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Research Highlights

e Ultrasound combined with Mg®" enhances the synthesis of aragonite by carbonation.

e High purity (>98%) aragonite precipitated at 24 °C with optimized process conditions.

¢ Influence of several process parameters on product purity explored for optimization.

e Novel aragonite crystal morphology (hubbard squash-like) produced at low temperature.

e Fed-batch process tested as scale-up route for production of pure aragonite powder.
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ABSTRACT

The objective of this work was to promote the formation of the aragonite polymorph of calcium
carbonate, which has some valuable applications in industry, via the mineral carbonation route. The
combination of ultrasound with magnesium ions promoted the formation of pure aragonite crystals at
optimum conditions. It was possible to synthesize high purity aragonite precipitates at temperatures
ranging from 24 °C to 70 °C, with the resulting powders possessing varying particle size distributions
(from sub-micron up to 20 um) and crystal morphologies (from acicular needles to novel hubbard
squash-like particles). Several process parameters were found to influence the produced calcium
carbonate polymorph ratios (aragonite over calcite). Higher values of magnesium-to-calcium ratio,
intermediate ultrasound amplitude (60%), continuous ultrasound application (100% cycle), introduction
of ultrasound pre-breakage, lowering of the CO, flow rate, and increase in the relative concentration
(g/L Ca(OH),), all promoted aragonite formation. A potential route for industrial production of this

material has been identified via a fed-batch process, which effectively reutilizes magnesium chloride
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while maintaining high aragonite yield. The results presented herein are significantly superior to
aragonite formation using only single promoting techniques, typically found in literature, and go

beyond by focusing on pure (>99%) aragonite formation.

Keywords: Calcium carbonate; Polymorph; Aragonite; Mineral carbonation; Ultrasound; Crystal

morphology

1. Introduction

Calcium carbonate (CaCOs3) is an abundant mineral in nature; approximately 5 % of the Earth’s crust
consists of it, in the form of limestone (Stearn, 1989). It is an important building material in living
organisms as bones, teeth and shells; moreover it can be found in several industrial applications.
Calcium carbonate is used as filler or coating pigment in paper, plastics, rubbers and adhesives; as
filler, extender and pH buffer in paints; as filler and color stabilizer in concrete; for environmental
pollution control and remediation in flue gas and water treatment; in fertilizers and animal feed as
calcium supply; among other uses in glass, ceramics, cosmetics and hygienic products (CCA Europe,
2011).

Calcium carbonate appears in nature in three polymorphs. The most common is calcite, as it is the
most stable polymorph at ambient temperature and pressure. Its crystal system is trigonal, and appears
in a range of morphologies, the most common being rhombohedral and scalenohedral forms (Vecht and
Ireland, 2000). Aragonite is a metastable polymorph, commonly occurring in aquatic environments,
formed by biological or physical precipitation mediated by suitable pressure, ionic concentration and
pH; it can be found in shell structures of shellfish (e.g. oysters and abalones), pearls and sediments in

hot springs (Ryu et al., 2010). At standard temperature and pressure, it converts into calcite over
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several million years. Its crystal system is orthorhombic, and crystals are most commonly needle-like
(acicular) or spindle-like, although flower-like (flos-ferri), cauliflower- and flake-like crystals are also
reported (Zhou et al., 2004). Lastly, vaterite, which has a hexagonal crystal system and spherical
morphology (Wang et al., 1999), is the rarest polymorph, being unstable and rapidly reverting to one of
the more stable forms.

Calcium carbonate that is industrially used as a filler or pigment is most commonly calcite due to
easy production routes. Aragonite, however, presents some improved physical and mechanical
properties. Polyvinyl alcohol or polypropylene composites with aragonite filler show improved tensile
strength, impact strength, glass temperature and decomposition temperature (Hu et al., 2009), while
aragonite-containing paper coating benefits from improved brightness, opacity, strength and printability
(Katayama et al., 1992). Given the differences in material physical properties (Table 1) between the
polymorphs are small, the improved aragonite performance is attributable to morphological differences
(e.g. particle aspect ratio and packing density).

Aragonite synthesis by mineral carbonation is favored at 60 to 70 °C (Hu and Deng, 2003). At higher
temperatures (and ambient pressure), aragonite is unstable and polymorph change towards calcite takes
place (Passe-Coutrin et al., 1995). At lower temperatures, such as ambient, vaterite formation is
possible; however its conversion to calcite is rapid (Wang et al., 1999). On the other hand, aragonite is
calcium carbonate’s high-pressure polymorph: increasing the pressure advances the stability of the
crystals (Zhou et al., 2004).

Aragonite synthesis can also be promoted by controlling the aqueous chemistry of the precipitation
solution, an example being the control of the saturation degree (SS). A low degree of supersaturation
(SS << 1) has been found to favor aragonite formation (Hu and Deng, 2003). Matsumoto et al. (2010)
used the minute gas—liquid interface around CO,/NH3 microbubbles as a reaction field to promote

aragonite nucleation. It was possible to adjust the concentration of Ca®” and CO5*~ ion concentrations at
3
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the interface by varying solution pH and gas composition, which affected the electric charge on the
bubble surface and the difference between local and bulk pH. At a solution pH of 9.7-10.5 the
crystallization of aragonite was accelerated remarkably with a decrease in the CO,/NH3 ratio and gas
bubble size (<100 pm).

