, as well as the
choice of determination (e.g. Blaine vs. BET method [68]). The particle
morphologies for the two katoites at three different magnifications are
shown in Fig. 4a—e. Both solids are composed of irregular particle ag-
gregates ranging from ca. 50 nm to 2 pm (Fig. 4b, c, e, f) which can from
larger grains of 10 pm (Fig. 4a, c). For another lot of synthesized
products, the micrographs are displayed in Figs. S4a-d, SI.

Further, we can infer on the coordination environment of the Al
nuclei from the A1 MAS NMR measurements (Fig. S5, SI). In both cases,
a symmetric signal is visible at 17.57 ppm with only a small (0-600 kHz)
quadrupolar coupling constant. indicating octahedral coordination ge-
ometry [69].

3.2. The neutralization of katoites

3.2.1. Solubility of C3AHg phases in water or 1 M NaCl solution

In the case of continuous titrations, we carried out five types of ex-
periments by adding 1 M HCI to Bayer C3sAHg in H0 (1), 0.3 NaCl (2),
0.5 M NaCl (3) or 1 M NaCl solutions (4), or to cement C3AHg in 1 M
NacCl solution (5). In each case, we allowed the suspensions to equili-
brate for 1 h prior to the addition of the first aliquot of HCI. Furthermore,
we performed batch titrations with the Bayer product in water (6) or 1 M
NaCl solution (7), applying an equilibration time of 1 day. (We also
made a repetition of (1), (5) and (6) to assess the reproducibility of the
titrations.)

The thus obtained pH values, corresponding to the aqueous phases
being contact with their solid phases, are 12.3 + 0.3 (1), 12.0 (2), 12.7
(3),11.9 (4), 12.3 £ 0.4 (5), 12.3 + 0.3 (6) and 11.8 (7), respectively.
All samples develop a strongly alkaline environment with an average pH
of 12.2 due to the following dissolution reaction:

Ca3 Al (OH);,(s)=3Ca”" (aq) + 2AI(OH),~ (aq) +40H ™ (aq) (¢))

However, the pH values scatter around this average; therefore, no
clear difference is seen between Bayer (4) and cement C3AHg (5) phases,
and no obvious trend is discernible for the Bayer katoite when increasing

{ s aca
10.0kV 11.6mm x10.0k SE(M)

2 G -
T AU 31T e
10.0kV 11.6mm x5.02k SE(M) 10.0um
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the concentration of NaCl. Nevertheless, it is apparent that the pH
established after 1 h agrees well with that measured after 1 day,
considering the uncertainty of pH determinations in these suspensions.

The dissolution reaction of cement C3AHg has been studied earlier
[12,15,46,59], described by the thermodynamic solubility product, log
Ksp(C3AHg), corresponding to infinite dilution:

Ky (CsAHg) = {Ca** } {Al(OH),” }’{OH }*
~ [ca']"[AlOH). ™ '[oH * /() @

where braces represent thermodynamic activities. In sufficiently dilute
solutions, these quantities can be approximated with molar concentra-
tions, shown as brackets (c? is 1 mol L~! to ensure that Ksp(C3AHg) re-
mains dimensionless). To gain further information on the solubility of
Bayer katoite, we determined the total concentration of aluminum(III),
[AI(IID], using gravimetry. The obtained concentrations are 0.0026 M
in H20 and 0.0014 M in 1 M NaCl with an average standard deviation of
+0.008 M. Since [AI(IID]t equals [Al(OH)4 1T, these data allows us to
estimate log Ksp(C3AHg) to be —21.6 £ 1.2 (H;0) and-24.1 1.2 (1M
NacCl) at room temperature. For water, our data agree broadly with log
Ksp of —20.5 + 0.2 and —20.4 £ 0.7 reported for cement C3AHg
[12,15,46,59], taking the associated uncertainty into account.

