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Abstract

Precipitation is a critical step to produce inorganic powders with ultrafine size, and fine-
tuned morphology. Precipitated calcium carbonate (PCC) is an important product of
carbon dioxide mineralization due to its stable nature and wide application in industry.
Particularly, a metastable form of calcium carbonate, vaterite, has been largely used in
the fields of personal care and biomedical production due to its biocompatibility and
tunable size and morphology. However, the inhomogeneity of conventional feed flow
patterns heavily hinders the formation of PCC with desired properties. Herein, a Taylor-
Couette Carbonate Conversion reactor (TC®) is adapted to improve carbonate
crystallization processes while producing carbonate particles with uniform particle size
distribution and desired morphology. The formed vortex flows inside TC? can offer
more significant mixing, higher surface-to-volume ratio, and increased mass transfer
efficiency. In this study, many factors are investigated for the improvement of
carbonate properties, such as reactant concentration, flow rate, agitation rate and reactor
configuration. It is concluded that sphere-like vaterite particles with uniform size can
be elaborately generated with vortex flows. Moreover, with high rotational strength and
reasonable residence time, the obtained carbonate products tend to be more uniform
size and higher in purity. More importantly, a couple of leachates which are prepared
to serve as Ca sources from alkaline industrial residues and also examined in this study.
The vortex-CO2 technology addresses the societal need of utilizing multiple waste
streams such as alkaline industrial residues and anthropogenic COz to produce value-
added products. This study sheds light on an efficient and commercially realizable

process for producing value-added inorganic carbonates from captured COsx.
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1. Introduction

Carbon mineralization has been identified as a promising strategy for large scale carbon
dioxide (COz) capture, utilization and storage (CCUS). This strategy is favored due to
its potential to sequester CO2. The strong CO2 binding affinity of conventional sorbents,
such as Ca- or Mg-based oxides, leads to the formation of value-added products.! In
particular, calcium rich feedstocks are ideal for CO2 mineralization due to the stable
nature of the carbonate product (CaCOs3) and wide application in industry. CaCOs3 is an
environmental-friendly material, and it is insoluble in water and undecomposable in
natural environment.> More importantly, synthesized CaCOs3 products are widely used
in a variety of fields such as cement, pigments, plastics and paints.® All these features
and applications make the production of CaCOs3 by carbon mineralization technically

feasible and economical viable.

In nature, CaCOs exists in three polymorphic forms, which are calcite, aragonite and
vaterite in the order of stability.* These polymorphic forms usually exhibit distinct
crystal structures and morphologies which are applicable in various fields.> Although
vaterite is the least metastable product, there are several applications where it is
preferred over the other crystalline structures due to its high porosity and higher
solubility.> ¢ On the basis of these properties, vaterite has been largely use in the fields
of personal care and biomedical production. For instance, the demand for spherical
vaterite particles is rising in the oral hygiene field because of their superior cleaning
properties without being excessively abrasive;® nanoscale vaterite is widely utilized in
dental care and regenerative medicine as bone cement, dental implants and scaffolds
due to its superior mechanical strength compared to polymers.” ® Moreover, vaterite
nanoparticles exhibit a better performance as filler material in cement because they can

accelerate the hydration of cement at the early stage.’

The precipitation to form the inorganic powders is a critical step in producing solids
with ultrafine size and fine-tuned morphology. Traditionally, factors including reaction
equilibria, solubility equilibria and ionic strength have been considered to mainly
influence this precipitation.'® However, controlling the flow dynamics of the feed
mixing during crystallization can also significantly influence the particle properties of
the precipitated product, including its particle size distribution, morphology and crystal

structure.!! These properties determine the final quality of the product. Particularly,



variations in mixing intensity, reactor configuration and geometry play a significant
role in determining crystal size distribution.!?> For example, in a semi-batch
configuration, it was observed that the mean particle size can be reduced when feed
streams are closer to the impeller.!! This is due to the different patterns of turbulence,
created by the various distances between the impeller and the feed stream. Therefore,
it is desired to develop a new reactor with a uniform flow pattern that can obviate the

effect of inhomogeneity of mixing intensity.

Precipitated calcium carbonate (PCC) is a synthetic calcium carbonate product that has
aroused great interest in both science and industry communities due to its
biocompatibility, tunable size and morphology. The process of CaCO3 precipitation
occurs extremely fast, with time-scales ranging from less than milliseconds during
intense mixing up to fractions of a second during low mixing."® This extremely fast
precipitation rates hinder the use of regular reactors such as batch mode and T-mixer
for morphological modulation due to their inherent feed flow design. One approach to
obtain desired particles from precipitation is to reduce the mixing time scale with
shortened contact. In addition, it is critical to develop reaction environments that can
combine the advantages of different conventional reactors, including achieving lower
volumes for similar space-time and conversion with plug-flow reactors (PFR) and more
efficient reactant collision rates with continuous stirred tank reactors (CSTR).
Achieving this integration will help overcome rate limiting steps associated with
conventional reactor configurations.'® In this context, the use of localized vortex flows
in a Taylor-Couette (TC) reactor has been studied. The TC reactor design is expected
to offer more significant mixing, higher surface-to-volume ratio, and increased mass
transfer efficiency. As shown in Figure 1, the TC reactor typically consists of two
coaxial cylinders, in which a rotating inner cylinder is inserted. Thus, an annular gap is
formed, and various flow regimes can be created in this gap, which leads to unique flow
conditions and shapes. The mixing conditions can be set by the axial flow and the
rotational speed of the cylinders as well as geometry of the reactor itself.'* It is
important to note that in the TC reactor configuration, the feed-dependence can be
weakened because the micro-mixing times are mainly influenced by inner cylinder
rotations instead of feed stream flow. Also, the uniformity in the fluid dynamic

conditions endows the TC reactor with the ability to modulate crystal size distribution.