Additionally, additives have been found to enhance aragonite formation in several studies. Ota et al.
(1995) was able to obtain aragonite whiskers from the carbonation of a mixture of calcium hydroxide
and magnesium chloride, at a molar Mg-to-Ca ratio (MCR) of 1.52, at 80 °C. Similarly, Katayama et al.
(1992) used phosphoric acid as an additive instead of magnesium, at 2 wt% to Ca(OH),, and obtained
20 um long aragonite needles at 50 °C. The most relevant study to date on aragonite synthesis for the
carbonation system of interest in the present study is that of Park et al. (2008). They investigated the
influence of the concentration of magnesium ions (MgCl,) on the carbonation of Ca(OH), slurry in a
reactor at 80 °C. It was found that when the magnesium concentration is higher than 71 mol%,
corresponding to a magnesium-to-calcium ratio (MCR) greater than 2, pure aragonite can be
synthesized. Moreover, increasing the MCR resulted in smaller particles, with a maximal aspect ratio
occurring in the interval of 71-75 mol%. They postulated that the magnesium ions bind to the calcite
microcrystal surface, inhibiting the nucleation and growth of calcite crystals. In an earlier study, Ahn et
al. (2004) had found that aragonite formation had no permanent relation to the pH value, the MRC, or
the Mg*"/Ca*" concentrations in solution. It was suggested that synthesis of aragonite requires a
concentration of magnesium ions in the appropriate range (0.10-0.26 M) and a concentration of
calcium ions below a certain range (< 0.16-0.25 M); otherwise an excess of calcium ions or
magnesium ions would favor calcite formation.

Finally, ultrasound (US) has also been seen to promote precipitation of the different polymorphs of
calcium carbonate. The use of ultrasound in chemical processes, also termed sonochemistry, applies

sound waves in the range of 16 to 100 kHz. Power is delivered to a solution by inducing cavitation, that
4
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is, the formation of small cavities or microbubbles that grow and collapse rapidly. The collapsing
microbubbles produce high local temperatures and pressures and high shear forces. Experimental work
is reported on the use of ultrasound to speed up carbonation of an aqueous calcium carbonate salt
solution (Nishida, 2004) and the seeded sonocrystallization of calcite at constant composition
conditions (Boels et al., 2011). Rao et al. (2007) found that ultrasound increased the carbonation
conversion of fluidized bed combustion ash, and Lopez-Periago et al. (2010) used a sonic bath to
enhance carbonation of calcium hydroxide using supercritical CO,. The formation of vaterite with
ultrasound has been reported from aqueous salt solutions (Kojima et al., 2010; Price et al., 2011). Zhou
et al. (2004) found pure aragonite to form from Ca(HCO3), solution at 70 °C with an ultrasound
intensity of 58-99 W (in 250 mL) at 20 kHz. The high temperatures and pressures, suitable for
aragonite formation, caused by the ultrasound-induced cavitations were attributed to the result.
Mateescu et al. (2007) mixed Ca(NO;), drop-wise into a solution of K,COj in a sonic bath at 40 °C and
obtained preferential formation of aragonite and vaterite when maintaining the pH constant at 10.

Process Intensification (PI) seeks to bring together fundamental aspects of process engineering
technology and to find the most optimum balance between them (Santos and Van Gerven, 2011). With
a view of finding a PI route to aragonite synthesis by mineral carbonation, the main objectives of this
work were:

1. To improve aragonite synthesis by the combined use of ultrasound and chemical additives to
promote pure aragonite formation at economical process conditions; emphasis was given to
the synthesis of pure aragonite at low temperatures (< 30 °C).

ii.  To explore the influencing parameters that induce aragonite formation based on directions
given in literature, but herein performed systematically and dedicated to the mineral
carbonation process; the aims were to confirm and extend the state of knowledge, and to find

the optimum aragonite-promoting process conditions.
5
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2. Experimental Section

For sonication an ultrasonic processor Hielscher UP200S was used, which operates at 24 kHz
frequency and delivers 200 W gross power. The probe used was an S14 sonotrode, which has a tip
diameter of 14 mm, maximal amplitude of 125 um, and an acoustic power density of 105 W/cm?. A
PT100 temperature sensor connected to the device monitored solution temperature. Experiments in
slurry were conducted using a laboratory glass beaker with a volume of two liters and diameter of
approximately 14 cm; the beaker was filled with one liter of distilled water, reaching a height of
7.5 cm. The probe tip was immersed up to 3.5 cm from the bottom. Typical experiments were
performed with 3.7 g/L of Ca(OH); solids. The suspension was mixed solely by the ultrasound horn
during sonication experiments, or with a mechanical stirrer (Heidolph type RZ-R1) and straight blade
impeller at 340 rpm for stirred experiments. CO, was delivered to the solution from a compressed gas
cylinder with flow controlled by a rotameter (Brooks Sho-rate). Temperature was controlled by use of a
hot plate IKAMAG RCT) for heating and water bath for cooling; because ultrasound produces heat, it
must be dissipated to operate at lower temperatures or simply to maintain a constant temperature. The
experimental set-up used is illustrated in Fig. 1. The following analytical grade materials were used in
this study: Ca(OH), (Acros Organics), MgCl,-6H,0O (Chem-Lab), industrial grade CO; >99.5%
(Praxair).

