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Abstract: Hydrocalumite is a layered double hydroxide (LDH) that is finding increased application
in numerous scientific fields. Typically, this material is produced through environmentally polluting
methods such as co-precipitation, sol-gel synthesis and urea-hydrolysis. Here, the hydrothermal
green (environmentally friendly) synthesis of hydrocalumite (CaAl-OH) from Ca(OH), and
Al(OH)3 in water and the parameters that influence its formation are discussed. The parameters
investigated include the reaction temperature, reaction time, molar calcium-to-aluminium ratio,
the morphology/crystallinity of reactants used, mixing and the water-to-solids ratio. Hydrocalumite
formation was favoured in all experiments, making up between approximately 50% and 85% of
the final crystalline phases obtained. Factors that were found to encourage higher hydrocalumite
purity include a low water-to-solids ratio, an increase in the reaction time, sufficient mixing,
the use of amorphous Al(OH)3; with a high surface area, reaction at an adequate temperature and,
most surprisingly, the use of a calcium-to-aluminium ratio that stoichiometrically favours katoite
formation. X-ray diffraction (XRD) and Rietveld refinement were used to determine the composition
and crystal structures of the materials formed. Scanning electron microscopy (SEM) was used to
determine morphological differences and Fourier-transform infrared analysis with attenuated total
reflectance (FTIR-ATR) was used to identify possible carbonate contamination, inter alia. While the
synthesis was conducted in an inert environment, some carbonate contamination could not be avoided.
A thorough discussion on the topic of carbonate contamination in the hydrothermal synthesis of
hydrocalumite was given, and the route to improved conversion as well as the possible reaction
pathway were discussed.

Keywords:  HC; hydrothermal synthesis; layered double hydroxide; AFm phase;
calcium hemicarboaluminate; cement phases; cement hydration; C3AHs; C4ACHjy1; katoite

1. Introduction

Hydrocalumite (HC) is a CaAl-LDH with the general formula
[Calfolx (OH)z] [Xx/qq_ . nHzO] 1)

where x is the ratio of trivalent to total cations in the layered double hydroxide (LDH) lattice, X is the
interlayer anion, g its charge and n the amount of water present in the interlayer [1]. As a result of its
corrugated-iron-like structure, the ratio of Ca:Al is limited to 2:1 (x = 0.33) [2]. In nature, HC occurs
with chloride and hydroxide anions in the interlayer, but many other anions can be intercalated.

HC is used in numerous scientific fields, including catalysis [3-5], sensors [6,7], medical
applications [8,9], environmental remediation [10-12], agriculture [13], polymers [6,14,15] and occurs in
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cementitious phases during curing [16]. As with other LDHs for study in applications, this material is
typically produced using co-precipitation—the most widely used synthesis technique for LDHs [1,17].
While co-precipitation has many advantages, such as simplicity, speed and high tailorability of the
materials produced, it is also one of the most polluting synthesis methods available to produce LDHs,
causing large amounts of salt-rich waste water.

Co-precipitation synthesis utilises a mixture of metal salts (typically metal chlorides, nitrates or
sulphates) and a base (frequently NaOH or KOH) which are added dropwise to a beaker, typically
containing the anion to be intercalated. While many derivatives of this method exist, the basic concept
remains. During synthesis, LDH precipitates out of solution. After synthesis, this precipitate must
be filtered from the resulting slurry to further process the material. During filtering, large amounts
of water are used to wash the filtrate liquor—that would otherwise dry with the LDH filter cake and
contaminate the final product—out of the material. Depending on the chemicals used, the resulting
filtrate can be rich in sodium or potassium and chlorides, nitrates or sulphates and, of course, excess
intercalant ions. In addition to large-scale environmental pollution associated with these untreated
waste-streams (if released to the environment), the chemicals required for the synthesis of LDHs are
expensive. Considering worsening environmental pollution and the drive to reduce the impact of the
chemical industry on the environment, it has become evermore important to find alternative syntheses
for these materials.

There exist a multitude of synthesis routes to produce LDHs. Urea hydrolysis and sol-gel
syntheses are often used. These methods use urea (for urea hydrolysis) or metal alkoxides,
alcohol and acids as chelating agents (for sol-gel synthesis). While these are not environmentally
friendly alternatives to co-precipitation, attempts have been made to make sol-gel synthesis more
environmentally-friendly [18]. In addition to these, there exist less frequently used methods that can
be used in an environmentally friendly manner, such as hydrothermal or mechanochemical synthesis.
In both methods, metal hydroxides or metal oxides are common starting materials that are mixed
with water and processed at elevated temperatures and pressures (hydrothermal method) or milled
together (mechanochemical synthesis). Use of the metal hydroxides and oxides as starting materials
is hereby key to producing less polluting waste streams. In previous work, we have shown that the
hydrothermal process can produce very pure phases of MgAIl-LDH, even with a recycle-based system
that reduces waste-streams [19]. It has been shown that mechanochemical synthesis (wet-milling) of
Ca(OH); and Al(OH)3 could lead to an HC-phase content similar to that achieved in this work [20].

HC has been synthesised using a hydrothermal method in previous works, with a great interest
in the effects of the presence of CaO/Ca(OH), and Al(O)OH/AI(OH)3/Al,O3 in presence of water
and CO; on the curing of cement [16,21-23]. In fact, some of the earliest reports concerning the study
of the material and its characterisation used a hydrothermal synthesis [22,24,25]. HC is especially
well suited to hydrothermal synthesis because of the metal oxides and hydroxides that can be used at
mild conditions to produce the desired phase. In these early reports of hydrothermal HC synthesis
and related studies, HC (also frequently referred to in cement and concrete literature as tetracalcium
monocarboaluminate, a carbonate intercalated CaAl-LDH) was synthesised using several approaches.
Ref. [25] synthesised HC by reacting Ca(OH),, AI(OH)3; and CaCO3 in water for one month at 2 kbar
and at 100 °C. Ref. [26] prepared HC using different sources of aluminium (gibbsite and boehmite)
and CaCOs (with different surface areas and particle sizes), and Ca(OH); at varying temperatures and
reacting the mixture for 24 h to 48 h. They also did a small study on the effect of temperatures between
70 °C and 90 °C, and found that the largest fraction of HC is formed at 80 °C. It was found that the
reaction temperature significantly affects the product formed, being HC or katoite (CazAl,(OH)12).
In our own study of the effect of temperatures between 30 °C and 90 °C on the hydrothermal synthesis
of HC using Ca(OH), and highly crystalline AI(OH)3, similar results were obtained [27]. Ref. [28]
investigated the crystal structure and phase transitions in HC from —115 °C to 45 °C. They used
Ca(OH),, Al(OH)3, CaCl, - 6 H,O and CaCOs to create single crystals at 120 °C and 2 kbar in two
months. They prepared powder HC samples by reacting CazAl,Og, CaCl, - 6 H,O and CaCOj3 in water
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at room temperature and under inert atmosphere for four weeks. Ref. [29] synthesised HC using CaO,
Al;O3 and K;CO3 within an hour at 100 °C with microwave irradiation assistance. There also exist
several thermodynamic studies [21-24] and studies concerning pressure-induced reactions [16] in the
system CaO-Al,O3-HO. These studies have shown that the species formed can be similar to HC [24].
Ref. [3] used a carbonate-free approach for the synthesis of HC by reacting Ca(OH),; and Al(O)OH in
water under an inert atmosphere at 80 °C for 3h. However, it was shown that the calcium hydroxide
used for synthesis was contaminated with calcite. No FTIR analysis was conducted to determine the
interlayer anions, but preparation of the HC-like compounds with nitric acid led to the formation of a
pure HC-like phase similar to nitrate intercalated HC.

From the above literature it is evident that several attempts on the hydrothermal synthesis
of HC have been made; however, most of these attempts were either time-intensive or time- and
energy-intensive, because of the long reaction times, temperatures and pressures required. Further,
most work has focused on the synthesis of a carbonate-intercalated LDH. To create a CaAl-COs-LDH,
a carbonate source is required during synthesis. In others works, this was achieved using
CaCOs30rK>COs3. However, as carbonate uptake is favoured, it is difficult to reverse. As many
HC applications have anion-exchange reactions as a subsequent step or end goal, the presence of
carbonate is frequently undesirable. Removing the interlayer carbonate, usually involves calcination—a
process that may alter the structure and morphology of the LDH, which can be undesirable.
Thus, this contribution focuses on the preparation of CaAl-OH-LDH by using Ca(OH),, AI(OH);
and water under low-temperature and atmospheric-pressure conditions. The purpose of this paper
is to investigate whether it is possible to achieve a high purity HC using hydrothermal synthesis
with this minimal number of chemicals and at which synthesis conditions this is possible, if at all.
Several parameters can influence the hydrothermal synthesis of HC, these being temperature, time,
molar calcium-to-aluminium ratio, chemical morphology/crystallinity of the reactants, mixing and the
water-to-solids ratio used. The influence of these on the conversion of reactants to HC will be discussed
in the following text.