It is promising to utilize Taylor vortices for the formation of uniform sized value-added
inorganic carbonates. The special flow pattern favors products with desired properties
via mixing of a COz-loaded amino acid solution and a Ca-bearing leachate solution.
This vortex-CO2 technology possesses the potential to address the societal need of
utilizing multiple waste streams such as alkaline industrial residues (e.g., steel slag and
coal fly ash) and sequester anthropogenic COz to produce value-added products (Figure
1). The major motivation for this development of this technology are the costs
associated with the treatment and landfilling of alkaline industrial residues (e.g., steel
slag), and the opportunity cost of not using carbon tax credit ($35 per ton of

anthropogenic COy).!> 16
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Figure 1. Integrated CO: capture and carbonate conversion approach with inherent

solvent regeneration to produce metastable inorganic carbonates.

More specifically, we explore the role of vortex motion on calcium carbonate (CaCOs3)
precipitation, using COz-loaded sodium glycinate as a precursor, and various Ca-
containing solutions or leachates. Sodium glycinate (NaGly), has been extensively
reported as an effective amino acid for CO2 capture, and can be easily regenerated when
brought in contact with a Ca-bearing solution leading to CaCO3 precipitation.!’-2!
Moreover, a Taylor-Couette Carbonate Conversion reactor (TC3, see Materials and
Methods for more details) is adapted to provide the unique opportunity to improve the

carbonate crystallization processes towards producing carbonate particles with uniform

particle size distribution and desired morphology. In the context of using a TC? reactor,



this study specifically investigates how flow dynamics influence the process of
precipitation and properties of final CaCOs particles. The flow dynamics are impacted
by parameters such as rotational speed, axial flow rate and residence time. Furthermore,
multiple measurements are carried out using Ca solution and leachates obtained from
real industrial wastes, i.e., blast furnace slag and construction demolition waste. We
also discuss the effect of the presence of competing ions such as Mg in the leachate

solutions on the formation of various calcium carbonate phases.

2. Materials and Methods

2.1 Chemicals: Sodium hydroxide (NaOH, Fisher Chemical), Glycine (NH2CH2CO:H,
99%, Alfa Aesar) and Calcium chloride dihydrate (CaClz-2H20, ~99%, MP) are used
without further purification. Deionized water (18.2 MQ-cm, Millipore) is used

throughout the experiments.

2.2 Preparation of CO:-loaded Sodium Glycinate (CO2-NaGly) solution: 0.4 M
sodium glycinate is prepared by dissolving equimolar compositions of NaOH (12.8 g)
and glycine powders (24.0 g) in 800 mL deionized water. Subsequent, the prepared
sodium glycinate solution is then bubbled with gaseous CO2 (Bone Dry, Airgas) for 6
hours to obtain the CO2-NaGly. In detail, NaGly reacts with CO2to produce CO2-loaded
NaGly (CO2-NaGly), which supplies the carbonate ions (CO3%") for precipitation (Eq.
1-4). Moreover, sodium glycinate is regenerated after solid carbonates precipitation and

can be reused for subsequent CO2 capture and mineralization.

COyaq + 2NH,CH,COO0, = COO'NHCOO(,,, + NH3CH,COO|, (1)
COO'NHCOOj,,, + H,0 = NH,CH,COO,,, + HCOjy, )
HCOj3ag) = CO3(ag) + Hiag) )
CO3(yq+Ca* = CaCOy 4)

The kinematic viscosity of 0.4M CO2-NaGly is 0.013 cm?/s. Similarly, 1 M CO2-NaGly

is also prepared with the corresponding kinematic viscosity of 0.015 cm?/s.



2.3 Preparation of CaCl Solution: 0.2 M CaCl: is prepared by dissolving 23.5 g
CaClz-2H20 in 800 mL deionized water. The measured viscosity is 0.012 cm?/s. 0.5 M

CaCly is also prepared with the measured viscosity of 0.013 cm?/s.

2.4 Preparation of Waste Concrete leachate: Waste concrete is utilized to prepare
this leachate. The calcium-rich leachate is prepared by mixing 50 g of waste concrete
with 500 mL of acetic acid at room temperature for 3 h. The leachate is separated from
the residue by vacuum filtration. The obtained leachate contains significant amount of
Fe, Al and Si impurities which were removed by a pH swing process. Briefly, 1 M
NaOH is added dropwise to the leachate until the pH reaches 9. Approximately 0.4 g
of NaOH is consumed to perform the pH swing. In the end, the purified leachate
contains 16000 mg/L of Ca?*, as well as Mg (Fe: <20 mg/L, Mg: 660 mg/L, Al: <10
mg/L).