The typical experimental procedure commenced by dissolving the desired amount of magnesium
chloride hexahydrate (e.g. 30.5 g/L for MCR = 3) in one liter ultrapure water (18.2 MQ-cm). Then, the
desired amount of calcium hydroxide powder (typically 3.7 g/L, referred to herein as relative
concentration (RC) of 1) was poured into the beaker. While mixing (by ultrasound or mechanical

agitation), the mixture is heated to the desired temperature, either solely by the ultrasonic device or the
6
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hot plate. When the desired temperature is reached, the carbonation reaction is started by bubbling CO,
gas (typical flow rate 0.24-0.72 NL/min) through the slurry. Carbonation continues until the solution
pH reaches a constant value, indicating reaction completion, typically within 30 to 120 minutes. The
slurry then is filtered (589/3 filter paper), rinsed, and dried at 105 °C for four hours to recover the
calcium carbonate crystals.

Particle size analysis of precipitate samples was determined by laser diffraction (LD) (Malvern
Mastersizer S). Morphological assessment was performed by imaging with a scanning electron
microscope (SEM) (Philips XL30 FEG). Mineralogical analysis was conducted by X-ray diffraction
(XRD) (Philips PW1830), equipped with a graphite monochromator and a gas proportional detector,
using Cu Ko radiation at 30 mA and 45 kV, step size of 0.03° 26 and counting time 2 s per step, over 5
to 70° 26 range; mineral identification was done in DiffracPlus EVA (Bruker) software.

Quantification of calcite and aragonite in completely carbonated samples was performed using
Eq. (1), where F,, is the fraction (wt%) of aragonite and / is the intensity of an associated peak: /;;; and
1,5, refer to the aragonite peaks at 26.3° and 45.9° 26, 1,, is the intensity of the calcite peak at 29.5°.
This equation is derived from the equation used by Park et al. (2008), but fitting the coefficients to
calibration performed using pure standards at three aragonite(A):calcite(C) mixture ratios:
25%A:75%C, 55%A:45%C, and 75%A:25%C. The quantification uncertainty is estimated at

approximately £0.5%.

e l,,,+0.215-1,,, 0
® 1, +0.215-1,,,+0.472- 1,

3. Results and Discussion
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3.1. Influence of stirring mode and temperature

A combination of the approaches of Park et al. (2008) and Zhou et al. (2004) was used to promote the
formation of aragonite from the carbonation of calcium hydroxide powder; that is, both magnesium
ions and ultrasound were used in slurry carbonation. The first series of experiments involved testing the
hypothesis that ultrasound promotes aragonite synthesis. This was accomplished by comparing the
mineralogy of samples carbonated with ultrasound mixing and with mechanical mixing. Furthermore,
the temperature of the reaction was varied to find out if aragonite formation is possible at temperatures
lower than those reported in literature (70 °C (Zhou et al., 2004), 80 °C (Ota et al., 1995; Park et al.,
2008)). A magnesium-to-calcium ratio (MCR) of 3 was chosen for these experiments (according to the
MCR > 2 criteria of Park et al. (2008)).

Fig. 2 shows XRD diffractograms of the synthesized precipitates at the four temperatures using
mechanical mixing (left) and ultrasound mixing (right). At 70 °C, essentially pure aragonite (>99%) is
formed with both mixing methods. Lowering the reaction temperature elevates the calcite content. At
55 °C with mechanical mixing the amount of calcite is still small, but at lower temperatures (40 °C and
30 °C) the calcite phase becomes dominant. Based on the peak heights at 55 °C and the data presented
in Table 2, it appears >99% aragonite can be obtained at temperatures just slightly higher. These results
suggest a slight improvement with regards to synthesis temperature in comparison with results of
Ota et al. (1995) and Park et al. (2008), and confirm the effect of temperature on promoting aragonite
formation in the presence of magnesium ions.

The effect of ultrasound on aragonite formation is confirmed by comparison with the mechanical
agitation results in Fig. 2. It is evident that at every temperature lower than 70 °C the amount of
aragonite is greater with use of ultrasound. Moreover, at 30 °C and 40 °C aragonite remains as the

dominant polymorph when using ultrasound, compared to nearly complete reversal to calcite (and
8
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magnesian-calcite at 30 °C inferred from the double peak at 29.5-30°) with mechanical mixing. These
results are reaffirmed by the quantitative analysis reported in Table 2. At 55 °C essentially pure
aragonite (99.6%) is formed with ultrasound. It is clear that the use of ultrasound in the presence of
magnesium ions allows for pure aragonite formation at lower temperatures than reported by Zhou et al.
(2004).