2. Results

The method chosen leads to a self-regulated-pH synthesis through a dissolution-precipitation
mechanism. The only externally variable parameters during the reaction are those that will be
discussed in this paper (temperature, time, molar calcium-to-aluminium ratio, mixing, chemical
morphology/crystallinity and water-to-solids ratio) and the use of other reactants, such as oxides,
etc. which will not be discussed here. In addition to these, the chosen system was self-contained.
During the synthesis, the system remained in an inert atmosphere to mitigate atmospheric carbonate
contamination. The synthesis pH was sampled at regular intervals and was recorded continuously
during some syntheses.

2.1. The Standard LDH and Its Carbonate Form

One LDH was common between all sets of experiments, with it synthesised at 80 °C for 3 h,
a stirring speed of 750 rpm, a water-to-solids ratio of 80:20, at a molar calcium-to-aluminium ratio of
4:2 and using amorphous aluminium hydroxide (SA).

The standard sample was synthesised in triplicate to determine the repeatability of the synthesis
method used and the trustworthiness of the Rietveld refinement applied to the wet-phase XRD data.
The XRD and FTIR-ATR results for the standard LDHs are shown in Figure 1a,b, respectively.
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Figure 1. (a) XRD results of the three standard hydrocalumite (HC) layered double hydroxides (LDHs)
51, S2 and S3 between 5° 26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the
primary LDH peaks and change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and
C = calcite. (b) FTIR-ATR scans of the three standard HC LDHs S1, S2 and S3 between 4000 cm 1
and 550 cm~!. The three insets show the regions: (1) 3700 cm~!-3600cm !, (2) 1500 cm~!-1250 cm !,
(3) 1000 cm~1-550 cm ! in detail. Dashed and solid grey lines indicate the maxima of vibrations.

As a result of cation ordering and interlayer offsets, HC is typically presented in monoclinic form
but has also been found in nature in the 6T polytype [2]. Other polytypes also exist, especially in the
synthetically produced HCs, although a comprehensive review of all different polytypes of HC is
lacking. The standard HCs were best described by HC of the formula [CasAl(OH)12][(CO3) - 5 HyO]
in the anorthic (triclinic) crystal system and P1 space group with crystal parameters a = 5.7747 A,
b =8.4689 A and ¢ = 9.9230 A (reference code: 98-005-9327). The XRD patterns of the three standard
HC LDHs were very similar with the exception of 52 which had a secondary phase that could not be
identified. Contaminants of katoite (CazAl,(OH)12), portlandite (Ca(OH),) and calcite (CaCO3) were
found in all three LDHs to varying degrees.

FTIR-ATR analysis showed that the standard HC LDHs S1, S2 and S3 all portrayed almost
identical vibrational responses at 3675cm 1, 3669 cm 1, 3641 cm ™1, 3620cm ™1, 3540 cm !, 3517 cm !,
3358cm !, 3243cm ™!, 3010cm !, 2828 ecm ™!, 1640 cm ™!, 1414em ™!, 1361em !, 943 cm ™!, 883 cm !,
870cm 1, 803cm !, 750cm !, 717 cm ! and 663 cm 1. Typically, for LDHs, vibrations in the region
between 3700 cm ! and 2500 cm ™! are ascribed to OH str. vibrations of hydroxides bonded to the
metal ions, of interlayer water or of water bonded to carbonate in the interlayer region. Ref. [30]
assigned the vibrations around 3500 cm ! and 3305 cm ! to the A1-OH str. and Ca~OH str. vibration
in the brucite-like lattice, respectively and the vibrations around 3100 cm~! and between 2915 cm !
and 2935 cm ! to the OH str. vibrations of interlayer water and water bonded to interlayer carbonate,
respectively. A similar assignment has been made for MgAl-LDHs, spanning different synthesis
methods [31]. Thus, the vibrations at 3517 cm ™1, 3358 cm !, 3243 cm ! and 3010 cm~! were assigned
to the OH str. vibrations of AI-OH and Ca—-OH bonds, and interlayer H,O and CO32_ bonded to
interlayer H,O, respectively. The vibration at 3641 cm~! could be assigned to the remaining portlandite
in the samples (see Figure 2b). Some of the other vibrations between 3700 cm ! and 3500 cm~! have
been observed in spectra of gibbsite (Al(OH)3) [32] and have also been ascribed to different OH
species [26]. The vibration at 2828 cm ™! could be a combination band as mentioned by [31]. On the
lower end of the spectrum, the vibration at 1640 cm ! could be present due to both, vy, vibrations of
interlayer anions (such as hydroxides or carbonates) and v, (H,0) [31,32]. The vibration at 1414 cm !
corresponds strongly to calcite (see Figure 2b) and is frequently assigned with 1365 cm ! as the doublet
v3 (CO327) vibration [33]. However, [31] have found this vibration to also correspond to the vsym
vibration of the interlayer anion (for both, CO32~ and OH™). The vibrations at 943cm ™!, 870 cm 1,
717cm~! and 663 cm~! could be assigned to vsym (OH), 12 (CO3%7) (interlayer and contaminant
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CaCO3), contaminant CaCO3 and v4 (CO327), respectively. Vibrations at 803 cm~ ! and 750 cm ™! have
been observed in gibbsite spectra but remained unassigned [32]. The vibration at 803 cm~! has also
previously been assigned to katoite [26].

The best-fit crystal structure of HC—as identified by XRD—contained carbonate in the interlayer,
contrary to the carbonate-free synthesis utilised. Although this, of course, is not evidence enough of
carbonate intercalation, FTIR also showed the existence of carbonate-related vibrations. An HC LDH
containing carbonate (sample ID: CO3) was, therefore, synthesised, the characteristics of which are
shown in Figure 2.
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Figure 2. (a) XRD results of the HC-CO3-LDH plotted against the standard HC LDH S2 between 5°
26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and
change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR
scans of the HC-CO3-LDH plotted against the standard HC LDH S2 and the starting materials used
(AI(OH)3, Ca(OH); and CaCO3) between 4000 cm ™! and 550 cm~!. The three insets show the regions:
(1) 3700 cm 1 = 3600 cm 1, (2) 1500 cm 1 = 1250 cm 1, (3) 1000 cm ! = 550 cm ! in detail. Dashed and
solid grey lines indicate the maxima of vibrations.

The standard and CO3 specimens had the anorthic [CasAl,(OH)12][(CO3) - 5 H>O] phase as best
fit (Figure 2a). However, the primary reflection of CO3 proved to be shifted to the left of that of S3.
The FTIR-ATR results (Figure 2b) showed that some differences exist between these two phases.
Synthesis of HC-CO3-LDH was conducted with adjustment for the stoichiometric amount of CO3%~
required through replacement of Ca(OH);) with CaCO3. No Ca(OH), was detected at the end of this
synthesis but a large amount of CaCO3 remained. This is clearly evident on the FTIR scans (Figure 2b)
through an increase in vibration strength at 1414 em !, 870ecm ™1, 717em ! and 663 cm !, and the
disappearance of the vibration at 3641 cm ™.

Rietveld refinement of S1 and S3 showed that a material consisting of approximately 60% HC
could be obtained, the rest being katoite (approximately 28%), portlandite (approximately 10%) and
calcite (approximately 2%). No Rietveld refinement could be performed on S2 due to the presence of
the unidentifiable phase. CO3 consisted of approx 70% LDH, 10% katoite and 20% calcite. The analysis
of S3 will be used for comparative purposes in the remainder of the text.

Figure 3 depicts the micrographs obtained for S1, S2, S3, CO3 and the
Ca(OH),, Al(OH)3 and CaCO3 used in the synthesis.