2.5 Preparation of USFe Leachate: USGS blast furnace slag (USFe) is used to prepare
this Ca rich leachate used for this study. The major constituents present in USFe are
determined using wavelength dispersion X-ray fluorescence (WD-XRF, Panalytical
Axios) as shown in (Table S1). Detailed information on this approach can be found
here.?* Leaching is performed by dissolving 1 g of USFe slag in 50 mL of 1.5 M nitric
acid at 40°C with a 300 rpm stir. Under this acidic condition, Ca and Mg ions are
extracted in large quantities, with Ca?>* and Mg?" in solution reaching about 6254.50
mg/L and 1044.33 mg/L, respectively (determined by Inductively Coupled Plasma).
The leaching of Ca and Mg is also accompanied by leaching of several other major
elements including Si, Fe, Al, Cu and Mn whose presence has been reported to limit
the kinetics and purity of CaCOs produced, hence a pH swing approach is utilized for
selective precipitation of these elements, leaving behind a Ca & Mg rich solution at pH

9.

2.6 Preparation of Carbonate Products for Characterization: post-reaction, the
final obtained suspensions are collected for further analysis. The suspensions are
centrifuged at 4000 rpm for 10 minutes to separate solid carbonate products and
regenerated solvent. Then, the solid products are washed with deionized water, and

dried at 70 °C overnight. The products are ground into powder for further analyses.



Finally, homogenous suspensions of carbonate particles in DI water are obtained via

ultrasonication for 1 h before measuring the particle size of these products.
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Figure 2. The schematic of the Taylor-Couette (TC) reactor configuration. (a) Two
coaxial cylinders and the formed annular gap. (b) Schematic of calcium carbonate
precipitation in the TC reactor. (c) Profile with the angular speed Q; of the inner
cylinder; p refers to the resulting fluid velocity. (d) Cross-section drawn with the

formation of Taylor vortices. '*2

2.7 TC Reactor Setup: The Taylor-Couette Carbonate Conversion reactor (TC?) setup
is adapted in this study (Figure S1). It consists of two coaxial cylinders (Figure 2a &
b), with a rotatable aluminum inner cylinder and a fixed Plexiglass outer cylinder. In
detail, the rotatable inner cylinder is connected to a motor drive, which is controlled by
a phase inverter that can provide rotational speeds in the range of 30 — 1500 rpm. In
operation, it can generate Couette flow with a moving inner cylinder and a fixed shell
(Figure 2d). Because of viscous forces, the fluid velocity profile consists of concentric
layers whose velocity decreases away from the inner cylinder (Figure 2c¢). In addition,
a peristaltic pump (Masterflex, 7523-30) with dual heads is used to supply the fluids to
the reactor. The flow rate of the peristaltic pump is calibrated before use (Figure S2).
A helical flow pattern can form with the addition of an axial flow. With rotational speed
(Q1) increasing, it begins to form toroidal vortices in the TC? reactor. This gradually

transforms into Taylor-vortex flow, which is the so-called Taylor-Couette flow (TCF).
8



Figure S1 displays a digital image of the developed TC?® reactor in the lab. Physical
specifications of the TC? reactor used in the current study are listed in Table 1. Besides,

a tank reactor was also set up for comparison (Table 1).

Table 1. Dimensions of TC? reactor and tank reactor

TC? reactor (TC mode) Tank reactor (Batch mode)
Radius of inner cylinder, 71 (cm) 2.29 Diameter of stirrer, cm 0.78
Radius of outer cylinder, 72 (cm) 2.53 Length of stirrer, cm 2.18
Gap size, d (r2-r1) (cm) 0.26 Diameter of reactor, cm 4.65
Length of reactor, Lr (cm) 30.00 Height of reactor, cm 6.90
din 0.11 Volume of reactor, cm? 117.24
ri/r2 (cm) 0.90
Lr/d (cm) 116.28

2.8 Details of TC? and Transition in Flow Pattern: Fluid dynamics play a crucial
role in influencing the size, microstructure, crystallinity, and morphology of crystals
during precipitation. These factors collectively determine the overall quality of the final
product. Factors such as mixing intensity, reactor configuration, and geometry
significantly impact the distribution of particle sizes. Therefore, by controlling the flow
dynamics of the feed mixing both before and during the irreversible reaction, we are

able to regulate particle properties.'?

The primary hydrodynamic instability marks the Taylor-Couette flow (TCF) regime, as
determined by the critical Taylor number (7ac). The Taylor number (7%) is calculated
by the following equation (Eq. 5).
2 g4 2
o= () )

Where (1,is the rotational speed of the inner cylinder, v is the kinematic viscosity of
the solution, and d = r; - r2 is the gap width. The superimposed axial flow is
characterized by the axial Reynolds number (Re:), as described by the following
equation (Eq. 6).

Re :de: Q(T1_7”2): Q
Z Av w(ry — 1)V

(6)



Where 1, is the mean axial velocity, Q is the flow rate and 4 is the cross-sectional area

of the channel.