As for 1 M NaCl, the significantly lower log Ks,(C3AHg) may reflect
that our assumption of thermodynamic activities being equal to molar-
ities (Eq. 1) does no longer hold at such high ionic strength [70].
Although log K;,(C3AHe) at 1 M NaCl is not available in the literature, it
can be estimated by the Specific lon Interaction Theory, SIT. SIT allows
the estimation of activity coefficient yx, {X} = yx[X]/c?, for component
X, by introducing ion interaction parameters, ¢, between the dissolved
ions (Ca®*, Al(OH)z, OH") and those of the background electrolyte
(Na™, Cl). Following the methodology described in detail in Refs.
[71,72], we calculate log Kp,(C3AHg) to be —17.31 at 1 M NaCl. (For the
calculations, the constant at zero ionic strength was taken as log K, of
—20.5 [59]. Further, we used £(Ca®*,Cl") = 0.14, e(OH ,Nat) = 0.04,
and we estimated ¢(Al(OH)3z,Na™) with ¢(B(OH)z,Na™) = —0.07; all
values taken from Ref. [71].) This value contrasts our measured data of
— 24.1, as it suggests an increase in solubility upon addition of NaCl, but

L L P P L

2.00um

=5 ot
S S P R P )

5.00um

I 10.0kV 11.6mm x20.0k SE(M)

Fig. 4. Scanning electron micrographs of the two tricalcium aluminate hydrates, i.e. cement (a, b, ¢) and Bayer C3AHg (d, e, ) at three different magnifications.
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it agrees with the usually higher solubility of hydroxides at higher ionic
strengths. Another explanation could be the more favorable precipita-
tion of AH3 in NaCl:

Al(OH), " (aq)=Al(OH)3(s) + OH (aq) 3

which would lower [AI(III)]t in the aqueous phase, thus the calculated
log K;,(C3AHs). Indeed, we observe the peak of microcrystalline AH3 at
18.1° in the diffractogram of the solid after 1 day of mixing (not shown),
which can be assigned to the (002) reflection of gibbsite (PDF
#70-2038) or bayerite (#83-2256) [65,69]. The equilibrium constant
corresponding to Eq. (3), log K(AI(OH)4), can be obtained as log K(Al
(OH)3) = —log A(AI(OH)3) - log Ks,(AH3), where the last two constants
represent the stability product of the formation of Al(OH); and the
solubility product of gibbsite, respectively. Taking data from literature
[70], we calculate log K(AI(OH)4) to be 1.13 (H20) as well as 0.83 (1 M
NaCl), showing the precipitation of AHg to be actually less favorable in
NaCl. Therefore, the lower [Al(III)]T possibly reflects that the gravi-
metric method we used is less reliable in concentrated salt solutions.

3.2.2. Time-dependent changes in the solid phase

We now turn to monitoring the time-dependence of the reaction
between the two katoites and HCI. Here, we followed the temporal
changes in the X-ray diffractograms for both solid phases for 2 h after the
addition of 24 mL acid, equivalent to 4 OH™ ions of C3AHg. For Bayer
C3AHg, Fig. 5a and b show the diffractograms at different apparent re-
action times in H5O or 1 M NaCl medium. (We note that filtration of the
suspensions typically requires several minutes, thus, the real reaction
time is somewhat longer than the stirring time, hence the term
‘apparent’.) Based on the results of the 1-day batch measurements, the
equilibrium pH in these systems is around 10.4.

As compared to the unreacted solid (stirred also for 2 h in each
medium), we find new peaks to appear already 20 min after addition of
HCl in water (Fig. 5a). These reflections show up at ~11.1°, 22.6°, 23.4°,
31.1°, 33.2, 38.7°, as well as two broad ones at ~18.3° and 20.5°. The
latter two can be assigned to microcrystalline AHg [69], whereas the first
group of peaks is indicative of LDH phases of hydrocalumite type with
the general formula of C4AXH,, where the X~ interlayer anion can be
SO?{, CO%’, OH™, Cl7, etc. Depending on the type of anion and water
content, the interlayer distance may vary in the range of 8-12° 20
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[7,35,46,54,59]. In our series, chloride or hydroxide LDHs, or their
mixtures are likely to form; we discuss the quantitative analysis of these
solid phases in Section 3.2.4. Qualitatively, the same variations are
observed also for cement C3AHg, as shown in Fig. S6, SI.

Surprisingly, the rate of LDH and AHj3 formation appears to be
significantly lower in the case of 1 M NaCl as dispersion medium
(Fig. 5b). These experiments are insufficient to disentangle the effect of
NaCl, albeit a possible scenario can be envisaged based on an analogy
with the dissolution of C3A in the presence of gypsum and other sulfate
salts [73-75]. It has been reported that C3A dissolves incongruently in
water, yielding an Al:Ca molar ratio of 2:1 instead of the ideal 3:2 one.
Concurrently, the surface is enriched in Al(III), due to the precipitation
of AHs, which in turn adsorbs Ca?* ions at the surface. In the presence of
gypsum, the binding of SOZ~ ions onto these positively charged spots
can block active dissolution points, thereby slowing down the overall
dissolution process. Similarly, the adsorption of C1™~ ions in concentrated
NaCl media could reduce the dissolution of C3AHg, too. Since this
dissolution is linked to the formation of LDH, the latter reaction would
slow down, too.