It is believed that the cavitations formed by the use of ultrasound introduce two effects that promote
the formation of aragonite. First, the imploding cavities generate localized, micron-sized or smaller,
regions of high temperature, even though the bulk solution temperature may be fixed at a low value
(e.g. 30 °C). Since aragonite formation is promoted at higher temperatures, it can be expected that these
high temperature regions, even if in existence for fractions of a second, lead to the nucleation of
aragonite seeds, which then can grow into larger aragonite crystals at bulk solution temperatures.
Second, the generation of nucleation sites is likely greatly enhanced by sonication, therefore even if
crystal growth of aragonite at lower bulk temperature is comparatively slow, the constant generation of
aragonite seeds enables aragonite crystal growth to remain statistically preferable over calcite. These
mechanisms can also explain the morphological differences seen in the precipitates, discussed next.

The morphology of the crystals produced is illustrated in Fig. 3 for eight cases: ultrasound at four
different temperatures: 70 °C (a), 55 °C (b), 40 °C (¢), 30 °C (d); and mechanical mixing at four
different temperatures: 70 °C (e), 55 °C (f), 40 °C (g), 30 °C (h). The aragonite contents of these
samples correspond to the letter-indexed values listed in Table 2. It can be clearly seen that at 70 °C the
particle morphology resembles needle-like aragonite reported in literature, regardless of mixing
method. Also with both mixing methods, lowering temperature results in reduction of particle size.
However with ultrasound mixing, the particles remain aragonite, achieving newly observed particle
morphology at 30 °C (hubbard squash-like), shown in more detail on Fig. 4. As aforementioned, these

smaller aragonite crystals may be a product of slower aragonite crystal growth at lower temperatures,
9
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combined with increased aragonite nucleation in the presence of ultrasound. The hubbard squash-like
morphology can also be seen in selected particles in Fig. 3h, achieved with mechanical mixing;
however in this case scalenohedral calcite crystals are dominant. This further reaffirms that the unique
morphology is due to synthesis at low temperature rather than solely due to sonication of the forming
crystals.

The images in Fig. 3b, Fig. 3¢, Fig. 3f and Fig. 3g show transitionary crystal morphologies. With
ultrasound, the crystals at 55 °C still resemble needles but become scaly, while with mechanical mixing
the needle-like particles appear more degraded and have lower aspect ratio. At 40 °C, ultrasound
mixing yields particles that begin to resemble the low temperature morphology, but having larger size.
In comparison, the 40 °C mechanical mixing sample is composed of a mixture of aragonite particles
similar to those at 55 °C but smaller, and nano-sized calcite crystals both of rhombohedral and

scalenohedral morphologies.

3.2. Influence of MCR

In an ultrasonic environment with an MCR of 3, pure aragonite can be synthesized at 55 °C, as
shown previously. It was of interest to know if a higher MCR allows for production of pure aragonite at
lower temperatures (30 °C). Also, it was of interest to know if an optimal MCR exists at different
temperatures (i.e. can the MCR be lowered at 55 °C while still obtaining >99% aragonite). Carbonation
experiments were conducted by varying the MCR between 0 and 6, at 30 °C and 55 °C, with use of
ultrasound mixing in Ca(OH), slurry as described previously. Fig. 5 presents the aragonite content of
the calcium carbonate precipitates produced. Aragonite was more easily formed at higher temperature;
at 55 °C, pure aragonite can be synthesized with MCR = 2.5, whereas at 30 °C an MCR = 6 is

necessary. Already with MCR = 1 it is possible to synthesize over 50% aragonite at 55 °C, and over
10
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90% at MCR = 1.5; similar results are only achieved at 30 °C with a half unit greater MCR. It is
concluded that there is in fact an optimal MCR for each temperature. Moreover it is proven possible to
synthesize pure aragonite close to room temperature at optimized conditions.

Additionally, a possible explanation of the mechanism of magnesium ions in participating in the
carbonation reaction to promote aragonite was observed. Upon addition of magnesium chloride to
solution, magnesium ions reacted with water and precipitated as brucite (Mg(OH),). Brucite formation
was found to be quite fast, as evidence by large brucite peaks in XRD analysis for samples filtered
minutes after mixing. Furthermore, unreacted portlandite peaks were found to nearly disappear,
indicating that calcium ions had been leached into solution, forming dissolved calcium chloride (Eq. 2).
Over time, it is believed that as calcium ions react with carbonate ions, brucite solubilizes back into
magnesium chloride, and calcium carbonate is precipitated (Eq. 3). This is also confirmed by reduction
in brucite peak heights by XRD, and complete disappearance once the carbonation reaction is
completed. These reaction steps were confirmed by Visual MINTEQ chemical equilibrium modeling
and are presented in more detail in Ceulemans (2011). The promotion of aragonite in the presence of
magnesium chloride thus may be linked with the carbonation reaction taking place in solution rather

than by direct mineral carbonation (Eq. 4).