LDH platelet formation was evident in all of the synthesised materials in Figure 3 and constituted
the majority of the identifiable phase with thin, large hexagonal platelets, typically with an elongated
facet. Katoite was visually identifiable as faceted garnet-like balls and calcite as cubic crystals.
Small particulate matter was present in all samples, sticking on the LDH platelets and other phases and
sometimes forming small agglomerates. This could be either Ca(OH), or Al(OH); left over. While no
left-over AI(OH)3 was identified through XRD (unsurprisingly, since an amorphous AI(OH); was used
in the synthesis) it is possible that the small structures are either portlandite or amorphous Al(OH)3,
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which proved to be similar in size and appearance. SEM showed that CO3 consisted of smaller
platelets than the standard LDHs. It was also more difficult to find remnants of the left-over CaCO3
used, even though this LDH consisted of 72.47% LDH, 9.24% katoite and 18.29% calcite, according to
Rietveld refinement. This could be attributed to the CaCO3 consisting of ill-defined oblong shapes that
would be difficult to identify on SEM micrographs. It does, however, introduce a difference between
the calcite fed with Ca(OH); (cubic crystals) and the calcite supplied to CO3.

| AI(OH)s - SA

Figure 3. SEM micrographs of the HC LDHs S1, S2, S3 and CO3 at 1keV and 2k magnification,
and Ca(OH);, Al(OH)3-SA (amorphous) and CaCOj3 at 1 kEV and 10k magnification. The scale bar is
indicated under the label. LDH: turquoise hexagon, katoite: turquoise circle, calcite: turquoise asterisk.

pH measurements during the reaction showed that the self-regulated pH remained close to
11 for the duration of the synthesis at 80 °C for S1, S2 and S3. pH fluctuations were, however,
common—especially after 1h to 1.5 h of reaction time when the reaction mixture considerably thickened
up—and, overall, the pH decreased slightly with time during the 3h of synthesis. The pH during
synthesis of CO3 was significantly lower than that of S1, S2 and S3. The pH probe (used for sampled
pH recording) required substantial agitation to read the pH correctly after 2h. As a result of these
fluctuations and sampling difficulties, even though the results showed very good comparability,
the pHs shown in this work are to be taken as an estimate. Figure 4 shows the pH readings obtained
for S1,S2 and S3 over 3 h.

14.50
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T 1300

o
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1225 4
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11.75 *
1150
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Figure 4. pHs of the standard HC LDHs S1, S2, S3 and CO3. The pH was adjusted to 25 °C to
facilitate comparison.

For S1 a sampling pH method was used where the pH probe was cleaned before every
measurement. The pH of S2 and S3 was measured continuously. The pH of S2 exhibited greater
fluctuations than that of S3. This could be attributed to the encased pH probe used for S2 which was
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subject to material build-up. Due to the sampling method employed for other experiments, the pH
measurements of S1 will be used for comparative purposes in the remainder of the text.

In the following sections, only deviations from the standard S3 discussed in this section—caused
by varying one of the studied parameters—will be highlighted. S3 will thus, in the following text, be
synonymous with T4, t2, MR2, A1, M2 and WS2.

2.2. Reaction Temperature

The reaction temperature was varied between 20 °C and 90 °C (T1 =20 °C, T2 =40 °C, T3 =60 °C,
T4 =80 °C and T5 = 90 °C). The corresponding XRD (a) and ATR-FTIR (b) results are shown in Figure 5.
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Figure 5. (a) XRD results of the temperature series T1, T2, T3, T4 and T5 between 5° 26 and 90°
26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in
position. HC = hydrocalumite, oHC = secondary HC-like phase, Kat = katoite, P = portlandite and C =
calcite. (b) FTIR-ATR scans of the temperature series T1, T2, T3, T4 and T5 between 4000 cm~ ! and
550 cm~!. The three insets show the regions: (1) 3700 cm ™! —3600cm ™!, (2) 1500 cm~! - 1250 cm 1,
(3) 1000cm~! — 550 cm ™! in detail. Dashed and solid grey lines indicate the maxima of vibrations.
T1=20°C,T2=40°C, T3=60°C, T4 =80 °C and T5 =90 °C.

The [CasAl(OH)12][(CO3) - 5 H2O] anorthic phase once again proved to be the best fit for the
phase produced. However, in this series some additional phases were present, depending on the
synthesis temperature. As shown in the inset of Figure 5a, an increase in temperature led to first the
formation and then the disappearance of an LDH-like phase with a layered structure, imitating HC.
This phase was most prominent in the synthesis at 20 °C and was not present at 60 °C. The phase
was best fit by 3 CaO - AL,O3 - 0.5Ca(OH); - 0.5CaCOs3 - 11.5H,0, a thombohedral structure. Being an
outdated entry, however, the closest fit that could be used for Rietveld refinement is the structure
identified by [34] for calcium hemicarboaluminate, a partially carbonated (low carbonate content)
phase that is formed at the start of carbonation reactions in cement CasAl,(OH)12(OH)(COs)o 5 - 4 H>O.
The first phase, a calcium aluminate carbonate hydrate was studied by [35]. At the time it was noted
that this compound could be a meta-stable phase that forms in cement but had not been found in
Portland cement at the time. In T2, this phase was still present but its reflection shifted slightly to the
right—closer resembling calcium hemicarboaluminate—and more of the always-observed HC phase
[CagAl,(OH)12][(CO3) - 5 H20] was present. With an increase in temperature, HC formation increased
up to 80 °C. Katoite and portlandite were present in all samples, while calcite was only present in T4
and T5. Calcite content increased at 90 °C. Table 1 shows the progression of the phase contents with
temperature as determined by Rietveld refinement.



Crystals 2020, 10, 672 8 of 26

Table 1. Rietveld refinement of the temperature series of LDHs T1 = 20 °C, T2 = 40 °C, T3 = 60 °C,
T4 =80 °C and T5 = 90 °C. HC indicated the phase [CasAl>(OH)12][(CO3) - 5H,0], oHC indicates the
phase CasAl,(OH)12(OH)(CO3)o5 - 4 H>O, Kat is katoite, P is portlandite and C is calcite. All values
are given in percentages of the crystalline phases.

HC oHC Kat P C

T1 2948 47.1 1246  10.95
T2 30.14 2422 3257 13.07

T3 5757 28.8 11.37 226
T4 615 2652 984 214
T5 5218 29.52 1036 8.24

Some differences in spectra could also be observed with FTIR-ATR, most notably in T1 and
T2—which showed a shoulder left of the vibrations at 3669 cm~! and changed intensity of other
vibrations as indicated in the insets of Figure 5b and in the region between 3517 cm ! and 2828 cm 1.
With an increase in temperature, the 3010 cm~1 and 2828 cm™1! vibrations decreased in intensity.
The 3620 cm~! AI-OH str. vibration was significantly reduced in T1. Further, T1 showed less definition
of the 1414cm ! /1361 cm ! doublet and a greater resemblance of the calcite vibration in this region
shown in Figure 2b. T1 also showed less definition in the vibrations between 1000 cm ! and 550 cm .

SEM micrographs showed clear differences in the materials obtained and a change in distribution
of phases (Figure 6).

Figure 6. SEM micrographs of the HC LDHs T1 = 20 °C, T2 = 40 °C, T3 = 60 °C, T4 = 80 °C and
T5 =90 °C at 1 keV and 2k magnification. The scale bar is indicated under the label.

All samples showed plate-like structures. In T1, these structures were highly agglomerated and
packed into stacks of ill-defined platelets. Round, ball-like structures were mixed in-between these
platelet agglomerates. It is possible that these were ill-defined katoite structures. T2 showed better
definition of the platelet structures, albeit with them still being small and unevenly crystallised, and a
large amount of katoite, which was omnipresent between stacks of platelets. No cubic calcite structures
were visible in these micrographs. T3, T4 and T5 showed well-defined platelets, with the best-defined
platelets being present in T4. Katoite and cubic calcite structures were visible in all three micrographs,
corresponding to the Rietveld analysis. Particulate matter was visible in all samples and could again
be either unreacted Ca(OH); or amorphous Al(OH)3;. The secondary calcium aluminate carbonate
hydrate phase or calcium hemicarboaluminate phase present in T1 and T2 could not be discerned from
other phases.
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The pH documented during synthesis varied greatly with temperature. Figure 7 shows the
sampled pHs (adjusted to 25 °C) as a function of time for comparative purposes.
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Figure 7. pHs of the temperature series of LDHs T1 =20 °C, T2 =40 °C, T3 = 60 °C, T4 = 80 °C and
T5 =90 °C. The pH was adjusted to 25 °C to facilitate comparison.

The recorded pH rose with an increase in temperature. The pHs at 20 °C and 40 °C were almost
identical. Increasing the temperature to 60 °C led to the start of the reaction at a higher pH, lowering
with the progression of time. At 80 °C the pH stayed constant (only decreasing slightly with time),
while at 90 °C, the pH was very high at the start of reaction and dipped before rising again after 2h of
reaction time had passed.