The onset of instability, as specified by the Ta, relies on the geometry of the reactor and
fluid properties. It includes the gap width (d =r2 - 1), the aspect ratio (I' = L/d), and the
ratio of the inner cylinder radius to the outer radius (n =ri/r2). A laminar azimuthal flow
regime (known as Couette flow) occurs at low Ta, where the fluid is partially dragged
along the walls of a cylinder (Figure 2¢). Because of the viscous forces caused by inner
friction, the velocity profile of fluid consists of concentric layers that progressively
decrease in speed from the inner cylinder. When (), is increased beyond a critical
rotational speed (denoted as 7ac), a transition takes place from a laminar azimuthal flow
to an axisymmetric cellular fluid motion. This occurs when the destabilizing centrifugal
force surpasses the stabilizing viscous force.?> Regardless of the presence of axial flow,
a centrifugal instability begins, leading to the formation of toroidal vortices (counter-
rotating vortices, Figure 2d) and the flow transforms into the Taylor-vortex flow (also
refers to as Taylor-Couette flow). With an addition of axial flow, the resulting flow
pattern over the cylinder transforms to a helical form, which varies depending on the

Re:. 14

It is worth noting that the flow pattern in TC? is complicated since the axial flow
significantly affects the critical Taylor number. It is pointed out that the increase in
axial flow corresponds with an increase in the critical Taylor number. The presence of
axial flow can diminish the dominance of centrifugal forces, leading to a significant
delay in the onset of instability. Besides, the flow is complicated by turbulence due to
entry and end effects. With increasing Re:, the vortices can be distorted. In this study,
the scope mainly focuses on vortex flow (Ta > Tac) with five various flow rates, Re-=
10, 20, 30, 40, 50 (see Table 2 for more details). Moreover, under Taylor vortex flow,

4 different rotation rates are examined, 900, 1000, 1100, 1200 rpm at room temperature.

Table 2. Calculated Rez in this study.

No. Pump-in flow rate (ml/s) Residence time (s) Re;
20 1.88 59 10
40 3.76 30 20
60 5.64 20 30

10



80 7.52 15 40
100 9.40 12 50

2.9 Characterization of Products: All precipitates collected after reactions are
centrifuged and washed with deionized water, followed by drying at 80°C for 10 h. The
particle size distribution is determined by Particle Size Analyzer (PSA 1190, Anton
Paar) with the laser diffraction technology (Measurement range liquid: 0.04 pm to 2500
um; Measurement range dry: 0.1 um to 2500 um). The structural features are examined
using X-ray diffraction (XRD, Bruker D8 Advance ECO powder diffractometer) with
a voltage of 40 V and a current of 25 A. XRD data is analyzed by Jade software, and
crystalline species are identified via the International Centre for Diffraction (ICCD)
database. The volatile components are determined using Thermogravimetric Analysis
(TGA, TA Instruments, SDT 650). During TGA measurements, it is ramped from room
temperature to 1000 “C with a rate of 10 °C/min under N2 atmosphere (100 mL/min).
The morphological features are imaged by Scanning Electron Microscope (SEM, Zeiss
LEO 1550 FESEM). The concentration of metal cations in the liquid are measured by
Inductively Coupled Plasma-Optical Emission spectrometry (ICP-OES, Spectro
Analytical Instruments). The viscosity of solutions is determined by Viscometer
(ViscoQC 300 Low range, Anton Paar). After measuring the viscosity, the kinematic

viscosity is calculated by dividing the viscosity value by the density of the solution.

3. Results and Discussion

The properties of precipitation products highly depend on several factors such as
reactant concentration, flow rate, agitation rate and reactor configuration.'? ?® The
nucleation and growth processes vary with the reactant concentration and flow pattern.
Besides, the mixing of the solution significantly influences the reaction as well as the
mass transfer processes. As a consequence, this study investigates the effects of varying
reactants concentration, flow rate, and agitation (rotation and stir) on the morphology
and size of the product particles. It is important to note that the pump-in flow rates of
COz-loaded sodium glycinate (CO2-NaGly) and CaCl. always remained the same

during the precipitation, while different uniform rates are examined with various
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rotational speeds in the TC mode (TC? reactor). For experiments carried out in the batch

mode, the influence of stirring is also examined for comparison.

3.1 Effect of Ultrasonication for Agglomeration Mitigation

The overall precipitation process occurs through a combination of parallel and
successive mechanisms that involve nucleation, growth, and secondary processes such
as agglomeration, attrition, breakage and ripening.® Agglomeration, in particular,
severely affects the resulting particle size distribution and morphology. Herein,
ultrasonication was utilized to mitigate these effects. In this study, the mean size and
size distribution are measured by light scattering instrument (PSA) with volume-based

normalization.

The effect of ultrasonication on particle size distribution was investigated as shown in
Figure 3. The peak of the particle size distributions slightly shifts towards the left,
indicating smaller mean sizes (from mean size 5.70 to 3.40 pm) and become narrower
after ultrasonication treatment. The broader size distributions, which can be reduced by
ultrasonication treatment, could be affiliated to particle agglomeration over time during
precipitation.”” 2® As shown in Figure 3, the particle size distribution is found to be
steady after 1 h of ultrasonication. It should be noted that the agglomeration is a
common occurrence, and the effect plays a more significant role than crystal growth
when determining the size distribution. Moreover, agglomerates flocked by chemical
forces cannot be redispersed by ultrasonication, hence the size distributions after
ultrasonication also showed a bimodality. From the bimodal distribution, it is also
inferred that the first peak at 0.5 pm represents individual particles formed by
nucleation and growth, as shown in the SEM images (as discussed later), whereas the
second peak at around 4 um represents agglomerates. It should be noted that in order
to mitigate the effect of agglomeration, all particle size distributions and mean sizes in

this study are measured after 1-hour ultrasonication treatment.