3.2.3. The progress of neutralization in the entire pH range

We continue our analysis with monitoring the change in solution pH
at different added acid equivalents, either in a form of potentiometric
titrations or batch neutralization experiments. Fig. 6a and b show that
regardless of the dispersion medium, the solid acts as a buffer in the pH
range of 10-11. In this respect, the buffering capacity of red mud slurries
in this region has been previously attributed to the dissolution of C3AHg
[47]. Interestingly, we find that the pH values obtained via titration for
Bayer C3AHg in H2O (blue squares in Fig. 6a) agrees very well with the
values obtained for separate solutions (i. e. batch pH measurements) for
both Ho0 and 1 M NaCl media (green and red squares in Fig. 6a). (Note
that the incidental pH difference between the two media, which would
arise from the different activity of H30" and from the change in the glass
electrode's liquid junction potential, is around only 0.1 [76].) Since the
batch pH values in both HoO and 1 M NaCl were obtained in separate
samples after 1 day of solid-liquid contact, it is reasonable to assume that
these samples are close to thermodynamic equilibrium. Therefore, the
data corresponding to titrations conducted in HyO (blue squares) also
represent equilibrium conditions.

S / min
a) * _—s 5 reaction,app. 150
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v AH,4 80
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Fig. 5. Traces of powder XRD of Bayer C3AH; at different apparent reaction times, treaction,app., after addition of 4 equivalents of HCI to suspensions of 100 g L tina)
H,0 or b) 1 M NaCl. In both panels, the diffractogram at ‘0’ minute stands for C3AHg stirred for 2 h without acidification. Symbols show new phases forming upon
neutralization, where AH3; = 2A1(OH); and LDH = layered double hydroxide. In both panels, measured data were normalized such that the highest value is unity.
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Fig. 6. Variation of pH as a function of added volume of HCI in suspensions of cement or Bayer C3AH,, measured via either potentiometric titrations or separate
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the reader is referred to the web version of this article.)

As compared to these equilibrium data, the pH obtained by titrations
in 1 M NaCl drops by ~1 already at Vyc = 2 mL, reflecting the rapid
neutralization of OH™ ions arising from katoite dissolution, and remains
smaller up to Vyg =~ 10 mL for both Bayer (black full squares) and
cement C3AHg (black empty squares). Consequently, the differences in
pH between titrations conducted in HyO together with batch measure-
ments (blue, green and red squares) and titrations in 1 M NaCl (black full
and empty squares) indicate that equilibrium has not yet been attained
in the latter case. This apparent kinetic slowdown in NaCl is supported
by the time-dependent powder X-ray diffractograms (Fig. 5), showing
that the addition of 1 M NaCl decelerates the formation of the LDH phase
(s). Possibly, the deceleration of kinetics arises from the blocking effect
of C1™ ions on the dissolution sites of C3AHg [73-75]. To further explore
the impact of NaCl on the titration curves, we also performed mea-
surement at 0.3 and 0.5 M NaCl for the Bayer solid, shown together with
data in Hy0 and 1 M NaCl media in Fig. 6b. It is seen that the slowdown
of reaction discussed above is noticeable only at 1 M NaCl.

Decreasing the pH further, an equivalence point (Vequiv.) shows up as
in the case of classic acid-base titrations in the liquid phase; and its
position is independent of the type of katoite or of the medium. Based on
the initial mass concentration of the solids (100 g L‘l), the experi-
mentally found Vequiv, matches very well with the theoretical one (31.93
mL, shown as vertical dashed line in Fig. 6a), which corresponds to the
consumption of 6 OH™ ions, i.e. 6 equivalents, for C3AHg. The reason of
Vequiv. being equal to the neutralization of 6 OH™ ions is that although
C3AHg dissolves progressively upon HCl addition, the Al** ions released
into solution readily re-precipitate as AHs in the studied pH range due to
the low solubility of gibbsite [70]. From an equilibrium point of view,
this means that the three Ca(OH), units of the katoites dissolve first, or
in other words, they behave as ‘strong base’, whereas the AH3 units
dissolve only after this step, hence they can be regarded as ‘weak base’.
This is supported by the results of gravimetric measurements, where
values of [Al(II)]t in the filtrates of the batch samples are at the limit of
detection or could not even be determined in the alkaline range, while it
increases steeply above 6 equiv. HCI (Fig. S7, SI). The overall process is

summarized by the following equation:
CasAly(OH) 1 (s) 4+ 6HCl(aq)—3CaCl, (aq) + 2A1(OH); (s) + 6H,0(aq)  (4)