2.3. Reaction Time

The impact of three reaction times on HC formation was tested (t1 =1h, t2=3h and t3 = 6h),
the XRD and FTIR-ATR results of which are shown in Figure 8a and Figure 8b, respectively.
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Figure 8. (a) XRD results of the time series t1, t2 and t3 between 5° 20 and 90° 26. Each scan is y-shifted
by 2500 counts. The inset depicts the primary LDH peaks and change in position. HC = hydrocalumite,
Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of the time series t1, t2 and t3 between
4000 cm ™~ ! and 550 cm L. The three insets show the regions: (1) 3700 em~1 -3600cm ™1, (2) 1500 cm !
—-1250ecm ™!, (3) 1000 cm ! - 550 cm ™! in detail. Dashed and solid grey lines indicate the maxima of
vibrations. t1 =1h,t2=3hand t3=6 h.

XRD showed a large similarity between the phases formed; however, the LDH phase formed in t1
was shifted to the right (see inset of Figure 5a, more closely resembling the primary reflection position
of the phase formed in T2. The best-fit LDH crystal structure for all three, t1, {2 and t3, was again
anorthic [CagAl,(OH)12][(CO3) - 5H0]. A small additional phase with a similar crystal structure to
chloride-intercalated HC was detected in t3 ([CasAl,(OH)12][(CO3)05Cly - 8HO]). Overall, Rietveld
refinement showed that an increase in reaction time led to an increase in LDH phase and decrease in
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katoite and portlandite present. Calcite content also decreased slightly with an increase in reaction
time. Table 2 depicts the Rietveld refinement results obtained for the different reaction times.

Table 2. Rietveld refinement of the time series of LDHs t1 = 1h, 2 = 3h and t3 = 6 h. HC indicates the
phase [CagAl,(OH)12][(CO3) - 5 H>O], HC2 indicates the phase [CasAl>(OH)12][(CO3)05Cls - 8SHO],
Kat is katoite, P is portlandite and C is calcite. All values are given in percentages of the

crystalline phases.

HC HC2 Kat P C
t1  49.72 37.39 1047 242
t2 615 2652 984 214
t3 7797 204 1266 62 1.13

FTIR scans of the three LDHs were similar; most notably showing an increase in vibration in
the doublet at 1414 cm~!/1361 cm ™!, corresponding to a decreased amount of calcite and possible
increased intercalation of carbonate into the interlayer. Most vibrations increased in strength with
an increase in reaction time, except the vibration at 3243 cm !, which showed a stronger vibration
in t1. Further, the vibration at 3641 cm ! (linked to unreacted Ca(OH),) was notably stronger in t2,
even though this LDH contained less Ca(OH), according to Rietveld refinement.

Morphologically, the three materials were very similar; the only easily noticeable differences
being the amount of particulate matter clinging to the other phases, improved crystallisation of the
platelets and a weak correlation between the amount of katoite and calcite observed, and Rietveld

refinement results (Figure 9).

Figure 9. SEM micrographs of the time series of HC LDHs t1 = 1h, t2=3hand t3 = 6h at 1keV and 2k
magnification. The scale bar is indicated under the label.

Recording the pH for the duration of the 6 h t3 experiment showed that the pH approximately
levels out after 3h (Figure 10). Small differenced between the pH measurements were observed
between t1, t2 and t3 in their respective time-frames.

14.50
14.25
14.00
1375
13.50
— 1325
—'13.00
Q 12.75
12.50
12.25
12.00
1175
11.50

t1
°t2
o t3

00:00
00:14
00:28
00:43
00:57
01:12
01:26
01:40
01:55
02:09
02:24

02:38
02:52
3 0307

E

03:36
03:50
04:04
05:02
05:16
05:31
05:45
06:00

04:19
04:33
04:48

03:21

Time [hh

[
—_
=

Figure 10. pHs of the time series of LDHs t1 = 1h, {2 = 3h and t3 = 6 h. The pH was adjusted to 25 °C

to facilitate comparison.
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2.4. Molar Calcium-to-Aluminium Ratio

The reaction of Ca(OH), and Al(OH)3; to form HC stands in competition with the formation
of katoite (CazAly(OH)12) [26,27]. Three molar calcium-to-aluminium ratios were, thus, tested to
determine the effect of this ratio on the formation of HC. MR1 (3:2) should favour katoite formation
(based on stoichiometry), while MR2 (4:2) should favour HC formation and MR3 (6:2) would provide
an excess of Ca(OH); to the reaction. Out of all results, the result of this series was most surprising,
inverting expectations. XRD (shown in Figure 11) showed that, once again, similar phases formed,
just with different ratios and that the [Caz Al,(OH)12][(CO3) - 5 H2O] phase again provided the best fit
for the crystal structure of the LDH formed.
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Figure 11. (a) XRD results of the molar calcium-to-aluminium ratio series MR1, MR2 and MR3 between
5° 26 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and
change in position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR
scans of the molar calcium-to-aluminium ratio series MR1, MR2 and MR3 between 4000 cm ! and
550 cm L. The three insets show the regions: (1) 3700 em 1 -3600cm 1, (2) 1500cm—1 - 1250 ecm 1,
(3) 1000cm ! = 550 cm ! in detail. Dashed and solid grey lines indicate the maxima of vibrations.
MR1 = 3:2, MR2 = 4:2 and MR3 = 6:2.

The primary MR3 LDH peak was slightly shifted to the right of MR1 and MR2 (inset of Figure 11a).
No significant amounts of other LDH phases were formed in this series. However, Rietveld refinement
revealed that MR1 led to the greatest purity HC phase (>80%), while MR3 resulted in a purity of less
than 50%. The Rietveld refinement results of this series are shown in Table 3.

Table 3. Rietveld refinement of the molar calcium-to-aluminium series of LDHs MR1 = 3:2, MR2 = 4:2
and MR3 = 6:2. HC indicates the phase [CasAl>(OH)12][(CO3) - 5 H>O], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C

MR1 8491 14.59 0.51
MR2 615 2652 984 214
MR3 4619 2234 2816 3.31

FTIR-ATR results (Figure 11b showed good correlation between the Rietveld results and the
vibrational intensities of each sample. The vibration at 3641 cm~1 linked to unreacted Ca(OH);,
showed excellent correlation between the Rietveld and FTIR results, increasing in intensity with an
increase in left-over portlandite. The twin-peak at 1414 cm~!/1361 cm ™! correlated well with the shift
in primary LDH reflection position and possible carbonate content. In the region between 1000 cm !
and 550 cm ! the vibration strength decreased with an increase in molar ratio.
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Morphologically, clear differences were visible between the amount of particulate matter present
(Ca(OH); or amorphous Al(OH)3) in each sample (Figure 12). MR3 contained the largest amount of
particulate matter, correlating well with the Rietveld refinement results. MR3 also contained visibly
more katoite and calcite, as expected. The platelets showed some differences too. MR1 produced
smaller, rugged platelets with many broken edges and the agglomeration of different platelet
sizes. MR2 produced much smoother, better defined and larger platelets than MR1 and MR3.
The platelets of MR3 were less rugged than those of MR1, but due to the coverage in particulate
matter, proper description of their definition was challenging.

Figure 12. SEM micrographs of the series of molar calcium-to-aluminium ratio MR1 = 3:2, MR2 = 4:2
and MR3 = 6:2 at 1keV and 2k magnification. The scale bar is indicated under the label.

The pHs of MR1 and MR3 were very similar and dropped slightly with time in comparison with
MR2. MR3 started with a slightly elevated pH (as expected due to the large amount of Ca(OH); present).
Conversely, MR1 had a lower starting pH, as expected, due to the lower amount of Ca(OH), present
and MR2 lay between the two at the start—as portrayed in Figure 13. With progression in time, the pHs
of MR1 and MR3 fell slightly below that of MR2.
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Figure 13. pHs of the molar calcium-to-aluminium series of LDHs MR1 = 3:2, MR2 = 4:2 and MR3 = 6:2.
The pH was adjusted to 25 °C to facilitate comparison.