12
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Figure 3. Effects of ultrasonication on particle size distribution of the calcium
carbonate particle formed. The material is obtained after experiments are conducted in
the TC mode under a rotational speed of 1100 rpm with a residence time of 30 seconds

at a concentration of 1 M CO2-NaGly and 0.5 M CaCl..

3.2 Effect of Mixing Mode and Initial Concentration

Supersaturation is the thermodynamic driving force of phase transition, and a
prerequisite for the formation of particles. High levels of supersaturation are
indispensable due to the highly nonlinear dependency of the nucleation rate on
supersaturation.> ?° This is a measure of the system’s thermodynamic offset from its
equilibrium. For a binary salt such as calcium carbonate, supersaturation (Sc) can be
calculated from the ion concentrations (Eq. 7) and the solubility product Ksp (Eq. 8).%
For polymorphic materials, the most stable crystalline form has the lowest Ksp.?
Moreover, supersaturation is one of the most significant factors determining the rates
of nucleation and growth.?’ The precipitation process gets completed when primary
particles are formed, and supersaturation is reduced to saturation. The next process,

such as agglomeration, begins to change the particle size distribution within seconds.?

CCaCCOZ-
5 et (7
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_ 2+ 2- . -~ 2+ 2-
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The influences of mixing conditions on particle size distribution between TC mode and
batch mode are observed to be even more significant at relatively higher supersaturation
(concentrations of 1 M CO2-NaGly/0.5 M CaClz). As shown in Figure 4a, the particle
sizes of products in the TC mode range between 0.2 — 10 um with a rotational speed of
1000 rpm and 0.2 — 25 um with 900 rpm. The corresponding volume-based mean sizes
are 5.24 um and 5.78 pum, respectively. In a sharper contrast, the particle sizes of the
products produced by batch mode are in ranges of 0.1 — 35 um (with stirring) and 0.1
— 64 um (no stirring), respectively. Generally, the carbonate products generated under
the TC mode exhibit a much narrower distribution and smaller mean size. The narrow
distribution of particle size observed in TC mode indicates the ability to mitigate
crystalline growth and agglomeration to some extent. However, the size modulation
effect on various modes becomes less significant at lower concentrations
(concentrations of 0.4 M CO2-NaGly/0.2 M CaClz). As shown in Figure 4b, the particle
size of TC mode products was found to be in the range of 0.1 — 25 um, which is much
narrower than the sizes observed in of the batch mode under no stirring conditions (0.1
— 50 um). Therefore, these results demonstrate that the special flow pattern obtained
with the TC mode favors the formation of precipitated products with more uniform
particle sizes, and the effect of mixing conditions on particle size distribution gets more

significant with higher concentrations.

In addition, it is observed that an increase in reactant concentration tends to cause a
shift towards the formation of larger particle sizes under conditions where there was no
turbulence (12.47 to 20.22 um in batch mode with no stir). However, in all cases with
turbulence (TC mode and batch mode with stirring) and increase in reactant
concentration caused a shift towards smaller particle sizes. A decrease from 7.72 to
5.24 um, 8.84 t0 5.78 um, and 12.21 to 10.04 um, was observed at TC mode 1000 rpm,
TC mode 900 rpm, and batch mode 500 rpm respectively. These disparate behaviors
may be explained by two different mechanisms. In general, higher supersaturation leads
to more significant agglomeration because of the enhanced frequency of particle
collisions.*® Since supersaturation increases with concentration, higher concentration
leads to larger particles size and distribution for batch mode without turbulence.
However, nucleation plays a more important role in determining the particle size
distribution when turbulence is introduced to the system because it can fairly improve

mass transfer. Consequently, nucleation can be favored over the growth and

14



agglomeration. In the TC mode, the nucleation is more favorable than the particle
growth.> As a result, higher level of supersaturation in this study tends to produce
smaller particles. This explains the different behaviors for TC mode and batch mode

with increasing supersaturation.
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Figure 4. Particle size distribution of CaCO3 produced in CT mode and batch mode at
concentrations of (a) 1 M CO2-NaGly /0.5 M CaClz (1 M/0.5 M) and (b) 0.4 M CO:»-
NaGly /0.2 M CaClz (0.4 M/0.2 M). The operation duration for both modes is 1 h. The
corresponding XRD patterns at (c) high concentration (I M/0.5 M) and (d) low
concentration (0.4 M/0.2 M), respectively. (Gray shadows highlight characteristic

peaks of calcite)