In the acidic pH region, we find the pH values for Bayer C3AHg in

H30 (blue squares, Fig. 6a) are significantly smaller (by 2-2.3 pH units)
than the batch values (red and green squares), the latter data again
representing equilibrium conditions. Based on the discussion on the
alkaline regime, HyO appears to slowdown the dissolution kinetics of the
forming AHs. Conversely, titration data for 1 M NaCl (full black squares)
agree well with the batch values; thus, the addition of salt helps attain
chemical equilibrium at a faster rate as compared to HoO. The latter
observation is supported by titrations at different salt concentrations: as
the concentration of NaCl increases (0 — 1 M), equilibrium is reached
proportionally faster, shown in Fig. 6b.

This notion is the opposite of what we found in the alkaline regime,
where NaCl had a decelerating, and H>O had an accelerating effect on
dissolution rates. Here, such reversal of the medium effect on kinetics
upon entering in the acidic range suggests the underlying mechanism to
be very different. Previously, the dissolution of gibbsite has been found
to be actually slowed down in 0.02 M NaCl as compared to water [77], as
a result of negative kinetic salt effect based on the Debye-Hiickel theory
[78]. Further, studying different salts suggested the role of anions to be
crucial for the reduction of dynamics. On the other hand, an increase in
the dissolution kinetics has been observed for calcite at 0.1 M NaCl [79],
which falls beyond the validity of the Debye-Hiickel equation, where
specific ion effects (e.g. hydration) come into play. Also, surface ion
pairing between AI** and CI~ ions promoted by the high concentrations
of C1” ions in the bulk may enhance the rate of dissolution. Overall, our
observations suggest the faster dissolution found for calcite in concen-
trated electrolytes to be also relevant for the dissolution of AHz in 1 M
NacCl.

Another difference between the titration curves is seen when
comparing Bayer (black full squares) and cement C3AHg suspensions in
1 M NacCl (black empty squares), since the latter yield markedly lower
pH values (by ca. 0.5, see Fig. 6a), indicating again that the latter solid
attains solubility equilibrium slower. Since the two solids behave iden-
tically before the equivalence point, this difference can be attributed to
morphological differences in the forming AHs. Possibly, cement C3AHg
transforms into gibbsite of higher crystallite size, which is known to
decrease the solubility in the case of goethite, FeOOH [80].

We also analyzed the solid phases obtained for Bayer C3AHg batch
samples in HoO or 1 M NaCl at each added HCl equivalent. (That is, each
solid phase corresponds to the supernatant pH values indicated by green
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or red squares in Fig. 6a). We find that upon acid addition, salient var-
iations take place in the solid phase in both media, as demonstrated by
the powder diffractograms corresponding in Fig. 7a and b. First, un-
treated Bayer C3AHg stirred in HoO for 1 day exhibits a small-intensity
peak at 11.9° (Fig. 7a, inset), which belongs to an LDH phase, either
monocarbonate-hydrocalumite, CasAcHj 1, or hydroxide-hydrocalumite,
CasAHy; [7,35,46,54,59]. (It is worth mentioning that the primary
phases present in heterogeneous systems are usually C4AH;3 or C4AH;g,
which however undergo dehydration when drying the solids [7,59].)
CagAcH;; could form via the absorption of aerial CO5 by the suspension
during filtration or drying. On the contrary, C4AH;; could form as a
hydrolysis product of C3AHg in aqueous media. Since an LDH phase is
not discernible after 2 h of contact time (Fig. 5a), its appearance after 1
day is likely to be due to the longer reaction time and thus suggests this
phase to be C4AH;;. (Although the presence of CasAcH;; cannot be
excluded, our observations suggest the Bayer phase to be less prone to
carbonation and subsequent carbonate LDH formation than cement
C3AHg.)

Conversely, the peak at 11.9° shifts to 11.4° in 1 M NacCl (Fig. 7b,
inset), indicating that the spacing between the layer increases from 0.74
nm to 0.78 nm. (The estimated uncertainty of the device is +0.2° 26.)
The latter is in very good agreement with the basal spacing of an as-
prepared chloride-hydrocalumite reported earlier [81]. This noticeable
change strongly suggests an ion exchange process between interlayer
OH™ and bulk Cl™ ions in concentrated NaCl solution, yielding the for-
mation of chloride-hydrocalumite. Also, the small difference between
Bragg spacings is consistent with the similar sizes of the two ions.