2.5. Chemical Morphology/Crystallinity of the AI(OH)3

Three different AI(OH)3 sources were tested in this work. The first (A1), from Sigma Aldrich (SA)
was used as the standard source in all experiments. This Al source proved to be amorphous by XRD
and have a surface area of 59.35 m? g’l. The second Al source (A2) from ACE Chemicals (ACE) proved
to be minimally crystalline boehmite with a surface area of 69.12m? g~! (due to the low crystallinity it
is possible that some of the phase consisted of other amorphous crystal structures or polymorphs).
The third Al source (A3) from Merck (M) proved to be highly crystalline gibbsite with a surface area of
0.75m? g~ 1. Figure 14 shows the XRD results for these three sources and isotherms obtained for the
determination of the Brunauer-Emmett-Teller (BET) surface area.
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Figure 14. (a) XRD results of the Al sources used for the synthesis of A1, A2 and A3. SA = amorphous,

ACE = boehmite and M = gibbsite—Sigma Aldrich (SA), ACE Chemicals (ACE) and Merck (M).

Each scan is y-shifted by 2500 counts. (b) Isotherms obtained for each Al source. Sigma Aldrich (SA),

ACE Chemicals (ACE) and Merck (M).

The Al sources used thus had very different crystallinities and crystal structures. SEM further
showed that the morphologies of the three Al sources were very different (see Figure 15).

¥ A(OH)s - ACE B 8582 A|(OH): - M

1 ffm

Figure 15. SEM micrographs of the three different AI(OH)3 sources used from Sigma Aldrich (SA), ACE
Chemicals (ACE) and Merck (M) taken at 1keV and 10k (top) and 500 times (bottom) magnification.
The scale bar is indicated on each micrograph.

The SA and ACE reagents had similarly sized particles but different “macro” morphologies.
Where SA consisted of a carpet-like covering of small dot-like particles (agglomerated into random
shapes), ACE consisted of the same size particles but agglomerated into a myriad of variably sized balls.
These balls were damaged in the sample preparation process, breaking up/squashing and revealing
some of the internal structure. The M source, on the other hand, consisted of large, thick chunks
of gibbsite.

These three materials caused the formation of three very different reaction outcomes.
The outcome of Al (the standard sample S3) has already been discussed. In comparison,
A2 consisted of two HC phases, being mainly the typical one with a crystal structure similar to
[CasAlL(OH)12][(CO3) - 5 HoO] but also a small fraction of the HC phase with a crystal structure
similar to [CazAl,(OH)12][(CO3)05Cl - 4.8H>O], as already present in t3. These two phases are clearly
distinguishable on the XRD inset in Figure 16a depicting the primary LDH reflections.
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Figure 16. (a) XRD results of the chemical morphology/crystallinity of AI(OH)s series A1, A2 and
A3 between 5° 20 and 90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the
primary LDH peaks and change in position. HC = hydrocalumite, HC2 = hydrocalumite phase
2, Kat = katoite, P = portlandite, C = calcite and G = gibbsite. (b) FTIR-ATR scans of the chemical
morphology/crystallinity of AI(OH)3 A1, A2 and A3 between 4000 cm ™! and 550 cm 1. The three insets
show the regions: (1) 3700cm~! — 3600 cm ™!, (2) 1500cm~! — 1250 cm ™!, (3) 1200cm™~! - 550 cm !
in detail. Dashed and solid grey lines indicate the maxima of vibrations. Al = AI(OH)3-SA, A2 =
Al(OH)3-ACE and A3 = AI(OH)3-SA.

A3 consisted of only one phase of LDH but at a lower overall purity—with large amounts of
Ca(OH), remaining unreacted as shown through Rietveld refinement in Table 4. A2 produced the
most katoite and A3 contained no calcite, but large amounts of unreacted gibbsite. Both A2 and A3
showed slight right-shifts in their primary LDH reflection in comparison to Al.

Table 4. Rietveld refinement of the morphology/crystallinity series of LDHs Al = SA,
A2 = ACE and A3 = M. HC indicates the phase [CasAl(OH)12][(CO3)-5H,0], HC2 is
[Cas Al (OH)12][(CO3)05Cls - 8H2O], Kat is katoite, P is portlandite, C is calcite and G is gibbsite.
All values are given in percentages of the crystalline phases.

HC HC2 Kat P C G
Al 615 2652 984 214
A2 4351 11 34.04 825 3.2
A3 279 2348 2897 19.65

There were also differences between the FTIR-ATR scans of A1, A2 and A3 depicted in Figure 16b.
While the scans for Al and A2 were quite similar, A3 deviated from almost all major vibrations
with either a decreased or increased vibration. The large amount of unreacted portlandite in A3
was clearly visible at 3641 cm~!. Most other vibrations, however, were weaker in A3—most notably
those indicating the OH str. vibration of water bonded to interlayer carbonate (3010 cm 1) and the
combination band at 2828 cm ™! as well as the twin peak at 1414 cm ™! /1361 cm ™! associated with both,
interlayer carbonate and interlayer hydroxide anions. The scan for A3 gained an additional band at
1014 cm~! which correlates to the strongest vibration of the Al(OH)3-M source itself. The remaining
vibrations between 1000cm ! and 550 cm ™! were less strongly defined than those of Al and A2.
There also existed some stark differences between the FTIR scans of the three AI(OH)3; sources,
which are also depicted in Figure 16b. Al(OH)3-M showed defined vibrations in the 3700 cm~ ! to
3300 cm ™! region and between 1200 cm ™! and 550 cm !, while Al(OH)3-SA and Al(OH)3-ACE were
very similar and had much less strongly defined features. Both consisted of a broad band in the
3700 cm ! to 3300 cm ™! region and immolated well the 1000 cm~! to 550 cm ! region. Both materials,
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however, had a doublet feature blue-shifted from the 1414 cm~1 /1361 cm~! doublet. This feature has
been linked to adsorbed carbonate species [36-38] and will be discussed in-depth later in the text.

Morphological examination of these three materials showed that A1 and A2 formed similar
structures but that A3 formed much larger HC platelets (Figure 17). A far greater quantity of particulate
matter was also present in A3, as expected from the sample consisting of almost 50% of portlandite
and gibbsite. No large chunks of gibbsite (as initially present from the reactant) were visible, though,
indicating that these chunks of gibbsite must have broken up during synthesis.

Figure 17. SEM micrographs of the chemical morphology/crystallinity of AI(OH)3z series A1l = SA,
A2 = ACE and A3 = M taken at 1 keV and 2k magnification. The scale bar is indicated below the label.

Even though the phase compositions were very different for A1, A2 and A3, the synthesis pHs
observed were almost identical throughout the reaction, as shown in Figure 18—indicating that
Al(OH); crystallinity and surface area, and the subsequent dissoluted Al-species, do not contribute to
the mixture pH significantly.
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Figure 18. pHs of the morphology/crystallinity of Al(OH)3 series of LDHs Al = SA, A2 = ACE and
A3 =M. The pH was adjusted to 25 °C to facilitate comparison.

2.6. Mixing

The mixing during synthesis was varied by altering the rotational speed of the magnetic stirrer
used. Three rotational speeds were used: M1 = 500 rpm, M2 = 750 rpm and M3 = 1000 rpm. During the
synthesis, these rotational speeds led to mixing at full incorporation at all times (1000 rpm), sufficient
mixing to keep the system visibly agitated but cause a thin condensate film forming (750 rpm) and
mixing that kept the reaction mixture agitated but led to the formation of a thicker condensate film on
top of the mixture (500 rpm). Little difference was observed in the outcome of the reaction in XRD and
FTIR-ATR results, as shown in Figure 19a,b.
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Figure 19. (a) XRD results of the mixing series M1, M2 and M3 between 5° 26 and 90° 26. Each scan
is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in position. HC =
hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of the mixing series
M1, M2 and M3 between 4000 cm ! and 550 cm~!. The three insets show the regions: (1) 3700 em 1 -
3600cm 1, (2) 1500 cm 1 = 1250 cm ™!, (3) 1000 cm ! = 550 cm ! in detail. Dashed and solid grey lines
indicate the maxima of vibrations. M1 = 500 rpm, WS2 = 750 rpm and WS3 = 1000 rpm.

Rietveld refinement further confirmed the similarity between these three reaction outcomes.
As shown in Table 5, only small variations in HC, katoite, portlandite and calcite content were
observed. Unsurprisingly, SEM (Figure 20) also showed very little difference in the morphologies of

M1, M2 and M3.

Table 5. Rietveld refinement of the mixing series of LDHs M1 = 500rpm, M2 = 750 rpm and
M3 = 1000 rpm. HC indicates the phase [CagAl,(OH)12][(CO3) - 5 H>O], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C
M1 5829 2877 11.61 1.33
M2 615 2652 984 214
M3 5983 2774 1036 2.07

Figure 20. SEM micrographs of the mixing series M1 = 500 rpm, M2 = 750 rpm and M3 = 1000 rpm
taken at 1keV and 2k magnification. The scale bar is indicated below the label.