Ca(OH); + MgClyaq) — Mg(OH), + CaClyg) (2)
CaCly(ag) + COxaq) + ME(OH)aq) — CaCO3 + H,O + MgClyag) )
Ca(OH)z + COz(aq) d CaC03 + HzO (4)

3.3. Influence of ultrasound parameters
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The ultrasound probe used allows the setting of two process parameters: amplitude and cycle. The
amplitude is the distance the sonotrode surface travels within an oscillation stroke. Larger amplitude
leads to higher rate at which the cavity pressure increases and decreases at each stroke, and increased
displacement volume, resulting in a larger cavitation volume (bubble size and/or number). When
applied to slurries, higher amplitudes provide greater potential for solid particle breakage (Hielscher,
2006). Amplitude is expressed as a percentage of the maximum amplitude (125 pum). Cycle refers to
the fraction of experimental time during which sonication is applied. The ultrasound can be used in
such way that the sonication is pulsed on and off in short time intervals. Cycle is expressed as a
percentage of total experimental time. Previous experiments were performed with 100% amplitude and
cycle. In this section, experiments are executed at an intermediate MCR value (1.5 at 30 °C) so that the
effect of varying amplitude and cycle on aragonite fraction can be investigated. The objective is the
optimum ultrasound setting that maximizes aragonite content.

Fig. 6 shows the effect of amplitude and cycle on aragonite synthesis. Using either cycles of 20% and
100%, there is a maximum aragonite fraction at an intermediate amplitude (60%). Higher cycle
(100%), meaning more ultrasound use, also leads to greater aragonite synthesis. Therefore the optimal
configuration is found to be 60% amplitude and 100% cycle. Zhou et al. (2004) also found intermediate
amplitudes to favor aragonite. However in their case the competing polymorph at higher amplitudes
was vaterite; vaterite was not detected in this work.

The reason for intermediate amplitudes being optimal may lie in the effect of ultrasound intensity on
the generation rate of cavities and their resulting collapse pressure (Gogate et al., 2003). Gogate et al.
(2003) have found by computational modeling that although an increase in ultrasound intensity leads to
bubble growth, it also leads to a reduction of the bubble wall pressure at the collapse point of the
cavity, due to dissipation of energy from the longer-living bubble to the liquid medium. They postulate

that upon increasing intensity, there is an optimal point where the overall pressure pulse, defined as the
12

Page 14 of 42



product of the number of cavities in the system and the collapse pressure due to the single cavity, is
greatest, beyond which it decreases due to leveling off of cavity generation. For the present system (i.e.
ultrasonic processor, sonotrode probe, 1 liter water medium volume, and 2 liter glass beaker receptacle)

it may well be that the optimal overall pressure pulse occurs near 60% amplitude.

3.4. Influence of other process parameters

Three additional process parameters were investigated for their effect on aragonite formation:
ultrasound pre-breakage, CO, flow rate, and relative concentration. Results are shown in Table 3 for
varying sets of process conditions.

Pre-breakage is defined as sonication time applied to the calcium hydroxide slurry prior to CO, gas
introduction into the solution. The objective is to reduce the particle size induced by the imploding
cavitations, thereby increasing uncarbonated material surface area, which should have an effect both on
the dissolution and the carbonation reaction kinetics and equilibria. Table 3 presents four sets of data,
comparing samples subjected or not to pre-breakage (from 0 to 45 minutes). These sets utilize varying
process conditions (pre-breakage times, MCR, mixing, relative concentration and CO; flow). It can be
seen that under all process condition combinations, save the last, pre-breakage promotes greater
aragonite synthesis, expressed as the aragonite fraction of the resulting calcium carbonate precipitates.
In the first two cases the benefit is greater given the process conditions lead to intermediate aragonite
purity, while for the later two cases the benefit is smaller to nil, given aragonite purity is greater than
90% already. It is theorized that pre-breakage promotes aragonite synthesis by improving the reaction
between calcium hydroxide and magnesium chloride prior to carbonation, whereas without pre-
breakage there is greater likelihood that calcium ions dissolved directly from unreacted calcium

hydroxide will form calcite.
13
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The next process parameter discussed is CO; flow rate. Table 3 presents results from two series of
experiments conducted with varying CO, flow rate, and identical remaining parameters. It is found that
increasing the CO, flow rate leads to greater calcite formation, whereas lowering the CO; flow rate
promotes aragonite; this result is particularly noticeable with mechanical mixing, where the aragonite
content increases from 20.4% to 91% at MCR = 3 and 30 °C. This effect can be directly linked to
reaction time. As shown in Fig. 7, with a flow rate of 0.72 NL/min the reaction is completed (pH drop
levels off) in approximately 50min, while at 0.24 NL/min and 0.12 NL/min the reaction is completed
only after 2h15min and 4h30min, respectively. It is thought that the lower CO; flow rate leads to a
lower level of solubilized CO; (i.e. under saturation), decreasing the probability of carbonate ions
reacting with calcium ions leached directly from Ca(OH),, rather than the dissociated calcium chloride
species. These results are in agreement with those of Hu and Deng (2003), who found a low degree of
supersaturation to promote aragonite synthesis. However in comparison, aragonite fractions in the
present study are much higher than those reported therein (~20% at 36 °C), which were synthesized
from sparingly soluble calcium salts.