Upon addition of HCI, the reflection patterns change markedly: the
LDH phase (LDH1 in Fig. 7) becomes the dominant one over C3AHg
already at 1 equiv. HCl, and katoite disappears completely at 2 equiv.
HCl in both media, accompanied by a decrease in pH of ~1.3 (H20) and
~ 1 (1 M NaCl), respectively. That is, reaction of C3AHg with HCl results
in the formation of LDH; therefore, this transformation depends heavily
on the solution pH. The thus forming LDH persists even up to 5 equiv.
acid (not shown), where the pH is approximately 10.2 in both media.
Further, the reflection at 11.9° (in H,0) shifts to 11.4° (Fig. 7a), again
suggesting the replacement of OH™ ions by Cl™ ions in the interlayer
space of the LDH upon neutralization with HCIL. Such shift cannot be
detected in 1 M NaCl (Fig. 7b), since the minor hydrocalumite fraction
present in C3AHg is already of chloride-type. Furthermore, a third,
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largely amorphous phase appears in both series, which nevertheless
exhibits two distinctive peaks at ~18.6° and ~ 20.4°, which we can
assign to the (002) and (110) reflections of gibbsite or bayerite AH3 (PDF
#70-2038, #83-2256 [65]). In conclusion, these transformations sug-
gest the following reaction to take place:

2Ca; Al (OH)15(s) + 6HCl(aq) + 4H,0(aq) ~Cas [Al(OH); |, Cl
® 4H,0(s) + 2CaCl,(aq) + 2A1(OH);(s) 5)

The formation of AHj is preferred over aluminate, as shown by the
very low values [AI(III)]t obtained via gravimetry; see Fig. S7, SI.

At 6 equivalents added HCl, only amorphous AHj is present as the
solubility-controlling solid phase as suggested by Eq. (4). We indeed
observed the formation of a gel-like mixture during the addition of acid
to the suspension. We note that this phase is not necessarily identical to
the one forming during titrations, where smaller aliquots of HCI were
added sequentially applying a waiting time of 2 h at each step, hence
there formation of an AHs phase with higher degree of crystallinity is
more likely.

Entering the acidic pH regime, we detect very small peaks at ~11.3°
in HoO (Fig. 7a), suggesting a minor fraction of LDH to be formed. The
presence of such hydrocalumite-type material is much more pronounced
in the case of 1 M NaCl (Fig. 7b, indicated as LDH2), which however is
different from the one forming in the alkaline range. For instance, only a
single, broad reflection is discernible at 22.6° instead of the two sharp
ones at 22.8° and 23.5°. Nevertheless, the LDH structure is obvious as
reflections associated with basal spacings at 22.6° and 34.7°, corre-
sponding to diffractions from the second and third layers, respectively.
Possibly, this is a transformation reaction between the LDH1 and LDH2:
as LDH1 dissolves, a fraction of the ions reprecipitate as LDH2.
Certainly, the presence of this phase in an acidic medium is surprising,
and its identification would require further studies, which is however
outside the scope of this work. In addition, AHs is present in both media
in a more crystalline form as compared to the one at 6 equiv. acid.

3.2.4. Identification of the LDH phase forming in alkaline medium

We now focus on the qualitative and quantitative analysis of the
hydrocalumite phase forming in the pH range of 10.2-11.8. Since the
intercalation of the Cl™ ion is the most likely in both media, we compare
the XRD patterns taken at 2. equiv. HCl, where this solid is the dominant
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Fig. 7. Traces of powder XRD of Bayer C3AHg after adding different equivalents of HCI to suspensions of 100 g L™ (stirred for 1 day) in a) H,O or b) 1 M NaCl.

Symbols show new phases forming upon neutralization, where AH3 = 2A1(OH)3; and LDH =

layered double hydroxide. In panel b), for residual NaCl, only the (111)

reflections are shown for better visibility. In both panels, the inset shows a zoomed region of 10-14° 26. Measured data were normalized such that the highest value

is unity.
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one, to that of Friedel's salt, Ca4ACloHyo (PDF #31-0245 [65]). The
diffractograms in Fig. 8 demonstrate that our LDH is identical to
CasACloH;, with the corresponding basal spacings (Table 2) being in
excellent agreement with literature data [81]. To support this finding,
we performed EDS measurement on several batch samples for both H,O
and 1 M NaCl. The respective Ca:Al and Ca:Cl molar ratios are listed in
Table 2. Already at 1 equiv. HCl, the Ca:Cl ratio is very close to 2:1 for
both media, which confirms the solid being Friedel's salt. On the other
hand, the Ca:Al ratio is lower than 2:1, indicating the presence of excess
AHjs arising predominantly from the reaction between C3AHg and HCl;
see Eq. (5).