However, surprisingly, even though there was almost no difference seen between M1, M2 and M3
in terms of the other results, the pH of M1 and M3 decreased notably with time in comparison to that

of M2 (Figure 21).
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Figure 21. pHs of the mixing series of LDHs M1 = 500 rpm, M2 = 750 rpm and M3 = 1000 rpm. The pH
was adjusted to 25 °C to facilitate comparison.

2.7. Water-to-Solids Ratio

The final parameter investigated was the effect of the water-to-solids ratio on the formation
of HC. Three water-to-solids ratios were tested, being WS1 = 70:30, WS2 = 80:20 and WS3 = 90:10.
During the reaction, these three ratios behaved very differently. Where, usually, reaction mixtures with
an 80:20 ratio thickened considerably after 1h to 1.5h, WS1 had already thickened considerably after
30 min. After 2h, this mixture became difficult to agitate even with the pH probe during measurement
and was mixing with great difficulty until the 3 h of reaction time had passed. WS3, on the contrary,
never thickened to a considerable degree, fully incorporating all mixture contents continuously.

The XRD and FTIR-ATR results depicted in Figure 22 show some differences between the three
materials formed.
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Figure 22. (a) XRD results of the water-to-solids ratio series WS1, WS2 and WS3 between 5° 26 and
90° 26. Each scan is y-shifted by 2500 counts. The inset depicts the primary LDH peaks and change in
position. HC = hydrocalumite, Kat = katoite, P = portlandite and C = calcite. (b) FTIR-ATR scans of
the water-to-solids ratio series WS1, WS2 and WS3 between 4000 cm ! and 550 cm~!. The three insets
show the regions: (1) 3700 cm ™! - 3600 cm ™1, (2) 1500 cm ! — 1250 cm 1, (3) 1000cm ! =550 cm ! in
detail. Dashed and solid grey lines indicate the maxima of vibrations. WS1 = 70:30, WS2 = 80:20 and
WS3 =90:10.

The primary LDH peak of HC was shifted somewhat to the right for WS3 with respect to
WS1 and WS2 (inset in Figure 22a). [CazAly(OH)12][(COs) - 5 H>O] remained the best fitting crystal
structure analogue in all three materials, however. FTIR-ATR showed little difference between the
three materials, although there was a clear reduction in the 3641 cm ™! peak associated with unreacted
Ca(OH),. Intensity of vibration also decreased in the 1414 cm~1/1361 cm ™! doublet with an increase
in water-to-solids ratio; as did the vibrations between 1000 cm ! and 550 cm L. Rietveld refinement,
however, showed very large differences between these three materials. WS1 led to a HC purity greater



Crystals 2020, 10, 672 18 of 26

than 70%, while WS3 achieved only approximately 55%. There were also large differences in the
amount of katoite formed and the amount of portlandite left unreacted, as well as the amount of calcite
remaining, as shown in Table 6.

Table 6. Rietveld refinement of the water-to-solids ratio series of LDHs WS1 = 70:30, WS2 = 80:20 and
WS3 =90:10. HC indicates the phase [CasAl,(OH)12][(CO3) - 5 H>O], Kat is katoite, P is portlandite
and C is calcite. All values are given in percentages of the crystalline phases.

HC Kat P C

WS1 7348 1464 191 9.98
WS2 615 2652 984 214
WS3 5459 3239 13.02

Even with this large difference in the amount of each phase present, crystallisation of the LDH
phases appeared similar on the SEM micrographs, shown in Figure 23. However, less particulate matter
was present in WS1 and more in WS3, in good correlation with the decreased amount of portlandite
present. An increased amount of katoite was also present in WS2 and WS3. The large amount of calcite
determined through the Rietveld analysis for WS1 was not observed in its micrograph.

Figure 23. SEM micrographs of the water-to-solids ratio series WS1 = 70:30, WS2 = 80:20 and
WS3 = 90:10 taken at 1keV and 2k magnification. The scale bar is indicated below the label.

The pHs recorded for WS1, WS2 and WS3 showed that significant differences existed between the
starting pH of the reaction mixture and the behaviour during synthesis with time (Figure 24). W61,
as expected due to the larger amount of reactants present, had a very high initial pH but then exhibited
a considerable reduction in pH over time. WS3, on the other hand started off with a much lower pH,
which remained almost constant throughout the reaction. WS1 and WS3 had opposing viscosities,
the one being very thick, the other very thin. Yet they still ended on a similarly low pH after 3 h.
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Figure 24. pHs of the water-to-solids ratio series of LDHs WS1 = 70:30, WS2 = 80:20 and WS3 = 90:10.
The pH was adjusted to 25 °C to facilitate comparison.

3. Discussion

The results of this work have shown that the synthesis of an LDH phase (with high purity,
max. = 84.91%) is possible using only Ca(OH),, Al(OH)3 and water at mild synthesis conditions
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(atmospheric pressure and temperatures less than boiling point) as well as in a short period of time
(3h). This section serves to discuss the following points:

. carbonate contamination;
e increasing conversion to HC;
e and a hint towards the reaction mechanism of the formation of HC in a hydrothermal process.

3.1. Carbonate Contamination

The synthesis of carbonate-free HC from metal oxides and hydroxides has not been attempted
with this aim in literature before, to our knowledge. However, some authors have used only
calcium and aluminium oxides and hydroxides for their HC synthesis which could facilitate the
formation of a CaAl-OH-LDH phase [3,23-25]. In most of these studies involving the formation of
HC, especially when attempting to form nitrate or chloride forms or studying the thermodynamics,
carbonate contamination was limited. When carbonate contamination occurred, it was typically said
to have occurred during synthesis, filtering or drying. In the studies where carbonate intercalation
was not desired, great care was taken to carry out the synthesis in an inert environment (glove boxes
or covered systems), use freshly precipitated Ca(OH), and/or dried materials under nitrogen or in a
desiccator to minimise contact with CO» [3,23-25].

In this study, an inert environment was accomplished by synthesising the LDHs under a slight
over-pressure induced by constant nitrogen flow. The materials were filtered in open atmosphere
but only required approximately 5min to filter. XRD and FTIR-ATR analysis was carried out wet
and within 0.5h and 1h after synthesis, respectively. The only possible CO; contamination from the
atmosphere could have occurred during the 5 min of filtering (after which the filtered samples were
sealed from air immediately and only unsealed for the wet XRD analysis and again for wet FTIR-ATR
analysis). To put this into perspective, if the carbonate contamination were to come from CO in air,
at the atmospheric conditions in Pretoria, South Africa, where these experiments were conducted,
6.69 m? of air would have needed to pass through the sample and every available mol of CO, absorbed
within the 5min of filtration time or surface adsorbed during XRD and subsequently intercalated.
As this is essentially impossible, the interlayer carbonate, if present to a significant degree, thus had to
come from a different source.

For the synthesis of the materials, a fresh bottle of analytical grade Ca(OH), was used.
Unfortunately, after synthesis and our surprise of this possible CO; contamination, it was found that
the Ca(OH), used nevertheless consisted to 3.76% of calcite. This constitutes only 13.36% of the amount
of calcite stoichiometrically required to form a fully carbonate intercalated CaAl-LDH, though. Taking
into account theoretical requirements of carbonate to form a fully carbonate intercalated CaAl-LDH,
one could thus expect that the LDH consisted of 13.36% carbonate in the interlayer. However, almost
every material synthesised contained some calcite at the end of the synthesis. In prior studies [25,26,28],
CaCOs3 was used as a carbonate source during synthesis and most of these studies produced very
pure CaAl-COs3-LDHs. Considering the approximately dried material yield, our materials consisted
of between 0.5g to 1g of calcite after synthesis (approximately 2% as determined from Rietveld
refinement). This is approximately as much as initially fed with the Ca(OH)», indicating that a small
amount of carbonate could have been taken up by the CaAl-OH-LDHs, but a large fraction remained
as calcite.