Lastly, the effect of relative concentration (RC) on aragonite formation was tested. Relative
concentration is defined as the initial calcium hydroxide concentration in slurry relative to the typical
value of 3.7 g/LL used in most experiments (e.g. RC =2 means Ca(OH), = 7.2 g/L). It should be noted
that the magnesium chloride concentration is adjusted accordingly to maintain the same MCR for
comparison purpose. Table 3 presents two sets of experiments where RC was varied; process
parameters such as MCR, US amplitude and CO, flow rate differ between these two sets. It is found
that lower RC is detrimental to aragonite formation in both cases. In fact, by doubling the relative
concentration for the first series, the aragonite content at 30 °C nearly reaches 99%, compared to just
under 93% at typical concentrations and MCR = 3. In this case, the aragonite promoting effect may be

linked to the increased magnesium chloride concentration when RC is larger. Increasing the
14
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concentration of Ca(OH), should not significantly change the rate or extent of calcium dissolution,
given all slurries are over-saturated with respect to Ca(OH),. As a result, by maintaining the MCR
constant, the concentration of soluble chloride species, both Mg and Ca, significantly increases, thereby
increasing the effective influence of magnesium chloride (i.e. at RC =2 and MCR = 3, it is as if the
MCR was 6). These results are in agreement with observations of Ahn et al. (2004), who postulated
that magnesium concentration rather than MCR controls aragonite formation, with a minimum Mg
concentration being required to suppress calcite formation. Along these lines, in Table 3 it can be seen
that when RC = 1/2 or 1/3 the aragonite fractions drops significantly. A last note to be made about
relative concentration is that the carbonation reaction time decreases at lower RC, as can be seen in Fig.

7 for RC = 1/3. This finding will be used later on in the section about a fed-batch process.

3.5. Synthesis at optimized conditions and lowest temperature

Up to this point, investigating and optimizing influencing parameters has resulted in a list of optimal
values, which can be combined to improve the low-temperature synthesis of aragonite. Of particular
note, rather than using RC = 2 with MCR = 3, it was chosen to keep RC = 1 with MCR = 6, to reduce
the reaction time. Also the CO, flow rate chosen was 0.24 NL/min, again to reduce the reaction time
compared to using the 0.12 NL/min found to be optimal for aragonite selectivity. The final combination
conditions utilized for the optimized synthesis, which resulted in 99.0% aragonite precipitate with the
morphology shown in Fig. 8a, were:

*T=30°C

*RC=1

* MCR =6 (3.7 g Ca(OH), + 61 g MgCl,.6H,O in 1 liter DI water)

* US Amplitude = 60%; US Cycle = 100%
15
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* CO; flow = 0.24 NL/min

* PB =20 minutes

A final attempt was made to reduce the synthesis reaction even further. The reaction temperature was
lowered to 24 °C, and more severe aragonite-favoring conditions were chosen: MCR = 8 and CO,
flow = 0.12 NL/min. While the reaction time was rather long (4.5 hours), the aragonite purity obtained
was very satisfactory: 98.6%. The crystal morphology is shown in Fig. 8b, possessing the unique
hubbard squash-like shape. The XRD pattern of this sample is compared to that at 30 °C in Fig. 9, both

being essentially identical except for slightly higher 7111:021, I112:1022 and I141:1113 ratios at 24 °C.

3.6. Fed-batch process

To make this synthesis process interesting from an industrial production perspective the efficiency of
this process must be higher. Indeed, in 1 liter water at RC = 1 there will be only five grams of aragonite
produced according to this process. Furthermore, for synthesizing those five grams, 61 g of magnesium
chloride hexahydrate are needed. This ratio appears wasteful, unless the magnesium chloride can be
proven to be reusable. Two ideas were considered: (i) filtering the carbonated slurry and reutilizing the
solution for further synthesis cycles with addition of new Ca(OH),, or (i1) adding new Ca(OH); to the
synthesis slurry on a continuous basis for an extended period of time (i.e. a fed-batch process (Ahn et
al., 2007)). The second solution turned out to be the preferred route, as in the first case the filtration
proved difficult to perform in a timely manner and the synthesis product suffered from contamination
with brucite (Mg(OH),) when the reaction had not been fully completed prior to filtration (Ceulemans,
2011). The following process conditions were chosen for the fed-batch process:

*T=30°C

* Ca(OH), = 1.2 g every 12 minutes
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* Mg =61 g MgCl,.6H,0, one time addition, in 1 liter DI water

* Time = 144 minutes (12 additions)