To quantify the exact amount of water, n, of the Ca4AClyH, phases
forming at 2 equiv. HCl, we carried out TG-MS measurements which
report not only on the mass losses, but also on the nature of molecules
forming in the respective decomposition step. The TG curves show four
distinct losses for Bayer CsAHg in HoO (Fig. 9a) and 1 M NacCl (Fig. 9b).
Based on literature findings, the first decomposition process corresponds
to the release of physisorbed and interlayer water molecules, whereas
the second and third are attributable to the water forming from Ca®" and
A**-bound OH -ions, respectively [49,82-85]. However, XRD patterns
show the presence of AH3 in our samples, which dehydrates also in the
temperature range of 250-300 °C [21,46,85]. All these water losses are
strongly supported by the peaks appearing at m/z = 18 in the mass
spectra (insets in Fig. 9). Conversely, the fourth loss appears at
690-730 °C is CO», indicative of calcite forming in situ [82], which in
turn signals the presence of CasAcH;; formed probably during filtration
of the suspensions. (C3AHg being the source of CO5 can be ruled out as
we observe no significant carbonate peak for katoites, see Fig. 3.)

As there are three phases in these solids (CasACloH,, CasAcH;p, and
AHs), calculation of n is not trivial, therefore we make the following
assumptions: 1) based on the ideal Ca:Cl = 2:1 ratio by EDS and the
small carbonate loss found by TG-MS, we neglect its contribution, 2) we
set the Ca4AClyH,: AH3 molar ratio to be 1:2 as suggested by Eq. (5), and
(3) we assume that the total dehydration process is completed up to
630 °C, as deduced from the MS spectra. Accordingly, we find n to be
9.25 for H,0 and 8.94 in 1 M NaCl, respectively, which is less than the

1 M NaCl
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Fig. 8. Traces of powder XRD of Bayer C3AHg after adding 2 equivalents of HCI
to suspensions of 100 g L1 (stirred for 1 day) in H20 (red) or 1 M NacCl (blue).
The black diffractogram stands for literature reference of chloride-
hydrocalumite or Friedel's salt, Ca4AlCloH;o (PDF #31-0245 [65]); shown are
also the hkl indices of the most intense reflections. Measured data were
normalized such that the highest value is unity. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Table 2

Ca:Al as well as Ca:Cl molar ratios of Bayer C3AHg at different added equivalents
of HCl, obtained by EDS analysis. Also shown is the composition at 2. equiv. HCI,
determined from EDS and TG-MS analyses.

Medium  Added HCI  Composition Basal Ca:Al  Ca:Cl
/ equiv. spacing /
nm
H,0 1 1.3 2.2
2 Cay[Al 0.77 +0.1 +0.2
(OH)6]2Cl03.25H,0 1.4 2.2
+0.2 +0.2
1M 1 1.7 2.0
NaCl 2 Cay[Al 0.78 +03 +0.6
(OH)e]2Cl02.94H,0 1.8 2.1
+0.1 +0.1

expected theoretical value of 10. Previously, almost the same discrep-
ancy has been found between the experimental and theoretical loss for
neat Friedel's salt, attributed to water loss during the drying procedure
[49], which is also possible in our case.

3.3. The equilibrium reaction between katoite and Friedel's salt

Based on time-dependent and close-to-equilibrium powder X-ray
diffractograms augmented by potentiometric titrations, TG-MS and EDS
measurements, we find C3AHg to spontaneously transform to Friedel's
salt (and AH3) upon addition of HCl. 2 equivalents of added acid gives
rise to complete transformation of one solid phase to the other. This
seems to contradict Eq. (5), which suggests 3 equiv. HCI per C3AHg to be
needed. Strictly speaking, the equation holds true only if both solids are
insoluble. Consequently, Eq. (5) is more likely an equilibrium process,
where the actual concentrations are described by an equilibrium con-
stant. This equilibrium emerges from combining the dissolution reaction
of C3AHg (Egs. (1) and (2)) and that of C4ACloH;¢ (Egs. (6) and (7)):