Our Rietveld refinement results showed that between 1% and 3% calcite typically remained in the
material after synthesis. However, there were some outliers. Some materials (MR1, WS3, T1, T2 and
A3) contained no or less than 1% calcite, while others (WS1 and T5) consisted of close to 10% calcite and
CO3 even of 20% calcite. MR1, due to the use of less Ca(OH), during synthesis to achieve the required
molar calcium-to-aluminium ratio would contain less calcite to begin with. This result is thus not
entirely surprising. WS3 contained less material in general to achieve the desired water-to-solids ratio.
In this case, one could argue, that the calcite could have dissolved better due to a higher shear synthesis
induced by the thinner reaction mixture (the same would apply to MR1 and A3). However, FTIR-ATR
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showed a decreased vibrational strength in the doublet 1414cm~!/1361cm ™! vibration, which in
most literature is designated to interlayer carbonate. T1 and T2 both showed no remaining calcite,
however, the primary phase present in these materials was found to most likely be a calcium aluminate
carbonate hydrate of the form 3 CaO - Al,O3 - 0.5Ca(OH); - 0.5CaCOs - 11.5H,0, which could explain
where some of the CaCO3; was used. Interestingly, the calcium aluminate hydrate phases presented
by [23] at 20 °C and 30 °C were not observed. The only difference between A3 and its other series
materials (Al and A2) was the use of a highly crystalline gibbsite as Al source. While interlayer
carbonate was present in this material as identified through FTIR-ATR analysis, it had a much lower
vibrational response at 1414 cm~!/1361cm™! and 663 cm !, three vibrations that are typically linked
to interlayer carbonate—especially the vibration at 663 cm !, where this material had by far the least
intense vibrational response of all materials.

This leads to the discussion of the importance of the blue-shifted doublet (from the doublet
1414 cm~1/1361 cm 1) vibrations of the AI(OH)3-SA and Al(OH)3-ACE sources indicated in the results
section. To our amazement, the possibility of carbonate contamination in HC through adsorption of
CO; onto the surface of AI(OH)3 has not been indicated in any previous research, to our knowledge.
We were also unable to find any FTIR spectra of Al sources used in previous research for the synthesis of
HC. It is, however, well established in the catalytic field that aluminium oxides and hydroxides adsorb
carbonate species. CO, adsorption onto boehmite and other aluminium phases was studied by [38] at
different activation temperatures and pressures of CO,. While their findings of the adsorbed species
do not match our vibrational responses, the amorphous nature of the AI(OH)3 sources used in this text
could still allow for good explanation of the reason why CO, adsorbed onto the surface of AI(OH)3-SA
and Al(OH)3-ACE and not onto the crystalline gibbsite phase. Amorphicity of materials typically goes
hand in hand with some degree of disorder in these systems, thus making it more likely to adsorb CO>
onto coordinatively unsaturated Al atoms with octahedral coordination that are very active toward CO,
adsorption. Another explanation could come from the presence of small amounts of sodium present in
the amorphous AI(OH)z. While Al does not form carbonates itself, the presence of Na easily leads to
the formation of dawsonite (NaAl( OH),COs) phases. Prior to the mid-1990s, several authors reported
vibrational bands between 1520 cm—1-1570 cm~?! and /or 1350 cm —1-1410 cm cm ! that were linked to
CO; adsorption on y-alumina phases. Ref. [36] linked these to carbonate vibrations of the bidentate
form which is enhanced through the reaction of moisture, CO, and Na to dawsonite-like phases that
are vibrationally active in this region. The amorphous Al(OH)3 used in this work, unfortunately, did
not have an elemental analysis provided by the manufacturer, but some Na was present in AI(OH)3-M.
If small amounts of Na were present, this is a possible reason for these vibrations. The vibrational
intensity also scaled with the surface area of the Al sources used. [37] also found these vibrations on
their amorphous Al(OH)3 but ascribed them to the monodentate carbonate form. They performed
experiments reacting amorphous aluminium hydroxide with sodium bicarbonate solutions of different
concentrations. The wet environment could be the reason for the difference in carbonate orientation
as later described by [39] for the adsorption of CO, onto hydrotalcites in the presence of water
vapour. Nevertheless, the different amounts of sodium bicarbonate solution used by [37] could give
an indication towards the amount of carbonate adsorbed on the amorphous Al(OH)3. The absorbance
spectrum of their sample prepared in 0.1 M sodium bicarbonate solution (corresponding to 0.26 g C/kg
Al(OH);3 on the surface) fit the spectra obtained for AI(OH)3-SA and Al(OH)3-ACE best. If this was the
amount of carbonate adsorbed on the surface of AI(OH)3-SA, this would make the starting materials
consist of an additional 1.56% of carbonate. Thus equalling a total carbonate (not calcium carbonate)
percentage of approximately 2% supplied with the raw materials during synthesis.

If this was the amount of carbonate present in the system initially, this would not, however,
explain the large amounts of calcite remaining in WS1, T5 and CO3. The 20% content of calcite in
CO3 is easily explained by the calcite fed to the system to prepare this carbonate-intercalated form.
The relatively high percentage of calcite in WS1 can be reasoned through the large amount of starting
material present to achieve the desired water-to solids ratio. In T5 the only difference between this
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material and that synthesised with S3 is the reaction temperature (90 °C). A much higher pH was
also recorded during this synthesis, which can easily be explained by the effect of temperature on
the dissolution of the solid phases. There exist two possibilities for this increased amount in calcite.
Either the high temperature reaction favours the formation of CaCOj3 (and insolubility of this phase)
instead of a carbonate intercalated LDH at this elevated temperature and pH—thus depicting a close
approximation to the "true" amount of carbonate in the system—or there was simply more carbonate
present to start with and it is also less soluble at these conditions. CaCOs solubility is known to
decrease at increasing temperatures and also at increasing pHs (at 25 °C and 1bar) [40]. As all
Ca(OH), and Al(OH)3 was taken from the same bottle, the last explanation thus seems unlikely, albeit
not impossible.

While carbonate contamination definitely occurred (due to the variety of reasons mentioned),
the phases formed in this work most likely consisted mainly of CaAl-OH-LDH as desired and as can
be inferred by considering the difference in FTIR spectra of A3 and Al in terms of the presence of
adsorbed carbonate species on the Al sources and overall carbonate supplied to the system.

3.2. Increasing Conversion to HC

Considering the results presented in this work, it was evident that certain reaction parameters had
a larger influence on the reaction outcome than others. Generally speaking, a higher purity HC was
obtained by lowering the water-to-solids ratio, increasing the reaction time, having sufficient mixing,
using an amorphous Al(OH)3 source with high surface area, using an adequate reaction temperature
(80 °C for the highest purity within 3h) and most surprisingly, by using a calcium-to-aluminium
ratio stoichiometrically favouring katoite formation. It is possible that this occurred because of an
overall slightly lower pH during synthesis. pH sampling results showed that the materials with
the highest HC purity (WS1 and MR1, 73.48% and 84.91%, respectively) followed a similar pH
behaviour during synthesis, starting with a high pH and ending on a lower pH. We expect that this
occurred due to the conversion to the LDH phase. It is possible that the high initial pH facilitates
better dissolution of the phases (especially AI(OH)3) for reaction. Unpublished results of the same
molar-ratio-experiment (but conducted for a shorter period of time) indicated that the best purity
was achieved by using the stoichiometric ratio for hydrocalumite formation, contradicting the results
found here [41]. Time, especially in this regard, thus seems a very important factor.

During one of our previous studies, entirely different results were obtained for the temperature
series by using a more crystalline AI(OH)3; source and a shorter reaction time [27]. While the AI(OH)3
used in that study was also sourced from ACE Chemicals, it showed to be a highly crystalline material,
akin to the Merck source used in this work. Reaction kinetics were thus seemingly very different
and the LDH-like phases formed in T1 and T2 remained undetected. The morphology, surface area,
crystallinity and even crystal structure of the starting materials most likely remains one of the main
contributing factors towards a successful synthesis in a short period of time. As seen by comparison
of even our own results, the choice of starting materials can change the reaction outcome completely.
Conversion to better crystallised and more morphologically even HCs seems to be achievable by using
a higher crystallinity Al source. This is possibly observed due to lower reaction rates, a subsequent
slower crystal growth and hence higher crystallinity and larger platelets formed.

In closing the discussion in this section, the presence of the particulate matter in LDHs formed
and XRD identified phases deserve some discussion. As shown through the morphological evaluation
of the Ca(OH); and Al(OH)3 phases used, it was difficult to discern these using SEM. Due to the high
amount of portlandite remaining in many samples, it is highly likely that this particulate matter is
a mixture of the two phases and that an increase in reaction time would increase the yield of the
HC phase. As the cyrstal structure of the amorphous AI(OH); could not be determined, it is also
possible that slightly too little aluminium was fed to the system, which could have an effect on the final
outcome with sufficient reaction time. During XRD, most scans contained very, very small amounts of
phases that remained unidentified. It is possible that small amounts of especially the Cl-intercalated
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HC form exist in some more samples. However, due to shifted peaks and/or other effects, these phases
could not be assigned. Further, any Rietveld refinement results (as mentioned in the text) were only
applicable to the crystalline phases formed. The fraction of amorphous material present in each
material remains undetermined.