In general, the process of CaCO3 precipitation can be divided into three main stages:
(1) nucleation of amorphous calcium carbonate (ACC) in the early stage; (2) dissolution
of unstable ACC and recrystallization into vaterite and calcite; (3) dissolution of the
metastable vaterite and recrystallization into the most sable crystalline structure,
calcite.’> 32 It is worth noting that other metastable structures such as aragonite can

form under certain conditions, including saturation levels, temperature, pH, and

reactor configurations.?® >34
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The crystal structures of carbonate products are further investigated by X-ray
diffraction (XRD). Figure 4c shows XRD patterns of products obtained under high
concentrations (1 M CO2-NaGly /0.5 M CaClz). When the reaction is conducted in
batch mode, the formation of both calcite (PDF #98-000-0141) and vaterite (PDF #98-
001-9636) is observed. In particular, the proportion of calcite is as high as 31.3% in
batch mode with no stir (Figure 4c, right). In contrast, when the reaction is performed
in the TC mode, only trace amounts of calcite can be observed (3.3 — 5.0%), and instead,
more than 95% vaterite are detected at various rotational speeds. This indicates that
vaterite is favorable to form in the TC mode. At lower concentrations, a similar trend
from relatively more calcite to relatively more vaterite can be observed when
transitioning from batch mode to TC mode (Figure 4d). In this scenario, high-purity
vaterite (> 92%) is obtained when the reaction is carried out under TC mode. Both
calcite and vaterite are obtained under batch mode (Figure 4d, right). These results
indicates that intensive stir or Taylor vortices help the formation of micro- or nano-
sized vaterite (CaCO3), which is in line with existing studies.®> In conclusion, the
observed preference for vaterite production in the TC mode suggests that TC reactor
helps to inhibit the further transformation of vaterite into calcite, which is the most

stable crystalline form of CaCOs.

3.3 Effect of Duration and Rotational Speed

It is reported that an increased rotation of the inner cylinder, or enhanced axial flow can
obviously reduce the mean crystal size of the precipitate.*® 3’ As shown in Figure 5a &
Figure 5b, the results are obtained from a continuous flow in TC mode with a flow rate
of 3.76 mL/s, given a residence time of about 30 s. It is clear that the particle size
distribution and mean size decreases as rotational speed increases. Under higher initial
reactant concentrations, the mean particle size decreased from 5.14 um to 3.05 pm with
an increase in rotational speed (Figure 5a). A similar trend can be observed under lower
initial reactant concentrations (Figure 5b). XRD patterns confirm that most crystals

(>92%) of the products can be ascribed to vaterite (Figure S3).
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Figure 5. Particle size distribution of calcium carbonate generated in TC mode with
residence time of 30 seconds for (a) 1 M CO2-NaGly / 0.5 M CaClz (1 M/0.5 M) and
(b) 0.4 M CO2-NaGly / 0.2 M CaCl2 (0.4 M/0.2 M). Extended duration to 1 h for (¢) 1
M/0.5 M and 0.4 M/0.2 M, respectively. [What do Figures (c) and (d) represent?

Indicate here]

However, the peak of the particles size distributions slightly shifts towards the right,
indicating larger mean sizes, when the duration extended to 1 h from 30s. The mean
particle sizes increase to the range of 4.18 — 5.78 um when subjected to the same range
of rotation rates (900 — 1200 rpm) at 1 M/0.5 M concentrations (Figure 5c). Similarly,
at lower concentrations, the mean particle size increases to the range of 7.51 — 9.37 um
(Figure 5d). The particle size distributions are significantly broader than those of short-
time counterpart (Figure 5a & Figure 5b). All these results indicate that the effect of
particle growth and agglomeration become more serious with duration of mixing at the

TC mode.
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Additionally, the effect of residence time in continuous TC mode is more precisely
examined. It is found that residence time does not have a significant impact on particle
size distribution when low rotation rates of 900 rpm (Figure S4a) and 1000 rpm (Figure
S4b) are employed. However, the effect becomes more evident when high rotational
speeds are applied. As shown in Figure S4, various residence times were examined,
including 59, 30, 20, 15, and 12 s (corresponding to the flow rates of 1.88, 3.76, 5.64,
7.52, 9.40 mL/s for both Ca®>" and CO2-NaGly solutions). When mild rotational speeds
(900 & 1000 rpm) are applied, small differences in particle size distribution are
observed (Figure S4a & Figure S4b). However, when a higher rotational speed (1100
& 1200 rpm) is applied, longer residence times typically result in significantly smaller
particle sizes (Figure S4c & Figure S4d). For example, under the rotational speed of
1200 rpm, a residence time of 59 s yields a mean particle size as small as 4.24 pm. This
size is approximately 40% smaller than the mean particle size obtained with a residence
time of 12 s (5.95 um). It is important to note that all measured particle sizes tend to

decrease with increasing rotational speed.