Ca4 [AI(OH)6} ZCIZ
©4H,0(s)=4Ca’" (aq)+2A1(OH), (aq)+2Cl (aq)+4OH " (aq)+4H,0(aq)
®
Ky(C4ACLH,) = {Ca®*}*{Al(OH),” }{CI"}*{oH }* %)

1
Ca; Al,(OH) 5 (s) + Cl™ (aq) + 2H20(aq):5c314 [AI(OH)s | ,Cl, ® 4H,0(s)

+ Ca’"(aq) + Al(OH), (aq) + 20H" (aq)
(®
where the corresponding equilibrium constant, K, reads as:
K = {Ca }{AI(OH), HOH J/{Cr ) ©
Based on literature data for the two solubility products [15], log K =
log Ks,(C3AHg) — 0.5log Ks,(C4ACIoH10) = —6.87. This negative value
explains the general observation of C3AHg being the thermodynamically
more stable phase compared to LDH and other AFm compounds
[35,46,49].

Moreover, it is instructive to assess the effect of excess H' ions upon
addition of HCI:

Ca; Al (OH) 5 (s) 4+ 2H" (aq) + cr(aq)%Ca4 [Al(OH); |,Cl, ® 4H,0(s)
+ Ca?*(aq) + Al(OH), (aq)
10
K = {Ca® }{Al(OH),” }/({Cl" H{H'}?) a1

Accordingly, log K' = log K + 2pKy, = 21.14, where pK,, = 14 is the
negative logarithm of the water ionic product. (Given that all the above
constants correspond to infinite dilution, we assumed the activity of
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Fig. 9. Thermogravimetric analysis of solids obtained after addition of 2 equivalents of HCI to suspensions of Bayer CsAHg of 100 g L™! (stirred for 1 day) in a) H,O
or b) 1 M NaCl. The left axis corresponds to the mass loss upon heating (black), while the right axis shows its derivative (red). Also shown are the characteristic losses,
each corresponding to an inflection point on the TG curve. In both panels, the insets show the corresponding intensities of decomposition products H,O (m/z = 18,
blue) and CO, (m/z = 44, green) as obtained from TG-MS. Measured ion current intensities were normalized such that the highest value is unity. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

water, ay, to be 1 in the expressions.) In conclusion, upon decreasing the
pH (by adding HCI), the transformation becomes highly favorable. In
other words, addition of HCI drives the reaction to the right, as follows
from Le Chatelier's principle, giving rise to the disappearance of katoite
already at 2 equiv. HCL That is, the range between 0 and 2 equiv. HCI,
corresponding to ca. 11 < pH < 12, is a region where C3AHg and
C4ACl2H; (as well as AHg) are likely to coexist, which is reinforced by
previous findings regarding aqueous suspensions aged for 17 months
(albeit employing excess calcium(II)) [49]. In this respect, further
studies with longer time-window may be useful to pinpoint the pH range
of coexistence.

On the other hand, the principle suggests the same effect (although
not of the same magnitude) when adding NaCl. Thus, the apparent
slowdown of the formation of Friedel's salt in 1 M NaCl, demonstrated by
Fig. 5, signals that other kinetic factors might be at play [73-75].
Nevertheless, this slowdown is consistent with the differences observed
between the titration curves in HoO and 1 M NaCl; see Fig. 6 (green vs.
blue full squares). That is, having most but not all of the added acid
consumed by C3AHg, smaller than the equilibrium amount of C4ACl3H; ¢
forms in 1 M NaCl, resulting in a lower pH as compared to HoO medium.
In the second step, residual C3AHg continiues to slowly transform to
C4ACloH; to attain equilibrium, which increases the pH at the same
time, as described by Eq. (8).

To further support the equilibrium described by Egs. (8) and (9), we
conducted an experiment, in which we first added 2 equiv. HCl to a 100
g Lt suspension of Bayer C3AHg in Hy0. Here, only C4ACl2H;¢ and
amorphous AHj are detectable; see Figs. 8 and 10 (the corresponding pH
is 11.0). After 1 day, we added 2 equiv. NaOH to recover the initial pH
and measured the diffractogram of the solid after another day. Unex-
pectedly, we find the pH to increase to 13.3, which is much higher than
the pH of an initial C3AH¢ suspension (12.3). The powder diffractogram
of the solid phase shows the major phase to be still C4ACl3H;g, and the
two most intensive reflections of C3AHg are also discernible (inset in
Fig. 10). This demonstrates that the transformation of katoite to Friedel's
salt is reversible. However, despite the former being the thermody-
namically stable phase at pH = 13.3, it is a minor phase indicating that
the reverse process, i.e. C4ACl;H19g — C3AHg, is kinetically hindered,
which in turn explains why most of the added NaOH was not consumed
(Eq. (8)).