3.3. A Hint Towards the Reaction Mechanism of the Formation of HC in a Hydrothermal Process

Finally, a short discussion on what could potentially be inferred regarding the reaction mechanism
through which HC phases form using hydrothermal synthesis. The temperature experiments showed
that, at least at low temperatures, an alternate LDH-like phase was formed. Some research suggests
that this compound be a meta-stable phase that forms in cement (although it had not been found
in Portland cement at the time) [35]. It is possible that this is a sort of pre-cursor to the HC phase,
at least in low temperature systems. This seems likely considering observations in cement literature.
Ref. [42] investigated the time dependent formation of calcium carboaluminate phases. They found
that calcium hemicarboaluminate transforms into calcium monocarboaluminate given time and reaches
high conversion after 100 days of reaction in the cement phase. Only the calcium monocarboaluminate
phase is present in well-hydrated fully cured cement. Further, the calcium hemicarboaluminate form
occurs early in the hydration process of cement, even if large quantities of calcium carbonate are
present. Ref. [43] described how these calcium carboaluminate phases only really constitute a large
fraction of the cement phase after about a day of reaction.

No study of the hydrothermal formation mechanism of HC exists (to our knowledge), especially
at elevated temperatures. At elevated temperatures, these calcium hemi/monocarboaluminate phases
could not be identified, but there seems to be a strong relationship to the formation/depletion of
katoite during synthesis. In our previous results [27], these and those of [26], katoite was present
to a large degree at a synthesis temperature of 90 °C. Katoite was also present in larger amounts at
lower temperatures than 80 °C. The higher katoite content at 90 °C could indicate that this is the more
stable phase past 80 °C. No elevated temperatures are required, however, to form katoite, which made
up a large fraction of the phases formed even at 20 °C. The largest fraction of katoite was present
at 40 °C and 90 °C, though, possibly indicating that HC is the favoured phase between these two
temperatures. The time experiments also revealed a great amount regarding the progression of the
phase contents with time. At 6h, only approximately a quarter of the katoite present after 1h was
observed. This seems to be a strong suggestion that, given enough time, katoite is converted into HC
during synthesis and could thus be a precursor to the HC phase.

4. Materials and Methods

Chemically pure Ca(OH); and Al(OH)3 were sourced from ACE Chemicals (analytical reagent
grade) and Sigma Aldrich (SA) (reagent grade). Two other Al(OH); sources were used in the
experiments. They were sourced from ACE Chemicals (chemical purity grade) and from Merck
Chemicals (95% purity). Distilled and dissolved gas free (boiled prior to use and cooled /heated to the
desired temperature under nitrogen flow) water was used in all experiments.

Experiments were performed using a bench top reactor set up as shown in Figure 25. The figure
also depicts all variables that were investigated (time: t, temperature: T, mixing: M, molar ratio: MR,
aluminium source: A and water-to-solids ratio: WS). An inert N, environment was maintained in all
experiments at slight over-pressure. The dry reactant powders were added to preheated water at the
desired temperature under constant stirring. The mixture was kept in suspension by magnetic stirring
at the desired speed and reacted for the desired time at the desired temperature. pH measurements
were taken intermittently. The samples were filtered using vacuum filtration, immediately sealed and
analysed as a wet paste within 0.5h with XRD and 1 h with ATR-FTIR.
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Figure 25. Setup used for the synthesis of hydrocalumite.

The synthesis of HC using Ca(OH),, AI(OH)3; and H,O stands in competition with the formation
of katoite CazAl,(OH);2 (a member of the hydrogrossular family) as shown Equation (2).

aCa(OH); + bAl(OH)3 + cH,O — dCa3zAlx(OH)12 + cHO 2)
—  eCagAly (OH)lez/n -xH;O + (C — x)HZO

All lower case letters represent stoichiometric coefficients. A denotes the desired intercalated
anion. Table 7 shows the experimental conditions used for each experiment group.

Table 7. Experimental conditions used for each of the experiments performed. The experiment IDs and
colour codes defined in the table were used for each experiment in the text. Purple: molar Ca:Al ratio,
red: temperature, green: time, blue: water : solids ratio, brown: Al source, grey: mixing. Note: S1, S2,
53 = MR2, T4, 2, WS2, A1 and M2. *Ca(OH); used in CO3 was partially substituted with CaCO3 as
described in the text to achieve stoichiometric carbonate intercalation.

ID Molar Ca:Al Ratio [-] Temperature [°C] Time [h] Water: Solids Ratio [-] Al Source [-] Mixing [rpm]
S1,52,83,CO3* 2 80 3 80:20 SA 750
MR1 15 80 3 80:20 SA 750
MR2 80 3 80:20 SA 750
MR3 80 3 80:20 SA 750
T1 2 25 3 80:20 SA 750
T2 2 40 3 80:20 SA 750
T3 2 3 80:20 SA 750
T4 2 3 80:20 SA 750
T5 2 90 3 80:20 SA 750
tl 2 80 1 80:20 SA 750
2 2 80 80:20 SA 750
3 2 80 - 80:20 SA 750
Ws1 2 80 3 70:30 SA 750
Ws2 2 80 3 SA 750
WS3 2 80 3 90:10 SA 750
Al 2 80 3 80:20 SA 750
A2 2 80 3 80:20 750
e : 5 : 3020 o
M1 2 80 3 80:20 SA 500
M2 2 80 3 80:20 SA

M3 2 80 3 80:20 SA

XRD measurements were performed on a Panalytical X'Pert PRO X-ray diffractometer in
8 — 6 configuration, using Fe filtered Co-Ka radiation (1.789), an X'Celerator detector and variable
divergence- and fixed receiving slits. The data were collected in the angular range of 5° < 26 <90°
with a step size and time of 0.008° 26 and 13s, respectively. Phases were identified using X'Pert
Highscore plus software. Molar fractions of phases present were determined using Rietveld refinement.
The samples were analysed wet in order to minimise carbonate contamination and changes in the
crystal structure due to drying effects. This process was chosen to closely simulate in-situ XRD.
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ATR-FTIR spectra were obtained using a Perkin Elmer 100 Spectrophotometer. Samples were
pressed in place with a force arm. Spectra were obtained in the range of 550-4000 cm ! each with 32
scans at a resolution of 2cm 1.

SEM micrographs were obtained using a Zeiss Ultra PLUS FEG SEM at 1keV. Samples were
coated with 1.4 nm carbon prior to analysis. The LDH samples were dried in a desiccator prior to study
with SEM.

The BET surface areas of the materials were determined using isotherms recorded at 77.35 K with

a Micromeritics TriStar II 3020. The samples were degassed at 80 °C for 1.5h prior to the analysis.

5. Conclusions

In conclusion, HC formation was favoured in all experiments, making up between approximately
50% and 85% of the final crystalline phases obtained. The formation of HC stood in competition
with the formation of katoite, with constituted a large fraction of the remaining phases. It is expected
that only small amounts of carbonate were present in the CaAl-OH-LDH and that any carbonate
contamination came from the Ca(OH); (as calcite) and from the AI(OH);3 as surface adsorbed carbonate
species rather than from the air as previously suggested. At high temperatures, CaCO3 formation
seemed to be favoured instead of carbonate intercalation. The low solubility of carbonate species at
elevated temperatures could be contributing factor to the low amount of carbonate intercalated.

The largest effect on HC purity was seen using a low water-to-solids ratio, increasing the
reaction time, having sufficient mixing, using an amorphous AI(OH)s with a high surface area, using
an adequate reaction temperature and most surprisingly, by using a calcium-to-aluminium ratio
stoichiometrically favouring katoite formation instead of HC formation. The morphology, surface area
and crystallinity of the starting materials played a significant role. pH effects caused by the amount
of reactants supplied could also have played a role in the increased purity observed—possibly by
facilitating better dissolution of the AI(OH)3; phase—especially for low water-to-solids ratios and the
stoichiometrically unfavoured molar calcium-to-aluminium ratios.

Finally, it was possible to obtain a hint regarding the reaction mechanism at elevated temperatures.
At lower temperatures, it is possible that the formation of HC follows through the formation of calcium
aluminate carbonate hydrate phases in conjunction with katoite, while at high temperatures, katoite
formation seems to precede the formation of HC.
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