» US Amplitude = 60 %; US Cycle = 100 %

The resulting fed-batch-produced calcium carbonate precipitate contained 96.7% aragonite, as shown
in Fig. 9. The cause of the small calcite formation is possibly due to addition of fresh Ca(OH), directly
to the slurry during carbonation, while in previous single batch experiments the calcium hydroxide was
pre-mixed with magnesium chloride prior to CO, introduction. A small portion of the newly added
Ca(OH), may react directly with carbonate ions forming calcite, prior to magnesium chloride taking its
full effect in equilibrating with the unreacted material. The aragonite purity may improve further if
Ca(OH), addition is done in a truly continuous basis with a feeding pump. The particle morphology
also changed from the hubbard squash-like shape to what appear to be clustered crystal particles of 1-
3 um in size. By inspection of Fig. 8c, it appears additional crystal growth occurs due to prolonged
exposure of early-synthesized aragonite crystals to the reacting slurry. Maintenance of the hubbard

squash-like likely requires immediate separation of the formed crystals prior to solution re-utilization.

3.7. Precipitate powder characterization by laser diffraction

Pure aragonite precipitates were synthesized in this study at a range of temperatures spanning from
24 °C to 70 °C. As has been shown by SEM analysis (Fig. 3), particle morphology changes as a
function of temperature and so does particle size. Particle size and particle size distribution are
important parameters of powder materials for certain industrial applications such as paper coating or
polymer filler; these data are not typically reported in literature for novel calcium carbonate
morphologies, making it impractical to assess their suitability for industrial use. As such, the effect of

synthesis temperature on aragonite particle size was studied in more detail by laser diffraction.
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Table 4 lists average particle sizes by volume, expressed as D50 (mean volume diameter), D[3,2]
(surface area moment mean diameter) and D[4,3] (volume moment mean diameter), and Fig. 10 shows
the volume-based size distributions. All samples were synthesized with ultrasound and contain greater
than 98% aragonite as indicated. In general, lowering the synthesis temperature results in shifting of the
distribution to the left (smaller sized). This is confirmed in Table 4 for the three listed size averages.
The distributions of precipitates synthesized at higher temperatures have bimodal/trimodal
characteristics, having a primary peak between 1 um and 20 um (and an intermediate peak at 2 pm for
the 70 °C case) and a secondary peak below 1 pm. The larger mode likely represents the needle-shaped
particles, while the smaller modes may be fragmented particles, due to sonication, and/or particles that
formed near the end of the experiments when crystal growth could be hindered by diminishing calcium
concentration in solution. Samples from low temperature synthesis (24 °C and 30 °C) have unimodal
distributions below 3 um. The low temperatures, which may hinder crystal growth throughout the
experiment, could be attributed to the smaller particle sizes. The fed-batch sample was found to have a
bimodal distribution, likely comprised, as suggested by SEM images, of larger clustered crystals and

smaller ultrasound-cleavaged particles.

4. Conclusions

Ultrasound has been proven, in combination with magnesium chloride in solution, to enhance the
synthesis of aragonite crystals by mineral carbonation, both by reducing the required concentration of
magnesium and reducing the required reaction temperature to near ambient conditions. While in
literature the synthesis temperature of aragonite normally is situated in the 60 °C to 90 °C range, in the
present work high purity aragonite precipitates were produced even at 24 °C using a combination of

optimized process parameters found by application of the principles of Process Intensification.
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The effect of several process parameters on aragonite synthesis was systematically studied beyond
temperature, including the magnesium-to-calcium ratio (MCR), ultrasound (US) settings (amplitude
and cycle), US pre-breakage (PB), CO, flow rate, and relative concentration (RC). It was found that
higher values of MCR promoted aragonite, but in the presence of ultrasound the MCR corresponding to
a similar level of aragonite fraction of the carbonate precipitates decreased in comparison with standard
mechanical mixing. An intermediate ultrasound amplitude (60%) was most beneficial to aragonite
promotion at intermediate MCR levels, similar to reported observations by Zhou et al. (2004), while
aragonite purity was proportional to ultrasound application, with 100% cycle (continuous US) being
best. Ultrasound pre-breakage is theorized to promote aragonite synthesis by improving the reaction
between calcium hydroxide and magnesium chloride prior to carbonation, reducing the likelihood that
calcium ions dissolved directly from unreacted calcium hydroxide will form calcite. Lowering the CO,
flow rate was also found to promote aragonite synthesis, leading to lower level of supersaturation that
has been reported to favor aragonite (Hu and Deng, 2003). Finally the aragonite promoting effect of
relative concentration was linked to the increased magnesium chloride concentration when RC is
larger, though the MCR remains the same; this response has also been previously suggested by Ahn et
al. (2004).