3.4 Analysis of Morphology of the Particles

The morphology of the produced carbonates in both the TC mode and batch mode is
further investigated by scanning electron microscope (SEM). In the case of high
concentrations (1 M CO2-NaGly / 0.5 M CaCl»), a sphere-like morphology that can be
attributed to vaterite particles are observed with the TC mode.?? This confirms the initial
XRD results which indicated that the majority of the crystalline structures can be
attributed to vaterite, accounting for over 95% of the total crystalline content, while a
small portion corresponds to calcite, comprising less than 5% (Figure S3). As shown in
Figure 6a, a spherical particle with a rough surface was observed with the TC mode at
a rotation rate of 900 rpm. As the rotational speed increases, the surface of formed
particles becomes noticeably rougher (Figure b-d). The fine grains that make up the
particles become smaller. Generally, higher shear stress results in less aggregation,
narrower floc size distribution and higher fractal dimension.'# In batch mode, however,
irregular structures are co-produced alongside sphere-like vaterite. Although, the
sphere-like particles were dominant in products when a stirring rate of 500 rpm is

applied. As shown in Figure 6e, most sphere-like particles (vaterite) exhibit sizes
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exceeding 6 pm, whereas a small portion of irregular structures (Figure 6f), which may
constitute calcite and aragonite, intermingled with vaterite. Note that the produced
sphere-like vaterite exhibits a smooth surface, lacking apparent fine grains. This
morphology looks very different from those observed with the TC mode. Moreover,
larger particles and more irregular structures are observed when no stirring is provided.
Figure 6g displays a typical sphere-like particle with smoother and sheen surface.
Meanwhile, the particles with rough surfaces (Figure 6h), distinct from the smooth
counterparts, can be observed. This morphology is characteristic of calcite, which
aligns with the XRD results (Figure 4c). In conclusion, we hypothesize that the
inhomogeneous hydrodynamics with the batch mode leads to different localized shear
rates, causing more serious aggregation. The intrinsic variations result in different steps
of breakage and regrowth on the aggregate size and morphology.*® In contrast to the
inhomogeneity observed in the batch mode, the TC mode can offer better shear stresses

leading to better control of particle properties.*
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Figure 6. Morphological features of CaCOs particles using SEM images obtained in
TC mode with residence time of 30 seconds under various rotation rates: (a) 900 rpm,
(b) 1000 rpm, (c) 1100 rpm, (d) 1200 rpm; and in batch mode with (e, f) 500 rpm stir
and (g, h) no stirring. Experiments are conducted using 1 M COz loaded Na-glycinate
and 0.5 M CaCl: solution.

Furthermore, particle sizes were measured based on zoom-out SEM images which
contains over 50 measurable particles. As shown in Figure S5, global images and
corresponding histograms of particle size indicate that higher rotational speed in the TC
mode tends to generate smaller particles with rougher surfaces. Figure S5a, which is
the zoom-out image of Figure 6a, shows quite a few recognizable spherical particles.

These particles exhibit a size range from 0.63 um to 2.75 um, as depicted in Figure S5b.
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At a rotational speed of 1200 rpm, in contrast, the smallest mean size of 1.4 um,
compared to sizes of 1.70 pm, 1.47 pm, and 1.43 pm at 900 rpm, 1000 rpm, and 1100
rpm, respectively, is noted (Figure S5c-h). Note that with the increasing rotational speed,
the sphere-like vaterite products tend to be smaller in size. Therefore, it can be
concluded that TC mode can generate sphere-like vaterite particles with more uniform

particle sizes.

This clear trend in the particle size distribution is consistent with the previous PSA
results measured by laser. But there seems to be a notable disparity between the particle
sizes observed in SEM images and the results obtained from the particle size analyzer
(PSA) in Figure 5a. This shift towards relatively larger particle sizes observed in PSA
may be attributed to agglomeration, as evidenced by the observation of agglomerated
particles in SEM images. This phenomenon of particles clumping together leads to
influence the observation of larger particle sizes (PSA) compared to the individual
particle sizes measured by SEM (which has been discussed in Figure 3). Besides,
employing distinct normalization techniques, namely volume-weighted and number-

weighted, yields varying distribution patterns.

In the case of low initial concentrations (0.4 M CO2-Na-gGly / 0.2 M CaCl.), sphere-
like particles can also be observed, however, these conditions exhibit larger particle
size and variance. Figure S6 illustrates the formation of similar sphere-like particles,
characterized by smoother surfaces (compared with the particles obtained from high-
concentration conditions). In contrast to high concentrations, significantly larger
particle sizes are observed. Specifically, the mean particle sizes across all rotation rates
studied ranged from 4.16 to 5.16 um, which is at least 2.5 times larger than those
observed in high concentrations. In addition, a noticeable variance in particle size can
be observed (Figure Sé6c, Figure S6f, Figure S61). This indicates that relatively less
uniform particle sizes are generated at low concentrations, despite the formation of
similar sphere-like products. Moreover, the irregular morphology of calcite products
appears to be dominant with batch mode (Figure S7). Although sphere-like particles
are still observed when stirring is applied, there is a significant presence of larger
irregular particles (Figure S7a). These irregular calcite particles, some reaching sizes
as large as 27 pum in size (highlighted in a yellow circle), are frequently observed
alongside the sphere-like particles (Figure S7b & Figure S7c). Also, it appears that most

of the sphere-like vaterite particles exhibit a higher degree of defects with low reactant
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concentration compared to those observed in high concentrations. When no stirring was
provided, nearly all particles are composed of calcite, which possess the roughest
surfaces among all the cases (Figure S7d). More typical features associated with calcite

can be observed in the zoomed-in SEM image (Figure S7e).