The proposed reaction scheme between C3AHg, C4ACl2H o and AH3
may have important implications for the hydration of C3A. In the

10

el WAt

30 35 45 50

+2 equiv. HCI
+2 equiv. NaOH

40

L

A

+2 equiv. HCI

In orm.

‘ f
JuLW'uw.u ST Y

L3

T T T T T

10 20 30 40 50
201°

60

Fig. 10. Traces of powder XRD of Bayer CsAH, suspensions of 100 g L™! in
H0, stirred for 1 day (black), stirred for 1 day after adding 2 equivalents of HCI
(red) and stirred for another day after adding further 2 equivalents of NaOH
(blue). Black symbols show the (420) and (611) reflections of C3AHg (PDF
#24-0217 [65]) which appear as small peaks after the addition of 2 equiv.
NaOH, due to its reformation. Measured data were normalized such that the
highest value is unity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

absence of gypsum, C3A is known to transform into LDH phases, e.g.
C2AHg and C4AH;3, with AI(OH); and OH™ ions, respectively, being
intercalated between the layers [4,7,38,41,42,48].

Ca;AL 0y, (s) +21H,0(aq)—Ca, [Al(OH)s | A1(OH),
@ 3H,0(s) + Cay [AI(OH); | ,(OH),

e 6H,0(s)—>2Ca3Al, (OH)2(s) + 9H,0(aq) 11)

To estimate the net pH change accompanying this reaction, it is
useful to look at the thermodynamic solubility products of C3A [22] and
C3AHg [15]. Accordingly, the pH controlled by the dissolution of the
respective solid is ~8.8 (C3A) and ~ 11.8 (C3AHg), respectively, at room
temperature. Based on the pH-dependent equilibrium between C3AHg,
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C4ACloH;, such reversible transformation is possible between C3AHg,
C2AHg and C4AH;3, too. Therefore, at the initial stages of hydration,
where the pH is rather low, even if C3AHg incidentally forms, it readily
transforms into the LDH phases. Conversely, approaching thermody-
namic equilibrium at later times, the steady increase in pH promotes the
formation of C3AHg which will eventually be the thermodynamically
stable phase.

4. Conclusions

In this contribution, we synthesized and compared tricalcium
aluminate hexahydrate or katoite, C3AHg, via the conventional synthesis
based on the hydration of C3A in cementitious materials (cement
C3AHg); as well as via a high-temperature, alkaline digestion method
under the conditions of the Bayer process (Bayer C3AHg). Comparison of
the structural, textural properties, and compositions of the thus obtained
products shows that they are largely similar.

Further, we studied the dissolution and acid neutralization behavior
of the two katoites using HyO and 1 M NaCl, respectively, as dispersion
medium. We found that upon reacting with HCl, both cement and Bayer
C3AHg transform to Friedel's salt, C4ACl3H; 0, a layered double hydrox-
ide with Cl™ ions intercalated between the layers. In the alkaline region,
the neutralization slows down in 1 M NaCl, which is possibly due to the
blocking effect of C1™ ions of active dissolution sites of katoite particles,
as found previously in the presence of SO~ ions. At pH = 7, the only
solid phase is amorphous AHs. Decreasing the pH further, addition of
0.3-1 M NaCl markedly accelerates the dissolution of AH3, which is the
opposite effect of what has been reported earlier for in very dilute salt
solutions.

In equilibrium, we find that the addition of 2 equiv. HCl gives rise to
complete transformation of C3AHg to C4AClyH;(, regardless of the
dispersion medium. That is, excess protons render this reaction highly
favorable, which can be elucidated by an equilibrium between the two
calcium aluminate phases and AH3. Moreover, addition of NaOH to the
thus obtained suspension provides evidence for the reversibility of the
process. However, the C4ACl,H;g — C3AHg reaction is kinetically hin-
dered, indicating the critical role of chloride ions in stabilizing the
structure of LDH.

Overall, we find these phases to coexist in the pH range of 11-12, and
the actual phase composition is intimately related to the solution pH.
This finding may have important implications for other LDH phases with
different intercalated ions as well; most importantly, CoAHg and C4AH; 3,
whose formation precedes that of C3AHg during the hydration of C3A.
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