While other authors have reported similar strategies to promote aragonite, none have combined them
to find an optimal process that produces pure aragonite; in fact most studies only report aragonite
production at low purity levels or even in near trace amounts. That is why the reaction temperature is
typically kept relatively high. In this work not only low temperature aragonite synthesis was proven,
but crystals with new particle morphology (hubbard squash-like) have been produced. This material
may have interesting industrial applications, which are yet to be identified. A potential route for
industrial production of nearly pure aragonite at low temperature has been identified via a fed-batch

process, which effectively reutilizes magnesium chloride while maintaining high aragonite yield,
19
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though the crystal morphology changes due to prolonged ultrasound exposure and clustered crystal

growth.
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Tables and Table Captions:

Table 1 - Physical properties of calcite and aragonite (Dimmick, 2003; Haynes, 2011; Roberts et al.,

1990).

Property Calcite Aragonite
Solubility product (Ky,)  3.36:10” 6:10”
Density (g/cm’) 2.71 2.93
Hardness (Mohs scale) 3 3.5-4
Refractive index 1.58 1.63
Coordination number 6 9
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Table 2 - Aragonite fractions as function of agitation method and temperature. MCR = 3, US

amplitude/cycle = 1, RC = 1, CO;, = 0.72 NL/h; letter-indexes (a—f) refer to images in Fig. 3.

Ultrasound Mechanical
Temperature

mixing mixing
70 °C 99.6% (a) 99.5% (e)
55°C 99.6% (b) 98.7% (f)
40 °C 96.9% (c) 44.6% (g)
30 °C 92.7% (d) 20.4% (h)
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Table 3 - Effect of US pre-breakage, CO, flow rate and relative concentration on aragonite fractions for

various process conditions.

Pre- Relative

Temperature CO; Flow Aragonite
breakage @ MCR Mixing Conc.

(°C) (NL/min)  Fraction
time (min) (W/w)
Effect of US pre-breakage
0 1.5 30 60% US 1/3 0.24 40.4%
20 1.5 30 60% US 1/3 0.24 55.6%
0 1.5 30 60% US 1 0.72 25.4%
45 1.5 30 60% US 1 0.72 41.5%
0 3 30 Mech 1 0.24 91.0%
45 3 30 Mech 1 0.24 93.0%
0 6 30 60% US 1 0.24 99.3%
20 6 30 60% US 1 0.24 99.0%
Effect of CO; flow rate
0 1.5 30 60% US 1 0.72 64.5%
0 1.5 30 60% US 1 0.24 68.9%
0 1.5 30 60% US 1 0.12 74.7%
0 3 30 Mech 1 0.72 20.4%
0 3 30 Mech 1 0.24 91.0%
Effect of relative concentration
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3 30 100% US 2 0.72 98.8%

3 30 100% US 1 0.72 92.7%

3 30 100% US 172 0.72 75.0%

1.5 30 60% US 1 0.24 68.9%

1.5 30 60%US  1/3 0.24 40.4%
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Table 4 - Average particle sizes of pure aragonite synthesized with ultrasound at different temperatures.

Temperature D50 D[3,2] DJ[4,3] Aragonite
°C um pum um %
70 °C 4.15 1.31 6.48 99.5%
55 °C 1.33 0.78 1.87 98.7%
40 °C 0.98 0.65 1.27 98.6%
30°C 0.85 0.69 1.23 99.3%
24°C 0.84 0.79 1.09 98.6%
Fed-batch

1.74 0.87 2.22 96.7%
(30 °C)
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Figure captions:

Fig. 1 - Schematic overview of mechanically mixed (A) and ultrasound mixed (B) slurry carbonation

experimental set-ups.

Fig. 2 - Calcium carbonate polymorphism, determined by XRD, as a function of agitation method
(mechanical, A; ultrasound, B) and temperature. MCR = 3, US amplitude/cycle =1, RC =1, CO, =

0.72 NL/h; A = aragonite, € = calcite.

Fig. 3 - Comparison of CaCOj crystal morphology as a function of carbonation process conditions: (a)
US 70 °C, >99% aragonite; (b) US 55 °C, >99% aragonite; (¢) US 40 °C, 97% aragonite; (d) US 30 °C,
93% aragonite; (¢) mechanical 70 °C, >99% aragonite; (f) mechanical 55 °C, 99% aragonite; (g)

mechanical 40 °C, 45% aragonite; (h) mechanical 30 °C, 20% aragonite.

Fig. 4 - Close-up image of hubbard squash-like aragonite crystal formed at low temperature (30 °C).

Fig. 5 - Aragonite fractions as function of MCR and temperature using ultrasound. US amplitude/cycle

=1,RC=1,C0O,=0.72 NL/h.

Fig. 6 - Aragonite fractions as function of ultrasound parameters (amplitude and cycle). MCR = 1.5,

T=30°C,RC=1, CO,=0.72 NL/h.

Fig. 7 - Carbonation kinetics, expressed in pH, as a function of CO, flow rate; MCR = 1.5, 30 °C. 60%

UsS, 0’ PB.
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Fig. 8 - Particle morphology at optimized synthesis conditions: (a) 30 °C; (b) 24 °C; (c) fed-batch.

Fig. 9 - Mineral analysis by XRD of precipitates produced at optimized aragonite synthesis conditions;

A = aragonite fraction.

Fig. 10 - Particle size distributions of pure aragonite precipitates at varying temperatures.
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