Elongated calcite crystals can be observed with an extended operation time (1 h) in the
TC mode. As shown in Figure S8, prismatic crystals are formed at various rotational
speeds, which are not seen during the short residence time (30 s, Figure 6). This is in
agreement with the XRD results (Figure 4d). Besides, the zoomed-in images prove the
formation of defective vaterite particles and some noticeably small grains. It can be
ascribed to the persistent influence of the Taylor vortices, which somewhat hinder the
growth and agglomeration of nuclei. In addition, prismatic calcite crystals are more

likely to form at longer reactor residence time.

3.5 Effect of Alkaline Industrial Leachates

Alkaline industrial leachates can be utilized as Ca- or Mg-bearing sources for carbonate
production via CO2 mineralization.> ?? In this study, two different leachates, USFe
leachate (a slag from the iron industry) and waste Concrete leachate (construction
waste), are employed as Ca sources for CaCO3 precipitation. Unlike pure Ca?* sources,
alkaline industrial leachates contain foreign ions, which can influence the process of
precipitation. The presence of foreign ions is likely to generate interaction within the
CaCOs cluster, leading to a reduced nucleation rate. Moreover, foreign ions can also
interact with the surface of precipitated carbonate particles, thus probably blocking
some crystal-growing planes. Not surprisingly, the kinetics and crystal formation

mechanism could be influenced, leading to products with distinct characteristics.*’
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Figure 8. Particle size distribution patterns of calcium carbonate produced from (a)
Concrete leachate and (b) corresponding XRD patterns. Particle size distribution
patterns of carbonates produced from (c) USFe leachate and (d) corresponding XRD

patterns. [Indicate experimental conditions here]

In this study, Concrete leachate and USFe leachate are used to elucidate the effect of
impurities on the morphology and chemical structure of CaCOs products. The
preparation methods of these two leachates are discussed in the Materials and Methods
section (Section 2). Based on the results from ICP, the leachate sample contains mostly
Ca ions, as well as small portions of Mg, Fe, and so on. In the both cases, 1 M COz-
loaded NaGly is utilized. PSA is first carried out to study particle size distribution in
both TC and batch modes. When Concrete leachate serves as Ca>* source, the produced
particles in TC mode exhibit smaller particle mean size and narrower size distribution,
especially compared to the batch mode with no stir (Figure 8a). Note that when stirring
is supplied in batch mode, the particle distribution appears to be similar to those
observed in the TC mode. However, the differences lie in crystalline structure and

morphology. As shown in Figure 8b, a considerable amount of calcite (>20%) is
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observed alongside the vaterite. In terms of morphology, most of the observed
carbonate particles produced in TC mode has sphere-like shape, while prismatic
crystals along with small irregular particles can be observed in the batch mode (Figure
S9). Moreover, the carbonate particles generated in TC-mode display greater
smoothness, with no apparent presence of fine grains on the surface. It is worth noting
that the uniformity of particles obtained by Concrete leachate is significantly less than
those obtained by pure Ca?" sources. These results may probably be caused by the
presence of foreign ions in the leachate, including significant abundance of Mg. The
kinetics of nucleation, growth, and agglomeration for the precipitation of CaCOs3 can
be influenced by the existing ions, leading to changes in nucleation, growth and
agglomeration constants.® *° Similar results are observed by utilizing USFe leachate
(Figure 8c). However, while most vaterite is formed in the TC mode, the formation of
aragonite alongside calcite and vaterite are observed for the USFe carbonates in the
batch mode (Figure 8d). SEM images show that most observed carbonate particles
produce in the TC mode are in sphere-like shape with greater smoothness compared to
those produced by using pure Ca>" sources (Figure S10). However, prismatic crystals
along with small irregular particles can be observed in the batch mode. Note that even
though similar particles size distributions are observed for TC mode and batch with
stirring, their morphology and crystalline structures are totally different. In summary,
leachates derived from alkaline industrial waste, despite containing various foreign ions,

can serve as Ca sources for the production of sphere-like vaterite using a TC reactor.
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Conclusion

In this study, a Taylor-Couette Carbonate Conversion reactor (TC®) is elaborately
adapted to produce precipitated calcium carbonate (PCC). Taylor-Couette vortices was
found to play a significant role in the formation of carbonate particles with ultrafine
size and fine-tuned morphology. In detail, narrower particle size distribution in a range
of 0.2 — 10 pum can be obtained with TC?, compared to 0.1 — 64 um obtained with a
batch reactor. Moreover, sphere-like vaterite particles with more uniform particle size
and high crystalline purity are produced via TC®. An evolution of crystal structure from
calcite to vaterite occurs along with the change of the flow pattern from conventional
stirring to Taylor vortices. Meanwhile, the corresponding changes of particle size and
morphology indicate the feasibility of producing desired particle properties by the
modulation of the reaction conditions. In the condition of Taylor-Couette flow, the
obtained carbonate products tend to be more uniformly sized and possess higher purity
with increasing rotational strength and reasonable residence time. It is worth noting that
similar trends can also be observed when using alkaline industrial leachates as a Ca
bearing source. However, the presence of foreign ions can significantly influence the
characteristics of PCC, involving particle size, roughness, shape and so on. In summary,
all results indicate that the vortex-CO: technology has a great potential to address the
societal need of utilizing multiple waste streams such as alkaline industrial residues and
anthropogenic COz to produce value-added products. It sheds light on an efficient and
commercially realizable process for producing value-added inorganic carbonates from

captured COx.
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